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Fundamental concepts in resonant and non-resonant Auger electron spectroscopy, core pho- 
toelectron spectroscopy will be presented. New synchrotron radiation (SR) based measure- 
ments performed using these techniques are discussed. A comparison of Auger spectra taken 
with different excitation sources such as AlK, (hv = 1487 eV), synchrotron radiation, and 
electron beam will be made showing the complementary information that can be obtained 
with each of these techniques. For core photo line and core shake-up/off correlation satel- 
lites a similar discussion will be presented including the advantage of using high intensity 
undulator radiation as compared to bending magnet radiation at synchrotron facilities for 
the study of these spectral regions. A new high performance undulator beam line, BL 51 
the "Finnish beam line" at MAX laboratory is discussed. The resolution test measurements 
from electron and ion yield spectra of noble gases are presented. The results show that very 
high resolution is achieved at this beam line, comparable with that of the best spherical 
and plane grating monochromators. Recent results obtained at this beamline are discussed. 
Among them, the Auger Raman effect has been observed for the first time in the VUV 
region. The first observation of an anomalous Auger decay from molecular field split S2p 
core hole states in H2S. This observation leads to a need for re-interpretation of a number 
of high resolution Auger spectra presented in the literature. 

I. Introduction 

During the last few years a rapid progress lias oc- 

curred in electron spectroscopy utilising synchrotron ra- 

diation as an excitation source. Part of this progress is 

due to  improvement in the manufacturing of critica1 op- 

tical elements in high resolution monochromators and 

part is due the appearance of very high intensity sources 

such as undu la to r~ [ l~~ ] .  High intensity sources permit 

to perform experiments with small slit size still keep- 

ing enough photons to  allow for high resolution electron 

spectroscopy experiments even on low density samples 

such as gases. 

The competing source to synchrotron radiation in 

the soft X-ray region has hitherto been the monochro- 
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matized AIK, anode source based on the 1487 eV char- 

acteristic X-rays. However, the anode source does not 

yield a collimated beam of radiation and therefore the 

grazing incidence monochromator technique would give 

a very low intensity. The anode sources have been 

monochromatized using spherically bent quartz crys- 

tals. However, such a scheme also implies that the 

resolution is limited by the rocking curve of the crys- 

tal. In practice the energy reso1ution.i~ then limited to 

about 300 meV. For synchrotron radiation the extreme 

collimation of the beam, notably at undulator sources, 

opens up the possibility to use the grazing incidence 

monochromator technique, presently giving a relative 

resolution in the soft X-ray regime, in the order of 

10000. As an example of the improvements in resolu- 

tion in photoelectron spectroscopy when comparing the 

two schemes one may take the narrowest core photoelec- 

tron lines from C, Si, P, S, C1, Br and I[~-"]. The vi- 

brational structure of these line can be readily observed 
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with the toi,al resolution below 100 meV at a high res- 

olution mor,ochromator using SR at the Finnish beam 

line at MA ~ [ ~ 1 ~ 1  and also by other groups using high 

resolution $R[~-'], in contrast to earlier anode based 

XPS where structure has been resolved only in the case 

of the C l s  photoelectron line in methane. 

The opening up of a core hole is associated to de- 

cay processes. Tlie Auger process is most important 

for the determination of the life times of the state. In 

this process the core hole vacancy is filled by a valence 

electron anc in addition to  the photoelectron a second 

Auger electron is emitted. In the simplest picture this 

process is described in two steps. First the core hole is 

created and tlie photoelectron leaves the system. In a 

second step the core hole is filled and the Auger elec- 

tron escapes. In this last step one then assumes that 

the photoelectron is decoupled from the rest of the sys- 

tem. One interesting field of research using the new 

higli intensi~~y beamlines is to test the applicability of 

this two step model. It has since long been known that 

the model fails near the threshold where the photo- 

electron is slower thaii tlie Auger electron and thus a 

postcollision process takes place[g]. However, one in- 

teresting finding a t  the Finnish beamline is that the 

two step mo Se1 may be inaccurate also far from thresli- 

old, showing that the photoionization process should be 

considered as a one step scattering phenomenon. 

Another process that in practice is only observed 

using the tunability of the synchrotron sources is tlie 

resonant Au(;er decay. Here instead of ionising the sys- 

tem the core electron is promoted to an unoccupied or- 

bital. In a similar way as for the normal Auger decay, 

the core holc is filled and another electron is ejected. 

Using the sirlple single particle formulation one can di- 

vide the resolant Auger process into two main different 

classes: the spectator Auger transition and the partic- 

ipator Auger transition. In the spectator process the 

excited electron remains in the same orbital during the 

resonant Auger decay. In the participator process the 

excited electron is ionised during the resonant Auger 

decay. The final state of the participator process is the 

same as obtained by direct photoionization of the va- 

lente orbitak while the final state of the spectator pro- 

cess correspcnds to  a correlation state in the valence 

spectrum. Tliis simple picture has its limitations since 

the excited e:ectron may jump to a higher or lower lay- 

ing energy state during the decay (shake-up or shake 

down transitions).Very recently the so called resonant 

Auger Raman effect[lOl was observed for the first time 

in the VUV region. This occurs when the photon band 

width is narrower than the life time width of the respec- 

tive core hole. The resonant Auger line width then de- 

creases with tlie plioton band widtli. This effect opens 

the possibility to obtain a sub natural line width in res- 

onant Auger spectra provided that a sufficient energy 

resolution is achieved, both for the exciting photons and 

analysed electrons. 

Apart from the main line in the core hole photo- 

electron spectrurn, one can also observe low intensity 

correlation satellites at the higlier binding energy side. 

These correlation structures have been divided in the 

literature in two main groups: shake-up and shake-off 

s a t e l l i t e ~ [ ~ ~ ~ ~ ~ I .  1n the shake-up one valence electron is 

promoted to an unoccupied orbital iipon core ionisa- 

tion. In the shake-off process two electrons are ionised 

in the same event. While the shake-up process gives 

rise to distinct structures in tlie spectrum the shake-off 

process appears in the spectrum as a continuum back- 

ground, since tlie photon energy is divided between the 

two electrons in an arbitrary way. In the studies of tlie 

gas phase shake-up/off spectra high intensity and rea- 

sonable resolution of tlie excitation photon source are 

absolutely necessary. Before tlie appearance of the high 

intensity SR sources inost of tlie spectra for free atoms 

and molecules were studied by using monochromatized 

A1 Koc radiation frorn rotating anodes[12]. The tunabil- 

ity of the synchrotron radiation also permits a study of 

tlie intensity variation of the shake-up lines with the 

photon energy. 

11. Exper imenta l  set fo r  measu remen t s  us ing  

AlK, a n d  electron bea in  sources 

The electron beam excited experiments were 

recorded in a electron spectrometer developed for high 

resolution electron beam Auger spectroscopy and ultra- 

violet valence photoelectron ~ ~ e c t r o s c o ~ ~ [ ~ ~ ] .  This 

hemispherical electrostatic analyser has a mean radius 

of 144 mm. It contains a modern four element lens sys- 

tem situated between the gas cell and the instrument. 

The electron beam was acelerated to  1.5 KeV and a typ- 

ical beam current 5 1mA was used. The X-ray excited 

spectra were obtained using a monochromatized AlK, 
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(radiation (hv=1487 eV) s~urce[ '~] .  A rotating and wa- 

ter cooled aluminium anode was used. A four elements 

lens system was used for pre-retardation of the ejected 

electrons and a double focusing electrostatic splierical 

sector of 360 mm radius was used to select tlie retarded 

electrons according to tlieir energy. 

111. Description of the Finnisli beamline 

High brilliance sources combined with very liigli res- 

olution monochromators have recently been taken into 

operation or are planned at severa1 SR facilities. One 

such facility is tlie so called Fiiinish beamline (BL51) 

at MAX SR laboratory in Sweden. This beamline was 

designed to be used maiiily in the study of gas pliase 

samples as well as experiinents not directly compati- 

ble witli UHV requirements. In order to achieve tlie 

desired liigli brilliance in a more conventional and low 

energy (550 MeV) storage ring a short period undula- 

tor (&=24 mm) capable of operating at very narrow 

ma,gnetic gap (MagGapmin=7.7 mm) was installed in a 

straiglit section at MAX I, in Sweden. The undulator 

delivers usable radiation iii the energy range 60-600 eV. 

The radiation is nionochromatized by a modified plane 

grating monocliromator SX-700 constructed by Zeiss. 

The clioice of tliis type of construction was based oii tlie 

high resolution, tlie liigh flux and tlie small number of 

optical elements required. There is no need for a move- 

able exit slit and it is a rather compact construction. 

Tlie plioton flux i11 the experimental chamber was inea- 

sured a t  different undulator gaps, Fig. 1 shows a typical 

undulator spectrum for a inagnetic gap of 9 mm. Tlie 

overall shape of tlie spectrum is partially determined 

by tlie monochroinator efficiency. A flux of more thaii 

1012 photons per second (indicated in the figure as Giga 

pliotons per second), at  150 eV, was obtained using an 

exit slit size of 200 pm. The flux was ineasured by us- 

ing a GaAs photo diode and the intensity was corrected 

for tlie anode efficiency. In tlie spectrum shown in Fig. 

1 one can notice tlie small contribution of liigher order 

light from the plane grating. In tlie spectrum the sec- 

ond order peak sliows up at half the photon energy of 

tlie first order light. Higher order lights are responsible 

for tlie appearance of undesirable extra peaks in the res- 

onant Auger spect,rum (normal Auger, core plioto line, 

etc.). Tlie intensity of tlie second order liglit in bending 

magnet based beamlines are not smaller than 10 % of 

tlie first order. Electron yield measurements made at 

BL 51 in the ClS C 0  edge witli first and second order 

liglit showed a decrease of about 500 times in the yield 

intensity for the second order light. One ca'n explain 

tlie small intensity of higher order light in part due to  a 

stronger decrease of photon Aux a t  liigher energy for a 

fixed undulator gap as compared witli bending magnet 

radiation. 

I Undulator gap 9 mm 

I exit s ~ i t  zw um 

Figure 1: Measiired plioton flux spectrum of the beam- 
line 51 undulator at MAX laboratory. Tlie exit slit of the 
monochromator was set to 200 pm, the undiilator magnetic 
gap iised was 9 mm. Tlie fliix was measiired using GaAsP 
Schottky diode as a detector. 

In gas phase electron spectroscopy the need for liigh 

resolution monocliromators capable of liigli brilliance is 

rnucli stroiiger as compared witli solid state physics. 

Sinal1 broadening of spectral lines, larger number of 

possible overlapping lines, absence of plionon and other 

solid state broadening mecliaiiisms as well as low sam- 

ple density are some of the factors behind this state- 

rnent. Tlierefore from the beginning we tried to find 

a rnonochromator deliveririg as higli as possible plioton 

resolution combined witli as higli as possible efficieiicy. 

Tlie PGM fulfilled most of these reqiiirements. Due to 

the low energy of tlie storage ring tliere was no need 

for cooliiig tlie optical elements of the moi~ocl~romator. 

The undulator provides a photon beam witli a small 

spot size and divergence, the beam size at the entrance 

of tlie monocliromator is about 3 by 3.5 mm in tlie ver- 

tical and horizontal directions respectively. With such a 

colliniated beam, tliere is no need for a focusing mirror 

before tlie monocliromator. Sucli a mirror is normally 

needed on a bending magnet beamline. 
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Permanent differential pumping and re focusing toroidal mirror set up at beamline 51. 

During measurements on gas phase samples tlie 

spectrometer is normally kept at pressure up to 10-5 

mbar range. The monochromator need to be kept at 

least in the 10-l0 mbar range in order to avoid rapid 

contamination of the critica1 optical elements. A per- 

manent differential pumping section was constructed 

for this pur ~ o s e .  Fig. 2 shows a schematic drawing of 

this section In the first stage after tlie spectrometer 

tliere is a 250 l/min turbo pump taking most of tlie gas 

load. Tliis :;ection is further separated from the spec- 

troineter clizmber by capillary tuhes. Next tliere is a 

cpecial ion y m p .  This long ion pump is designed so 

that the ionising electrons are orbiting tlirough the plio- 

ton beam path, in this way the direct molecular beam 

coming froni the spectrometer chamber is pumped effi- 

ciently, small orifices before and after the pump lielps 

further red~cing  the transmittance. Next there is a 

toroidal refocusing mirror. This mirror furtlier dis- 

perses the direct molecular beam and refocuses the pho- 

ton beam to a spot of about one mm in diameter at the 

gas sample. This feature is very important for small 

acceptance spectrometers. Two ion pumps, one in the 

toroidal mirror cliamber and another in the chamber 

next to the cxit slit completes the pumping system. 

The resclving power of the monochromator was 

tested by measuring the total ioil and electron yield 

from noble gases Kr aiid Ar i11 tlie resonance excita- 

tion region just below the Kr M4,5 and Ar L2,3 ionisa- 

tion t1iresho.d~. The line widtli and shape in a yield 

spectrum is the convolution of two factors namely: life 

time broadening of tlie core levels and monocl~ro~nator 

resolution. The life time contribution gives rise to a 

Lorentzian line shape wliile the monocliromator coiitri- 

bution for the SX-700 can, in a first approximation, be 

considered to have a Gaussian shape. The monochro- 

mator contribution is further given by three major fac- 

tors: source size, slope errors in the surface of the op- 

tical elements, and exit slit size. For an undulator it 

is unclear exactly what value one should take for the 

source size, one possible approximation would be to use 

the known beam size in the straight section of the inser- 

tion device. However, tlie phase space of the uildulator 

is more coniplicated than sucli a simple source would 

give and a full simulation of tlie undulator is probably 

necessary to completely understaiid t!le infiuence of tlie 

source on tlie resolution. 

Photon energy (eV) 
Figure 3: Total electron yield spectrum of Ar around the 2p 
thresholds. 

Tlie monoclirornator resolu tion b e- 

haves like A E U . E ~ / ~  [15], therefore for smaller plioton 
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energies the monochromator contribution decreases. In 

order t o  increase accuracy in the determination of the 

monochromator resolution one should therefore try to  

find a resonant excitation line with as small as possi- 

ble life time broadening at as high as possible photon 

energy. The Ar 2p3/2 -t 4s resonance excitation line 

at 244.39 eV witli a rather accurately known life time 

broadening, r = 116 f 3 meV [16] turned out to be 

the best choice. The life time contribution is domi- 

nating in the case of Kr 3dSl2 -+ 5p at 91.20 V with 

I? = 8 3 f  4 meV, since the monochromator contribution 

can be calculated to  be only 12 meV compared with a 

calculated contribution of 51 meV at the 244.39 eV. In 

the present article we will only present the data cor- 

responding to Ar absorption spectrum, more detailed 

information can be found in ref. [l]. The beam size in 

the vertical direction is calculated to be 0.2 mm, using 

ray tracing calculations it was found that a contribution 

of 30 meV (FWHM) should come from the source size 

contribution with a 1221-lines/mm grating. The slope 

errors contributions are completely dominated by the 

slope errors in the surface of the plane elliptical focus- 

ing mirror. A slope error given by the manufacture of 

< 0.4 arcsec (rms.) will result in a Gaussian broaden- - 
ing of 40 meV. A slit width of 5 pm will give a 17 meV 

broadening. Convolution of a11 these factors give the 51 

meV width mentioned above. In the first preliminary 

measurement for the Ar 2p3/2 + 4s line the FWHM 

varied from 130 to 133 meV, when the illumination of 

the plane elliptical mirror was restricted, see Fig. 3 . 
Curve fitting with Voight functions gave typically 110 

meV for the Lorentzian and 50 meV for the Gaussian 

width, in good agreement with the predictions. The im- 

provement obtained by restricting the illuminated sur- 

face area of the plane elliptical mirror is not fully un- 

derstood, since one could either he decreasing the slope 

errors (smaller illuminated area) and/or, reducing tlie 

effective source size. During the preliminary test we 

found a small misalignment of the exit slit with respect 

to the grating. New careful alignment was made and re- 

stricting the mirror illuminated area for a 5 pm exit slit 

it was possible to measure a FWHM of oiily 125 meV 

for the Ar 2p312 -+ 4s line giving a monochromator con- 

tribution of 24 rt 2 meV, if no restriction of the mirror 

surface illumination was employed the total line width 

was about 135 meV with a resulting monochromator 

resolution of 5lf 2 meV. Therefore, keeping tlie value 

of the life time broadening fixed, one has to  conclude 

that the slope error and source size.contributions (as 

calculated in the simple approximation as above) are 

overestimated when surface mirror shadowing is used. 

The electron analyser used in this beamline was an 

hemispherical type with radius of 144 mm [17]. The 

spectrometer lias a four element electron Iens an it is 

placed in tlie pseudo-magic angle with respect to  the SR 

polarization plane.The spectrometer is equiped with a 

multi channel detector system. 

IV. Auger electron spectroscopy 

I11 order to illustrate the Auger decay we show in 

Fig. 4 the HâS Auger spectrum from reference [18]. 

Around the kinetic energy of 140 eV the lines were as- 

signed to the a L2,3VV type of Auger process. The 

labelling in Auger spectroscopy follows tlie X-ray no- 

tation. The first label indicates where the core hole 

was created, the second and third the two final hoje 

orbitals. In this way LVV corresponds to  a core hole 

in the 2p orbital, the Iabel VV represents the two va- 

lente orbitals involved. The excitation source for this 

spectrum was a 2 keV electron beam. Therefore a core 

hole in the 2s orbital is also created. The LiVV Auger 

lines should be seen at the higher kinetic energy side of 

the L2,3VV group. In the spectrurn no structures are 

observed, instead the LiLV is indicated at lower kinetic 

energy. This effect is called a Coster-Kronig transition. 

The Coster-Kronig transition corresponds to tlie situa- 

tion where one of the final state holes are in the same 

main shell as the initial core hole. In case both final 

hole states are in the same main shell as the core hole 

state the transition is called super Coster-Kronig. In 

tlie Auger spectrum the Coster-Kronig transition is re- 

sponsible of the appearance of the Auger lines at lower 

kinetic energy as one can see in Fig. .4. 

When an electron is excited t o  unoccupied valence 

orbitals, the created hole is filled by the same or an- 

other electron and a valence electron is ejected, tlie pro- 

cess is called autoionization. Normally this process has 

this name when the initial hole is create by an electron 
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beam. In time a photon beam is used, its energy must 

be tuned to resonantly excited core or valence electrons 

to unoccupied valence orbitals. The decay process, ar- 

ready descr'bed in the introduction, is called resonant 

Auger decaj. and SR sources are used due to its tunabil- 

ity. If the photon energy is much higher than the excita- 

tion energy no excitation can take place but rather the 

electron is ionized and the normal Auger decay follows. 

H,S LLVand LVV t 

50 100 150 200 
KINETIC ENERGY (eV) 

Figure 4: Tht: LLV Coster-Kronig and L2,sVV Auger elec- 
tron spectra of H2S. The autoionization region and the re- 
gion where the LiVV lines should appear is also shown. 

At the high kinetic energy side of the highest L ~ J V V  

group in Fie. 4, another group of lines with low in- 

tensity can t)e observed. These lines are related with 

an Auger decay from an initial core shake-up state or 

are autoionination transitions. Fig. 5 shows two spec- 

tra taken using A1 K, and electron beam as excitation 

sources. Accxding to the discussion in the last para- 

graph, comp trison of these two spectra gives a possi- 

bility to identify which structure correspond to an au- 

toionization jecay. X-rays witli much higher photon 

energy than I he autoionization resonances exclude this 

process from the spectrum. The initial shake-up Auger 

decay, however, is still present. The excitation from an 

electron bearn is to a good approximation equivalent 

to the excitaion using a white light source, therefore 

an electron excited Auger spectrum contains both pro- 

cesses. Furthermore if one is using an electron beam 

instead of monochromatic synchrotron radiation the di- 

rect valence photoelectron lines smear out. The valence 

photoelectron lines appear in the same region of the 

resonance Auger lines making the assignment of pos- 

sible overlapping lines difficult. In reference [19] we 

have used an electron beam source t o  confirm and solve 

some questions in the interpretation of the H2S resonant 

Auger spectrum studied in refs. [20,21]. In this study 

we used the advantages connected to  the electron beam 

source referred above. 

High-energy region of the H2S LVV 
Auger-electron Spectrum 

. 1 i,,+,- ..,, electron beam 
---& 

-A-. .-..-.,*-+ h c i t e d  
, . .,. "%. /' 
.. .... "". 

'---4, 

KINETIC ENERGY ieV1 

Figure 5: Higli energy region of the H2S LVV Auger electron 
spectrum. Both, the X-ray excited (lower) and tlie electron 
beam excited (upper) spectra are displayed. 

V. Resonant  Auger e lec t ron  spec t roscopy  

In molecules upon core excitation new effects may 

occur as compared with atoms. Apart from the ap- 

pearance of vibrational bands in tlie resonant Auger 

spectrum, neutra1 dissociation may take place before 

the resonant Auger decay. The fast dissociation be- 

fore the Auger decay was observed for tlie first time 

in I I B ~ [ ~ ~ ] .  In Fig. 6 we show about the same kinetic 

energy region shown i11 Fig. 5 using synchrotron radia- 

tion from a bending magnet as excitation source a t  the 

Canadian Synchrotron Radiation Facility in Stoughton, 

~ i s c o n s i n [ ~ ~ ] .  Note that by "about the same kinetic en- 

ergy region" we mean a diagram where the kinetic en- 

ergy axis shows tlie same interval as the one compared 

to. In this case it is shown the spectrum of electrons 

with kinetic energy in the interval from about 140 to 

about 149.5 eV. The spectrometer ;sed for this mea- 

surements has a broadening of 0.3 eV and the photon 

band widtli was about 0.5 eV. In this spectrum tlie S 

2p core levels in H2S were excited to the first two lowest 
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unoccupied orbitals. According to cal~i i la t ions[~~] the 

2p -+ 6a1 state in 112s contains a strongly dissociative 

channel leading to a core excited HS fragment in an 2 ~ -  

state. The resonant structures in Fig. 6 labelled i11 al- 

phabetic order were assigned to tlie decay process from 

the 'C- state in tlie HS fragment. In order to study the 

enhancement of tlie resonant spectra in more detail the 

valence photo electron spectrum was recorded at 125 

eV wliich is well below the resonance energies indicated 

in Fig. 6 in the upper right position. The shifted and 

normalised spectrum was subtracted froni tlie spectra 

sliown in Fig. 6. I11 addition second and higher order 

diffracted light in the photon beam can also give rise 

to normal Auger lines whicli would appear in the left 

side of the resonant Auger features shown in Fig. 6. 

Therefore the normal Auger spectrum taken at 278 eV 

was also normalised and subtracted from the resonant 

spectrum, tlie resulting spectrum is shown in Fig.G. 

ENERGY (eV) 

Figure 6: The resonant Auger electron spectra of H2S taken 
at mean excitation energy of 165.5 and 166.5 eV. 

111 Fig. 6a the plioton energy is enough to predom- 

inantly excite an electron from tlie core 2p3j2 wliile 

in Fig. 6b the photon band widtli selects predomi- 

nantly electron from the 2pIl2 spin orbit component. 

Peaks a-e and g, (a'-e' and g' for tlie 2plI2 compo- 

nent) were assigned to the final states 50~2;,r'(~C-), 

5u22r2(lA),  50'2;,r~(~C+), 5 0 ~ 2 ; , r ~ ( ~ I I ,  5a127r3(III) 

and 5u02r4('C+). If the electronic decay and disso- 

ciation occur in overlapping time scales a competition 

between these two processes may occur. In the H2S 

molecule the presence of molecular lines in the resonant 

Auger spectrum coulcl not be eliminated or confirmed. 

New studies are under progress using high intensity 

undulator radiation combined with a liigh resolution 

monochromator in order to elucidate tliis question as 

well as to  study the vibrational progressions in the res- 

onant Auger spectrum of tlie fragment. In tlie next 

section we will descrihe tlie first results obtained using 

the so called Finnish beamline decribed above. 

VI. Auger  resonant  Rama l i  effect 

In this and tlie following sections we will present 

new plienomena that are possible to  observe using higli 

resoIution tuneahle radiation comhined with liigh bril- 

liance sources. 

When tlie photon ba,nd widtli is smaller tlian tlie life 

time of the corresponding core hole, tlie associated res- 

onant Auger spectra sliows decreasing line width with 

tlie photon band width. Moreover when the narrow 

plioton beam is scanned over the resonance, the ki- 

netic energies of the resonant Auger lines display linear 

dispersion. This is the so called resonant Auger Ra- 

rnan, this effect was first observed by.Brown et al[23] in 

the L3M4h45 resonant Auger spectrum, wliich lies deep 

in tlie X-ray region (N 4786 eV). We have now ob- 

served this effect for the first time for gas phase atoins 

in the VUV region[lO]. Tlie 11igli resolution results show 

that the line width of the resonant Auger lines reflects 

the width of the exciting radiation if its band width 

is smaller tlian the corresponding core hole life time. 

The effect was observed in the resonant Auger spec- 

trum corresponding to tlie Xe 4d-+ Gp and I<r 3d -+ 

5p resonances at 65.11 and 81.20 eV, respectively. In 

Fig. 7 tlie I<r 3d5/2 + 5p resonant Auger spectrum, 

measured using decreasing slit size is sliown. The 4s 

photo line was also included in the spectrum in order 

to compare with the resonant lines. The Kr 3d inherent 

lifetime widtli is 83 meV while the photon band widtli 

is 109 meV for 200 pm monochromator exit slit. The 

electron analyser energy resolution is about 50 meV. 

For 25, 50 and 200 pm slits the 4s photoelectron line 

and the sharpest Auger features have very accurately 
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the same widtli. This demonstrates that for tliis slits 

the resonant Auger line follows the width of tlie used 

photon bantl and does iiot depend upon tlie core level 

lifetime width. Perliaps one of tlie most important con- 

sequences of these findings is the possibility to use the 

Auger resonznt Raman effect to  increase the experimen- 

tal resolution of the resonant Auger lines far below tlie 

inherent life time determined resolution, which allow us 

to  resolve vel,y fine details of the spectra. Also more re- 

liable relative intensity comparison can be done. Finer 

details of thc electron correlation can also be studied 

using this eff rct. 

Kinetic energy (eV) 
Figure 7: The Kr 3dSl2 -i 5 p  resonant Auger spectrum 
taken witli 10-,:V pass energy of tlie electron analyser and 
different exit slit widtlis of the monocliromator. 

VIL 0bserv.ation of an aiiomalous Auger decay 

from molecular field split S2p core liole states in 

H2 S 

In an early report, where the excitation source was a 

monocliromatjzed A1 I<, (hv=1487 eV) radiation from 

a rotating anode, i t  was reported that tlie spin or- 

bit splitting between the S2plI2 and S 2p3/2 in H2S 

was found to be 50 meV larger than tlie shift ob- 

served betweei peaks maxima from the LVV Auger 

~ p e c t r u m [ ~ ~ ] .  Two possible explanations were dis- 

cussed, namely: 1) An electronic interference between 

tlie deexitatior channels originating in the two spin or- 

bit components of the S2p core holes; 2) A possible 

splitting of the S2p3/2 component. No firm conclusions 

could be made about tlie second explanation. The ex- 

perimental resolution of the XPS (380 meV) did not 

permit an unambiguous interpretation. 

By using high resolution electron spectroscopy and 

synchrotron radiation from BL 51, the resolution could 

be improved substantially by setting the excitation ra- 

diation energy to a value just slightly above the S 

2p threshold (hv=186 eV). At this ihoton energy the 

monocliromator contribution is calculated to be only 

37 meV, tlie spectrometer resolution is measured to be 

45 rnevt31. In Figs. 8 and 9 tlie S 2p photoelectron 

spectrum and the S2p-1 + ~ ' ~ ~ ( 2 b ; ~ )  Auger elec- 

tron spectra. a.re sliown respectively. From these two fig- 

ures ali unambiguous explanation could be given. Tlie 

S2p core electron lines were resolved i11 its molecular 

field split relativistic levels. As indicated in the spec- 

trum, tlie "S2p3/2" level is split into 4el12 and 5el12. 

The splitting was measured to be 110 (3) meV. The 

Auger spectrum shows an anomalous decay ratio from 

tlie 4e lp  and 5el12 levels. Only decay from the 5e1p 

core liole is observed. This effect lias been explained as 

originating from a new propensity rule that applies for 

tlie molecular field split core levels. This new finding 

may lead to re-interpretation of a number of high reso- 

lution Auger spectrum reported in the literature. From 

these higli resolution spectra the life time of the S2p 

levels was measured to be 70 (10) meV, substantially 

narrower than measured so far when the life time was 

erroneously measured from the split S 2P3p core line. 

Figure 8: The S2p core photoelectron spectrum of H2S 
taken at a photon excitation energy of 187 eV. 
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9 :  The ~ 2 ~ ~ '  -, ~ ' ~ i ( 2 b ~ ~ )  transition of the 
L ~ J V V  electron Auger spectrum taken at 187 eV plioton 
excitation energy. The difference in energy between tlie 0-0 
transition agrees with the difference between the 3eilz and 
5el12 measured in the core photoelectron spectrum. 

VIII. X e  4d cor re la t ion  satelli tes s t ud i ed  b y  syn- 

ch ro t ron  r ad í a t í on  aiid mnochromat ízed  AIKoc 

rad ia t ion  

Botli liigli resolution and intensity is needed i11 order 

to study correlation satellites in gas phase pliotoelec- 

tron spectra. Before the appearance of liigli intensity 

synchrotron radiation sources this region was inostly 

studied using radiation from A1 K, rotating anodes and 

by HeII discrete sources. The constraints of havjng ac- 

cess to a fixed wave length did not permit the study of 

the relative brancliing ratio as a function of the pho- 

ton energy. In these studies not only a tuneable source 

is required but also the capability to resolve overlap- 

ping structures and still have enougli intensity in a wide 

photon energy range. Only recently tliese requirements 

start to be partially matclied by the undulator beam- 

line. In order to  give an example of the great poten- 

tia1 of this area we compare the Xe 4d satellite region 

measured with a more conventional source with another 

spectrum measured very receiitly at BL 51 at about 129 

eV . 
Fig. 10 shows an expanded view of the Xe 4d satel- 

lite region. I11 the notation 4-1111, "1" stands for p or s 

orbital and n=6,7 is tlie shell label. Tlie assigned value 

for nl is indicated in the lower part of Fig. 10. Tlie 

orbitals with a hole are underscored. Therefore 4&pGp 

correspond to a state with a 4d core hole and an elec- 

tron promoted from the 5p orbital to the Gp orbital. 

More detailed assignment of the shake-up peaks could 

not be done wliich illustrates the need for more accu- 

rate calculations in this field. Fíg. 11 shows the Xe 

4&pnp, spectrum recorded a t  BL 51 for an excitation 

plioton energy of 129.12 eV. In Fig. 10 one can easily 

notice an improvement in the resolution, moreover the 

relative intensities of the shake-up peaks are drastically 

modified. At around 17 eV and 19 eV shake-up en- 

ergy two peaks gain intensity compared with peaks 1-6 

observed in Fig. 9. This clearly shows the presence of 

two types of shake-up process that can be distinguished 

with the help of synchrotron radiation. Studies aiming 

to assigned tlie nature of tliese two processes are under 

Figure 10: The Xe 4d core shake-up/off region measured 
using AlK, radiation (hv = 1487 eV). 

Figure 11: The Xe 4d core shake-iip/off region measured 
using high intensity undulator radiation at BL 51 at 129.12 
excitation photon energy. 
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IX. Concluding  r emarks  References 

The aim of this report has been to show the new pos- 

sibilities opened up a t  higli intensity undulator beam- 

line. In particular, we have described some of tlie 

results obtained in the Finnish beamline (BL51) a t  

MAX laboratory. Also we gave some examples showing 

how studies ;)erformed with more conventional sources 

can complen~ent each other and synchrotron radiation 

based studie:;. Moreover, studies performed in "labo- 

ratory" sources are very important tools to direct syn- 

chrotron research to potentially interesting problems to 

be studied. 

We presented a description of resonant and non- 

resonant Auger electron spectroscopy, core photoelec- 

tron, core shiike-up/off spectroscopy. The normal LVV 

Auger spectrum of H2S was discussed togetlier with 

the electron beam excited autoionization region. The 

resonant study of this region performed witli bending 

magnet radiation was also presented. 

The new undulator beamline at MAX laboratory, 

dedicated m&ly for higli resolution gas phase studies 

was discussec,. Tlie resolution test measurements were 

analysed and from those one can predict a nuniber of 

potential applications in pure and applied research. 

The first results obtained at this beam line such as 

the resonant Auger Raman effect in tlie VUV region, 

tlie anomaloi~s Auger decay from molecular field split 

core levels in H2S and the sliake- up relative intensity 

variations as function of tlie excitation photon energy 

in core shake- up satellites have been discussed. 
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