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Angle-resolved Auger and valence photoelectron spectra of HCl were measured over a 14-eV-wide photon-
energy range across the Cp 2onization thresholds. Auger decay spectra of dissociative core-excited states
were observed to change with photon energy, reflecting a change in the rate of dissociation. Auger electron
spectra at the first Rydberg states were analyzed and the evolution of the resonant Auger to the normal Auger
decay distorted by postcollision interaction was examined. Valence photoionization channels were shown to
resonate strongly at the photon energies of the core-to-Rydberg excitations. Angular distributions of the photo-
and Auger electron lines were derived; strong fluctuations of3velues of the 2 photoline were observed
at some Rydberg resonances. Anisotropy of the Auger decay at*ttad Rydberg excitations was found to
be different, with the latter showing uniformly negatiBevalues.[S1050-2947@8)50203-X

PACS numbe(s): 32.80.Hd, 33.80.Gj, 33.80.Eh

Inner-shell processes in small molecules have been stuenergetic electrons and thus improve the energy resolution.
ied with growing interest during recent years. Rapid im-Calibration spectra of the Nes2and 2 photoelectron lines
provements in experimental techniques have revealed newere used to obtain the scaling factors for the time-to-energy
details in Auger and photoelectron spectra, such as anisotonversior{11]. The photon energy was stepped by 20 meV
ropy of electron emissiofiL—6], molecular field splittind7],  between successive electron TOF spectra to build up the 2D
and postcollision interactiori8]. However, these studies data set. The photon-energy resolution was set to 75 meV for
have been performed at only a few selected photon energiethis experiment.

The aim of this Rapid Communication is to present a com- The absorption spectrum of HCI around the @l ®niza-
plete angle-resolved two-dimensional experimental picturgion threshold12] can be divided into three region§) ex-

of electron emission from a diatomic molecule over the pre<itation to the antibonding™* orbital (2p— o*), (ii) excita-
edge structure and into the continuum of a core ionizatiortion to the Rydberg orbitals (2—nl), and (iii) ionization
threshold. This extensive set of data illustrates many pheinto the continuum (R— el). These three regions are indi-
nomena associated with core excitation or ionization. cated on the total electron yield curve along the right side of

We have studied the electron emission from HCI follow- Fig. 1. The 2D electron emission map, shown in the main
ing photoexcitation or ionization of the Clp2core levels panel of Fig. 1, was obtained at an angle of 90° relative to
using highly efficient time-of-flight(TOF) spectrometers. the polarization plane. In this map, the intensity of the elec-
This technique coupled with a third-generation synchrotrortron signal is represented as different shades of gray. Elec-
radiation source and advanced data aquisition software atrons emitted with the same kinetic energy at different pho-
lowed us to record two-dimensioné2D) electron emission ton energies are aligned vertically in the 2D map. Those
data setgthe representation is described in Regf]) over a  emitted with constant binding energy form diagonal lines
14-eV-wide photon-energy range in a kinetic-energy windowacross the map. The features in the different regions of the
covering the majority of the ejected electrons. The resultingZD map are discussed in detail below.
2D spectra illustrate the evolution of the electron emission Broad bands in the total electron yield between 199.0
processes as the photon energy is scanned toward and acressl 203.5 eV correspond to excitation of thp 2lectrons
the ClI 2p ionization thresholds. Angular distributions were to the first unoccupied molecular orbitat”. When occu-
obtained by recording the 2D data sets at four angles. pied, this antibonding orbital causes the core-excited mol-

The experiments were carried out at the undulator beanecule to dissociate. The dissociation, M@p°c*)—
line 9.0.1 at the Advanced Light Source synchrotron radiaH(1s) +CI* (2p°3p®), produces neutral hydrogen and core-
tion facility. The photon beam intersected an effusive beanexcited chlorine atoms and proceeds on a time scale
of HCI at the foci of two time-of-flight spectrometers (=10 ) that competes with the Auger decay of the core
mounted 144.7° apart in the plane perpendicular to the dirediole [13,14. The light hydrogen atom moves quickly away
tion of the photon beam propagatiddQ]. Electron TOF from the Cl atom, so that a large part of the Auger decay
spectra were measured simultaneously at 0° and 54.7° relaccurs in the atomic chlorine agpp23p®— 3p* transitions,
tive to the polarization plane of the incident radiation andseen as intense vertical lines in the 2D map at the photon
again at 90° and 35.3° after rotating the chamber. A 167-\energies of the @— o* excitation. These sharp atomic lines
retarding voltage was used to disperse the flight times of thbave pronounced tails at their low-kinetic-energy side arising
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from Auger transitions in the molecular environment prior to — ¢* total yield peak. The molecular part of the Auger spec-
the complete dissociation. These tails form a “moleculartrum dominates at photon energies well below the absorption
background” to the atomic Auger spectruiy]. peak maximum. With increasing photon energy, the internu-
As the photon energy is increased across the breadth efear distance at which the excitation can take place shifts to
the o* band, HCI molecules with decreasing internuclearsmaller values, where the energy of the core excited state is
separation are selected due to the projection of the grounqlﬁgher_ Here the atomic peak gains intensity over the mo-
state population onto the dissociative potential-energy curv@ecylar background, inferring a higher dissociation rate. This
This s_hift may influerjce the time scale of the early stage Okffect can be related to the slope of the potential-energy

peaks in the Auger spectra. In order to investigate this pos- i~ 1 %
sibility, the intensities of one atomic line and its associateaDOtem"”lI energy curve of thepz ;o™ state, where the curve

background were monitored as a function of photon energ)),S less steep. The dissociation rate and Auger line shape _de-
they are compared in Fig. 2. Thepg%3p6—>3p4(3P) pend on t_he slope of the potential-energy curve at thg _ppmt
atomic line at a kinetic energy of 182.0 eV was selected,Of ex0|tat_|on[14]: a smaller slope leads to a smaller initial
since it is well separated from neighboring peaks. The mo@Ccceleration of the fragments and consequently to a lower
lecular tail of this line is assigned to transitions to ", dissociation rate andl_ce versa At the photon energies well
25~ and Il states of HCI [14]. The distinction between above the peak n.1aX|mulethe spectra are strongly affected
the atomic and molecular regions is somewhat arbitraryPy the overlap with the @;,4s resonance and at smaller
Here, we represent the latter by choosing the part of th€mission angles_ als_o b_w-4photoelect_r0n satellite lines that
spectrum between thE¥D and 3P lines, from 180.8 to 181.8 start_ to cross this kinetic-energy region. We do n_ot see con-
eV. The solid line in Fig. 2 is a Gaussian fit to th@.2 clusive evidence that the molecular background is again en-
hanced at the high-energy side of the resonance due to the
shortening of the duration time of the resonant scattering
process at larger detunings, as proposed in Ré&i.

A quite different pattern of Auger decay can be seen in
the region of the sharp core-to-Rydberg excitations starting
at 204.0-eV photon energy. The spectral structures here arise
from molecular Auger decay and are assigned within the
simplest spectator model as thp 2nl—(46502) 2n’'l’
transitions, wher@l andn’l’ describe the Rydberg electron
in the Auger initial and final state, respectivdly6]. This
region of the 2D map is expanded in Fig. 3 and shown on a
binding-energy scale, where transitions to the same final
ionic states are aligned vertically.

The tail of the D;30* resonance overlaps with the first
Rydberg resonancepg;34s at 204.0 eV(see Figs. 1 and)2
The intensity of the Auger lines from the decay of the dis-

FIG. 2. Photon-energy dependency of the—M,M,«3P)  Sociating Pi0* state shows a sharp increase at the
chlorine atomic Auger line(filled circles and its molecular tail 2p334s resonancéFig. 2). At the magic angle, these Auger
(open circles Gaussian fit to the [2;,,—o* absorption peak is lines account for about 6% of the total Auger intensity at this
shown by a solid line. photon energy. About half of their intensity comes from the
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FIG. 3. 2D map of Auger electron emission at the Rydberg Kinetic energy (eV)

resonances measured at 35.3°. _
FIG. 4. Electron-energy spectra, extracted at tp§,2127* reso-

overlap with the Gaussian-shaped tail of tl’@[@o* reso- Nance. Lower panel shows the angular paramgtd&ectangles are
nance. The remainder is resonant enhancement, indicatirig® values from Ref4].

the possibility of predissociation on the first Rydberg resomarked difference can be observed between the energy shifts
nance. The transition from the boung24s to dissociative  of the Auger lines in the spectra taken at different angles.
2p[,§cr* potential-energy curve must involve some interac-The 2p1*/21_>277*2(3g*) normal Auger line at the @,

tion between the two spin-orbit components of the @-  threshold hr=209.03 eV) is shifted by about 140 meV
bital. Detailed calculations of these potential-energy curvesyith respect to its position 3 eV above the threshold, in both
are needed to investigate this effect further. the 35° and 90° spectra.

The next Rydberg resonanceyg;4p, is broader thanthe  The 2r photoelectron yieldsee Fig. 1 exhibits a clear
others in the absorption spectrum, apparently consisting aénhancement at some of the @ Rydberg resonances. The
two overlapping peaks of equal intensity, separated by aboutlative increase is strongest in the spectrum measured at
100 meV[12,16. The 2D maps exhibit a unique pattern for 90°, where the photoline intensity increases about 4 times at
this resonance, suggesting that it is split into two levels thathe 2p;34s resonance. After subtracting the constant direct
have different Auger electron spectra. On the lower-energyonization contribution, the intensity of the resonant channel
side of the resonance, the Auger intensity is concentrated i about 30% of the strongest spectator Auger transition to
the binding-energy region of then2 ?n’l’ final states, the 27~ 2(*A)n’l’ state(atE,=27.3 eV} at both 90° and the
whereas the higher-energy side tends to populate the highemagic angle. Another strong resonant enhancement ofithe 2
binding-energy &~ '27~'n’l’ and 5o~ ?n’l’ states. If the photoline is seen at 205.6-eV photon energy. Based on the
two states underlying this resonance correspond to the mgreak position, we attribute this increase in intensity to the
lecular field splitting of the g, core orbital into P31, 2p;24s, rather than P;33d Rydberg resonance. Ther5
and 2372 3, cCOMponentsusing thenl; , notation, then the  photoelectron line is also enhanced at thpg24s resonance,
different population of Auger final states can be explained bythough to a lesser extent. The largest increase, 1.9 times, is
different orientations of the core hole. In the lower-energyagain seen at 90°. The intensities of the &nd 5 photo-
state, 2)37,2113,24p, the core hole has a puretycharactef17]  lines do not change dramatically at the other Rydberg states
and therefore exhibits a large overlap with the valemce and thus the resonance behavior seems to be mainly charac-
orbital in the Auger matrix elements, whereas thgy 21,  teristic of the 2~ '4s states. The profiles of the resonances
hole has a mostly character and overlaps more with the 5 in the photoelectron yield are symmetric, contrary to the
orbital. strongly asymmetric profiles that would be expected from

The intensity of the Auger spectra of the higher Rydbergthe interference between the direct and resonant ionization
states gradually shifts towards higher binding energies due tchannels of comparable amplitudes. The strong resonant
the weakening of the influence of the spectator electron andontribution to the valence photoionization is surprising in
higher shake-up probability. Finally, ther2?n’l’” resonant light of recent results for other diatomic molecules like CO,
Auger lines merge into the2 2(33~,*A,'2 %) normal Au-  for which an almost total absence of any participator contri-
ger lines. There is no sudden change in the Auger decaution in the decay of Rydberg states has been n@kdhe
pattern at the B ionization threshold§marked in Fig. 1, resonant behavior of the photolines could be a result of either
from Ref.[12]). Rather there is a smooth evolution from the participator decay of the core-excited state or Auger final-
spectator to normal Auger spectra through a strong postcobtate configuration mixing. In the latter case the 2(?I1)
lision interaction(PCI). The energy shift of the normal Au- ionic state would, e.g., acquire some character of the higher
ger lines, caused by the PCI between the outgoing slpw 2 2I1 states that are directly accessible via spectator Auger
photoelectron and Auger electron, can be seen through theansitions, like &~ 127 14s(?I1).
threshold down to the Rydberg states. The shift below the Anisotropy in the electron emission is described by a
threshold is caused by the screening effect of the boundsingle parametegB, which in the case of direct ionization
core-excited electron. This evolution is best described by theerives from the shape of the initial- and final-state wave
nonradiative resonant Raman-scattering thept$]. No functions of the photoelectron. Thgparameter for the Au-
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ger electrons is given as a product of a molecular alignment The g8 values for the Auger lines show a markedly differ-
parameter and an_intrinsic anisotropy parameter for the Auent behavior at the Rydberg resonances. At thga2s reso-
ger decay19]. At first, the 8 values of the 2r and 5r pho-  nance, all Auger lines have negativg values. The
tolines were determined at resonant photon energies using;~2(1A)4s line atE,=27.3 eV has the largest anisotropy
their branchlng ratios with some Auger lines that exhibit,yin B=—0.7(2), which infers that the molecule is strongly
opposite angular asymmetry from the spectra measured gfigneq after the fs,—4s excitation. We also observed
:?)ree anglgs. _Theqiphotolme intensity at these resonanc?snegaﬂveﬂ values at the overlappingpg,213d, 2p1‘,%4s reso-
gether with its obtaineg@ value were then used for inten nances. Al of the molecular Auger lines have simjval-

sity normalization of the 2D maps so that all oth@walues nd for the the normal Auaer lin rameters ar
could be determined directly by comparing spectra measurelf®S: and for neé the normal Auge @pa ameters are
equal within the error limits, since there is no change in the

at two angles.
The B garameters for the® and 5r photolines are con- branching ratios of the Auger lines at different angles.
In conclusion, the 2D electron emission mapping tech-

sidered first. They have equal values of (2)6below the ) \ Bt
Rydberg resonances. At the first Rydberg resonancegthe Nqué has been shown to be a valuable tool for investigating
value of the 2r line drops to 0.90L0), whereas thes of the various characteristics over large kinetic- and photon-energy
50 line shows no change. At the next strofayerlapping ~ ranges. In particular, the following effects have been ob-
resonances [#23d and 2p;34s, the value ofg for the 27  served:(i) a photon-energy-dependent dissociation rate of
line drops again to 1.1%0). These changes in the value®f the core-excited molecule as reflected in the Auger electron
also indicate that a resonant valence ionization channel bépectraj(ii) very strong resonant behavior of ther photo-
comes available. electron yield at p~'4s Rydberg resonances, observed both
Auger electron spectra at 35° and 90° relative to the poin the intensity and angular distribution§ij) a link of the
larization plane, measured at th@Zio* resonance, are first Rydberg state to thefZ,;0* state, leading to an in-
shown in Fig. 4 together with derive@lvalues. The3 values  creased dissociation probability; afid) different Auger de-
of the Auger lines vary between0.7 and 0.7. Strongly posi- cay patterns of the splitj%,34p resonance levels, possibly
tive B8 values near 175 eV are assigned to the directoh-  associated with core-hole orientation. In addition, the angular
ization. Our results are in good agreement with those oflistributions of the Auger electrons at the¢ and Rydberg
Becker and MenzdH], who determined thg parameters for excitations were found to be different, with the latter show-
the three atomic lines only. The molecular background alsang uniformly negativeg values.
shows large variations of the angular parameter, which, when This work was supported, under Contract No. DE-FG02-
combined with theoretical calculations, should prove usefuB5ER14299, by the U.S. Department of Energy, Office of

for refining the assignment of the spectrum. Basic Energy Science, Division of Chemical Sciences.
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