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single photon impact will be showcased by presenting

recent experimental results.

INTRODUCTION

Photoionization studies form an excellent tool to probe the states and the dyna-
mics of atoms and molecules (1-4). The steady improvements of the experimental
techniques (5) have enabled us to unravel more and more details and thereby pro-
moted our understanding of these many particle systems. In the following we will
concentrate on the photon energy range 10 eV< h« £ 10 keV. The scope of the

discussion is outlined in Fig.
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1. The four columns give the structure of the paper.

Figure 1
Scheme of photoionization
studies

LIGHT SOURCE

Intense monochromatic pola-
rized light beams are the
perequisite of todays photo-
ionization studies (1, 4, 5).
For many experiments the
combination of an electron
storage ring and a monochro-
mator has been proven the
optimal source (5, 6). On
the other hand there is a
continuous improvement of
conventional light sources,
which in many cases renders
them attractive alternatives.
For a comparison of the
various types of light sour-
ces the reader is referred
to a recent article (7).
Great progress has been made
in the development of VUV

sources based on freguency mixing of powerful laser radiation (8). These sources
are capable of delivering a very high photon flux within a very narrow energy
band. The radiation is well collimated, polarized, coherent and tunable within a
limited energy range. The impact the advent of wiggler and undulator sources (9)
will have on photoionization experiments can be judged from the experiments per-
formed up to now. The envisaged development of these sources will make experiments
feasable, which are out of reach today. To illustrate the perspectives we will
briefly discuss the threshold studies of multivacancy processes in the Kf region
of BAr (10). The experiment used synchrotron radiation produced in the six pole
wiggler at the Stanford Synchrotron Radiation laboratory. The incident radiation
was monochromatized by a focusing two-crystal monochromator {11). The fluorescent
radiation was analyzed in a focusing spectrometer with a linear position sensitive
detector. In Fig. 2 a schematic diagram of Argon single-(left) and double- (right)
vacancy transitions expected to produce X-ray emission near K Benergy is presented.



the photoabsorption spectrum in the
region 10 to 50 eV above the Ar 1s

~

Figure 2 ©
Schematic diagram of the principal 1(e\n g
transitions in the K[ energy region Ar Is ionisation 60 =
threshold 3206eV ______ LT

is 3s N

) Lao &

Multiple electron excitations give o
rise to the structure detected in 1s 3p r -
20 §

[-]

-

o

H)

c

o

ionization threshold. This spectrum Is —y—
is shown in Fig. 3. The energy po-
sitions obtained by Hartree-Fock
calculations (above) and by the Kg"
Z+1 approximation (below) are indi- Kﬁ'
cated (hole states are under lined).
The structures
KBi3
>
o
L
! &
33 40 ®
S 3_P2 | %
fel
..20 [=]
3 B
3p2P, a— | £
P ,.35 s
Figure 3
g Absorption struc-
= 0105 . ture above the Ar
= fa~ " ls3p%sns K-edge (from
o fa Te- Elsdpnses Ref. 10)
u 4TS ts 3p%pnp
o fa T Els3pnpep
g o100f A-D are ascribe to
& = the simultaneous
z excitation of a 1s
g electron and a 3p
g 009sF . H electron. The onset
< 4 ¥Tene of the simultaneous
W Te Ts— ¥ 3pnses creation of a ls
[ fa 1o E 3p%sns lea~ FIsmmp .
< 00902 10 20 30 40 50 40 and a 3s hole is
’ 3210 3220 3230 3240 3250 3260 located at the fea-

ture E. The study
of the K-emission
spectra excited by X-rays below and above the multiple excitation thresholds pro-
vides the opportunity to correlate the effects in emission and absorption spectra.
This greatly enhances the possibility to disentangle the various processes resul-
ting in satellite emission. A spectrum cbtained at high excitation energies (Flg.
4a) shows three prominent features, traditionally labeled Xf3 3 (3190 eV) K;g
(3193.7 eV) and KA" (3197.9 eV). However at excitation energiés between~ 20 and
~60 eV above threshold the Kp" feature disappears (Fig. 4b). Between threshold and
+20 eV above both satellltes'are absent leaving only the XS diagram line (Fig.
4c). The presence of K ﬂ only at excitation engrgles sufficiéfit to create 1s3p
hole states confirm this feature as a 1ls3p-+3p transition. The appearance of K&"
at energies above the 1s3s threshold implies that it is due to 1s3s—>3s3p transi-
tions (see Figs. 2 and 3). Multi-electron effects connected with the 1s ionization
threshold have been subject to several studies. Recently new results have been re-
ported on double excitations in high resolution K-absorption spectra of Ne (12)

and Na {33: .
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Figure 4
ar Kf emission spectra obtained with incident photon energy at (a) 3281.4 ev,
{b) 3245.9 ev, (c) 3213.1 eV (from ref. 10)

TARGET

The preparation of the atomic or molecular target often is a difficult task. This
especially holds for systems not stable under normal conditions. The possibility
to form clusters in supersonic beams has opened up a fascinating field for photo-
ionization studies.

l i Figure 5
; Relative photoionization
spectra of Xe, NeXe, ArXe

and Xe2 (from Ref. i...
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The investigation of the Ryd-
berg states of homonuclear
and heteronuclear rare gas
dimers (14, 15) is a good
example for this. The Rydberg
states converging towards the
ground state of the ion and
possibly higher excit=d states
of the ion are prototypes of
Rydberg states of weakly
bound molecules. Fig. 5 shows
the relative photoionization
cross sections for Xe, NeXe,
ArXe and Xe., in the.energy
Eegion between the P 2 and
P fine-structure es-—
hoié%. The spectra have been
cbtained by photoionization
; i ! mass spectrometry (14, 15, 16).

-

D ' sec | 1000 104C Since the Franck-Condon over-
lap between the ground state
PHOTON WAVELENGTH A of the neutral molecule and
the ground state of the ion is poor close to the ionization threshold the spectra
are dominated by autoionization. Fig. 5 shows a striking example of the progres-
sion from a spectrum that shows a strong resemblance to the atomic spectrum (NeXe)
to a spectrum that only shows modest resemblance to the atomic spectrum (Xe,). A
supersonic nozzle beam has also been successfully used in recent photoelectron
studies of simple hydrogen-bonded dimers (17, 18). The preparation of free (3d,
44, 5d) transition metal atoms and free rare earths atoms reguires very high tem-
peratures which renders mcst experiments very difficult. On the other hand these

 RELATIVE PHOTOIONIZATION CROSS SECTION
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open shell atoms are of great interest from both a theoretical and a practical
point of view. During the last years several groups have succeeded to push

the upper temperature :
limit for atomic tar-
gets used in VUV and
X—-ray spectroscopy %
towards higher and
higher values (see
e.g. 5 and referen- -200
ces therin 19, 20,
21). Fig. 6 shows
the intensity.of the
NiII 3 I?4555 2D and
NiII3d 4s P G photo-
emission lines as a
function of photon
energy (22). Both
lines are strongly
enhanced in the re-
gion of the 3p-»3d
excitations due to
thg cgup%%ng of the
3p53694523F->

%p 3374s°°F (64,3 eV)
D, P (68,5 eV} tran-
sitiogs with the
3p§§d§4s¥ EF-+3p63d7
4s” H Def transitions

ng_the gouplipd of the hw (eV)

a
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trgnsétigns wigh ghe Figure 6 . .
ap23d 4s D 3p 34 4s Experimental (full dots) and theoretical (dot-dashed line
P G gf transitions, Ref. 24 dashed Ref. 25) photoemission intensity
respectively.

The interference between the different excitation channels manifests itself in
the Fago Eyge line shape (23) displayed in Fig. 6. The cross section of the
NiII3d 4s P G photoemission line (logerspart of Fig. 6) is in fair agreement with
the Ni & cross section for the 3p 3d¢f, e p, P final state calculated by
using the reaction matrix theory (24). Fitting the experimental spectrum by the
Fano profile

2
g - F
== ; ( rE ) + c . E = E =

for the interaction of one discrete state with several continua we obtain a value
of 3.3 + 0.3 for the profile index g, a value of 0.9 + 0.2 eV for the half-widthl™
of the line and a value of 65.0 + 0.2 eV for the position E_ of the autoionizing
level. These values for g and I compare favourably with the"calculated values

g = 2.945 and I' = 0.8B6 eV. The theoretical position of the resonance E = 66.99 eV
lies 2 + 0.2 eV above the experimental value. Part of t&is difference may be due
to the shift of the resonance energy when going from Ni to neutral Ni. The re-
sults of model calculations (25) fairly well describe the characteristic features
of the spectra, though they overestimate I” and underestimate g. Similar resonan-
ces have been observed in the photoemission spectra of atomic Eu for photon ener-
gies close to the 4d and 33 thresholds (26). This experiment demonstrated that,
inspite of the smaller cross sections, resonant photoemission spectroscopy on
free metal atoms is possible now up to photon energies of ~ 1000 eV.

The interaction of photons with atoms or molecules in a well defined excited state
is of fundamental interest. Lasers are very apt to create a steady population of
atoms and molecules in an excited state. The first results obtained by the com-
bined use of lasers and synchrotron radiation for excited state spectroscopy are
very promising (see Ref. 5 and references therein, 27). These new type of experi-
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ments open new frontiers for exploring the geometrical and dynamical properties of
atoms and molecules from states hitherto inaccessible.

MASS SPECTROSCOPY

In light elements like C, N and O a core hole created by photoabsorption decays
preferentially via an Auger KLL transition. If these atoms are bound in molecules
this process results in highly charged molecules which are unstable and fall apart
in a Coulomb explosion. Recently the fragmentation of CO ané (CH,)_  CO, caused

by Cls excitation has been investigated (28). The fragmentation ga%tern was shown
to change whether the Cls electron gets ionized or excited into a Rydberg-orbital
or into an antibonding ™ molecular orbital. Furthermore the fragmentation depends
on the site of the carbon atom that has been excited. This suggests the use of
soft X~-rays ‘to stimulate chemical reacticns or to selectively break organic mole-
cules. High resolution photcionization mass spectroscopy is well suited for the
investigation of electron-correlation phenomena. This is corroborated by the re-
cent results on atomic (Ba (29), Cl and F (30). The complex interactions among
the various Bal, BaII and BaIII states and their associated continua in the re-
gion of the 5p excitation have also prompted new photoemission (31) and phote-
absorption (32) measurements.

VIBRATIONALLY RESOLVED PHOTOELECTRON SPECTROSCOPY

vibrationally resolved photoelectron spectroscopy has contributed considerably to
the understanding of molecular photoionization processes (4, 5, 33, 34} Non Franck-
Condon effects caused by shape resonances or autoionization clearly manifest them-
selves in the vibronic partial cross sections, (35, 36, 37). The ionization of a
3%'g valence electron in O, shows both effects, though the identification of the
shape resonance in the 67, channel is complicated by the overlapping autoionization
structure. Eecause+o§ the open 1% shell the ejection of a 3¢ electron leads to
two ionic states tpzc and B . 29broad maximum shows up at 2¥.5 ev in the Eggal
and vibrationally r$SOlved pagtial photoionization cross sections for the bz and
the By state of O2 (38). Energy position, width and dependence on vibrationdl
quanCumgnumber are eonsistent with the interpretation as a shape resonance. The
tgtal and vibraiionally resolved partial photoionization cross sections for the
b'5 state of O_ in the range 18.17 - 21 eV photon energy range display large
strictures causéd by Rydberg series converging towards the B state which decay
primarily into the b ionization continuum (Fig. 7}).

Strong differences can be recognized for different final vibrational ion states.
Similar geometries of both autoionizing states and final ionic states, which
leads to a AV = O propensity rule, explain the vibrational selectivity. Strong
valence-Rydberg orbital mixing is responsible for the exceptionally wide 4pc'u
peak at 19 eV. The MODT calculations fairly well reproduce the characteristic
features of the experimental spectra.

ROTATIONALLY RESOLVED PHOTOELECTRON SPECTROSCOPY

Even with state-of-the-art electron energy analysis, with the application of mole-
cular beams to reduce the Doppler effect and with resonance line sources optimized
for narrow linewidth the resolution of single rotational transitions is only pos-
sible for very few molecules. New results have been reported on H, (39, 40}, HD
and D. (39). As an example results of fit calculations for the ro%ational structure
of the H. (v' = O) vibrational peak in the 58.4 nm, 73.6 nm and 74.4 nm photoelec-
tron speétrum of H. are given in Fig. 8 (40). The thick lines represent the sum of
the individual rotitional components (thin lines). The bars in the lower part of
the figure show the difference between the fit and the data points on the same in-
tensity scale. Each vibrational peak is composed mainly of four rotational transi-
tions §"—= §' (020, 022, 11, 1->3) with small additions from the 22 and 393 tran-
sitions. The rotational cross sections ratios¢’ /o are in most cases by about a
factor of 2 smaller than predicted by theoretical Calculations. On the other hand
the precise ionic and vibrational constants determined by this high resolution
meashrements {39) are consistent with the available theoretical rotation-vibration

energy levels.
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Total and vibrationally resclved partial 3
photoionization cross sections (dots; 12:
exper&TEnts: solid line MQDT) for g‘ i
the bzg state of 02 (from Ref. 38) =

Nolh

6 r

PARTJAL PHOTOIONIZATION CROSS SECTION
RO

4 k; 2 fi ? v=0
Figure 8 . 0 \/ /‘\‘{_ v /'/3\\, \'3,’ i "S‘-—Gﬁ‘,\
Rotational structure of the H, (v' = 0) 2[ * / \ kxffﬂ&
vibrational peak obtained by git calcu- oL— R \J v _ .
lations (from ref. 4Q) H;tw'=0) 19 20 21
PHOTON ENERGY (eV)
58 & nm 36 om 76 & nm

ANGULAR AND ENERGY
ﬂ RESOLVED PHOTOELEC-
TRON SPECTROSCOPY

For randomly orien-
ted atoms or mole-
cules the photo-
ejection by elec-
tric dipole
interaction with
partly polarized

(P degree of pola-
rization) radiation
is described by a
differential cross
section of the form

swur (meV]
"

Eteciron intensity larbitrary units)

r
._m-_.—’wm\'—,- L e P o .\,M_,—-—..—

585 5 8¢ 57% 145 140 130 s 120

Electron energy (eV!

31: B fE{M%BUMP)mz@ + (1=Plws'e, - 5_]_

The photon beam propagates along the Z-axis and the angles & and 8 refer to the
direction of the photoelectron with respect to the x and y aXes. sifce the asym-
metry parameter depends on the size cf the dipcle matrix element andé on the phase
of the final state wave function, the experimental determination of /3 forms a
stringent test for theoretical models. This explains the great effort devoted tc
this type of measurements (1, 2, 4, 5, & Kr and Xe 41; €3 42, Hg 43; Xe 44, 45,
46, Ga 47, O, 35; CO, 36; C. H, 4B, 49; ethylene 50; CO 51; B,0 52, N,0 53; sF. 54;
S;F6, Si(CHQ§ t5). %he simple two-electron structure of 82 %as made it & protc-
typ¢ system. The marked discrepancies between the various experimental and cal-
culated ﬁ values sgignal the difficulties encountered both in theory and in experi-
ment (40, 5&, 57)., It is clear from the existing results, that the cutgoing wave
is 1ot of pure p character but contains a significant adrixture of f character.



_7_,

In atomic physics the studies of the outer s shell photoemission of rare gases
has turned out to be a crucial test for theoretical models. The Cooper-Zare
model gives a value of 2 for the Xebs angular asymmetry parameter, independent
of photon energy. Relativisatic and correlation effects cause a strong deviation
from the value of 2 close to the Cooper minimum. The present state is summarized
in Fig. 9. The experimental data (open circles Ref. 46, full circles Ref. 45,
sguares Ref. 58, triangle Ref. 59) show a marked minimum of;@ at the Cooper mini-
mum. This minimum is also present in the theoretical/3-curves, but the K-matrix
calculations (60) underestimate the depth of the minimum whereas the RRPA calcu-
lations (61) overestimate it. The latter result is of special interest since the
experimental partial 5s cross section is in reasonable agreement with the pre-
dictions of the RRPA calcuations.

photon energy (eV)

Figure 9 30 40 50 60
Photoelectron angular asymmetry T ' N N
parameter {3 for the 5s subshell
of Xe. K-Matrix

S ey

For a complete characterization A4 kk% 3 {5’[ 3

of an atomic photoionization
process in addition to the total
and partial cross sections and
the asymmetry parameter ﬁafur-
ther parameters are necessary.
Angle-, energy- and spin-resol-
ved photoemission experiments
can yield the spin parameters
wf, A and «, (62, 63, 5 and ref-
erences therein). For the Xe 5p
excitation all these parameters
have been determined recently
{(64).

RRPA (4d + 5s + 5p)
o5t

asymmetry parameter g

ALIGNMENT IN ELECTRON SPECTROS-
COPY 0

1 1 L

(0] 10 20 30 40

Photoemission can result in an photoelectron energy (ev)
unequal population of the mag-

netic sublevels JM of the ion (65}. The alignment of the ion is reflected in the
anisotropic angular distribution of the electrons emitted in the subsequent Auger
decay. The Auger electron angular distribution takes the form

I(8) ~1 + P2(cose),

where € is measured with respect to the photon polarization vector. The asymmetry
parameter is proportional to the alignment tensor of the initial state of the
Auger transition;

Rle)y = A, (),

t represents the kinetic energy of the photoelectron. In the two-step model the
energy dependence of the Auger electron asymmetry is determined only by the align-
ment tensor A, (£), which is a property of the inner-shell hole state. = dJdescribes
the Auger decay and therefore depends on the final state reached by the Auger decay.
According to the above equation, the asymmetry parameters of all Auger transitions
starting from the same inner-shell vacancy state should display the same photon-
energy dependence. Recently the angular distribution of the electrons created
by the
+ 9. 2_ b2
Xe (437 5s 5p D5/2)
2_ 62

Xe+(4695s Sp D

++ -
- Xe (46105p6150) + e (€d)

—>Xe++(4d’°595p51p1) + e (gp, € £)

5/2
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auger decays have been determined experimentally (66, 67). The initial 4d-hole

states have been prepared by photcicnization:

~ 62 _
xe(4d1°5s‘5p6150) + %> xe' (4a755%5p D ,,) + e (&p, € 1)

1 .
The Auger electron asymmetry parameters for the Xe NSOIOE SO (open circles)

and N50102 3P1 (closed circles) are given in Fig. 10,

Figure 10 Photoelectron energy {eV)
Auger electron asymmetry

parameters for the, tran- 9] 20 40 60 80 100 120
sitions Xe Nsolo1 So T 717 1 1 ' 1 1 ["7
and Xe N_O,0 P R .

(from Re§.16%13 !

For the Xe++ (4d105p6150)

final state there is a
single continuum wave. In
this simple case « is
given by a product of an-
gular momentum coupling
coefficients (68). f3can
expressed by

1. . 'v?'_'
P(N50101 550 =415 B,
and thus the alignment

tensor can be determined

H

-0.5¢ | -

Asymmetry parameter, f8
o
(6)}
]

directly from the experi- - . 7
mental asymmetry parame- NS T U RV N N R S S |

ter. The Yalue of A, 60 80 100 120 140 160 180 200
is determined by the pho-

toionization matrix ele- Photon energy (eV)

ments., In the nonrelati-

vistic limit transitions of the 4d electron to £€p and £f continuum waves contri-
bute to photoionization. Theoretical analysis (65, €9) shows that A2o is determi-
ned by the partical branching ratic

1 ey - 2R
(4d=ef)

In an independent particle model the Xed4d partial branching ratio is given by

ﬁl(&) - 2R24d52
= 7
3R24de
where R stands for the radial dipole matrix elements. Inserting calculated values

(70) of the partial branching ratioc into the formula (69)
7

A =
7 5(1+))

20
. + 9_ 2, 62
the alignment tensor has been calculated (61) for Xe (44 5s 5p DS/ ). The
B(N:olo S ) values obtained from these A values are included in gig. 10. The
solid (éasged) line is based on HF-dipole‘matrix elements obtained in the velo-
city (length) approximation. The experimental data follow the calculated Auger
electron asymmetry parameter. The Auger asymmetries are large close to the 44
ionization threshold were the 4d»¢f transitions are supprensed by the centifugul
brrrier in the f-wave effective potential. Large Auger asymmetries are alsc pro-
A.-e2 near the Cooper minimum in the f-wave channel. Higher resolution measure-
meite f?r photonen en?rgies 6t evV< hu.f 82 eV (61) show that the
N, 00 8., N,.00, P and XK, 0,;0 {("P)5d°P, Auger lines have about the same
2171 T0) T AS %.zig 1 4223 - o
lués, i.e.;, theilr Auger decay parameters « do not differ greatly.

ﬁ vaiu
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Before turning toward fluorescence spectroscopy we want to refer to recent results
on molecular photoemission (71, 72).

ALIGNMENT IN FLUORESCENCE SPECTROSCOPY

The polarization of fluorescence from excited state atomic or melecular photoions
provides a direct measure of their alignment, and thus the relative dipole strength
of degenerate excitation channels (73, 74). Hence fluorescence polarization can be
used to characterize the symmetry signatures and dynamical properties of autoioni-
zing resonances. The process

. At ¥ 1+ - Xeo &
Co_z()( > )+‘Eu‘n—:—> cer (R /La)'f' € (5‘33/5 g1 °2
d -1Xy vV o+ T )
C Oa2 (x )Lﬁ) + Hw
recently studied (75) serves as a good example R denotes a Rydberg state; =38
an -1, indicate which electron is excited. The experiment was carried out by

scanning the eﬁcigatiog photon energy hw and measuring the polarization of the
undispersed CO2 A‘ﬁﬁ*xlﬂé fluorescence. The results are shown in Fig. 11.

The excitation spectrum, taken with the poclarizer removed, shows extensive auto-
ionization structure. The fluorescence polarization spectrum shows analogous
structure, supersimposed on a non-resonant background. The degree of polarization
P is given by

p = 3cos% -1

cosgL+3

0'08 177'1!1]11"'111‘!l‘\'1"l'71!ll

Figure 11
Excitation spectrum
{(bottom) and polari-
zation profile (top)
for the A»X flugr—
escence from CO2,
(from Ref. 75)

0.04

0.00

-0.04

where «. is the
angle between the
absorption and
fluorescence tran- _008 PR UNE V5N

sition dipoles (76). = 20 2 S N S It]‘l!tvwﬁT‘vv]‘vtxttrrt
The polarization

P = -0.07 + 0.1 of
the non resonant
background is con-
sistent with the
assignment of the
nonresonant excita-

AZ1] ..
10000 A ,/
tion to lxd%EJg

photoionization. 0 .-AllnnllAJxlenlxn;:x;

Good agreement with
J 690

the polarization 720 710 700
o A ()

IYIIYI'TY"III

Polarization

20000

Counts

TY‘I‘TITTI'II

data has been achie-

ved by assuming the o 4

resonant features emanate from a J Rydberg state. In this case the transition
dipoles are parallel to the intermolecular axis for both absorption and fluores-
cence, leading to P = 0.143 for the resonant contributions. The solid line in the
topframe of Fig. 11 represents the P predicted from the excitation spectrum, based
on a simple weighted average of resonant and nonresonant contributions at each
wavelength.

. 2
Recent fluorescent excitation spectra have been reported for N _O (77) and N~ (78).

For N2 there exist also preliminary results for fluorescence excitation studies
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of photoionization in external electric fields (79).

The wealth of information which can be obtained by coincidence experiments has
hardly been tapped (80, 81, B2). With the increase of the intensities of the
light sources the number of experiments of this type will grow considerably.
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