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Angle-resolved two-dimensional mapping of electron emission from the inner-shell
2p excitations in Cl,
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Angle-resolved Auger and valence photoelectron spectra were measured over a 14-eV photon energy range
across the Gl2p ionization thresholds. The measurements were carried out using highly efficient time-of-
flight spectrometers coupled with photons from the Atomic and Molecular undulator beamline of the Advanced
Light Source and an advanced data-acquisition system. Auger-electron specfra-of*2and 20— nl reso-
nances were analyzed and the evolution of the resonant Auger to the normal Auger decay distorted by
postcollision interaction was examined. We find that valence photoionization channels do not resonate strongly
at the photon energies of the core-to-Rydberg excitation, in contrast to the strongly resonating ones observed
in the HCI molecule. Auger decay spectra of the 2¢0* resonances showed no evidence of atomic transitions
in CI*, also in contrast to HCI. In addition, angular distribution of the photoelectron and Auger-electron lines

was derived.
DOI: 10.1103/PhysRevA.63.062719 PACS nuntper33.80.Eh, 32.80.Hd, 33.60.Cv
[. INTRODUCTION and fully differential, therefore the electron angular distribu-

tion as well as the relative partial cross sections of the spec-

Inner-shell processes in small molecules have been studral structures were obtained at different resonant and non-
ied with growing interest during recent years. Constantly im-resonant excitation energies.
proving experimental techniques have revealed new details
in Auger-electron and photoelectron spectra, such as anisot- Il. EXPERIMENT
ropy of electron emissiofl1—-10|, molecular field splitting _ _ _
[11], and postcollision interactiof?,17]. Studies of the reso- 1€ €xperiment was performed in a two-bunch operation
nant Auger processes in hydrogen halide molecules such &5 the high-resolution Atomic, Molecular and Optical Phys-

HBr [13], HCI, and DCI[7,9,14,15 showed that the excita- ics undulator beam lin€10.0.1) at the ALS at Lawrence
. ' ' AR : L Berkeley National Laboratory. Details of the experimental
tion to the lowest unoccupied antibonding orbital is fol- " .

setup used to perform two-dimensional angle-resolved pho-

and Auger decay. The bancing rato o “molecuar” ver (e om o ey Heensmien ml o s e The
sus “atomic” Auger transitions increases with InCreasing re-gjactron-energy spectréEES were measured using two
duced mas$15,16. It was also shown in HCI that the dis- ime_of-flight (TOF) analyzers mounted on a rotatable
sociation rate was changing with the photon eneff¥].  yacuum chamber, perpendicular to the axis of the synchro-
However, only a few experimental studies of these phenomyon radiation beam with one analyzer positioned9at0®
ena were done in the heavier homonuclear molecy@@  and the other a=54.7° (magic angle with respect to the
only at a few selected photon energjé$—17. electric-field vector. Chlorine gas was introduced into the
In this work, we present a complete angle-resolved twointeraction region through a 0.5-mm inner diameter needle,
dimensional(2D) experimental image of the electron emis- maintaining a pressure of aboutx20 ° Torr in the cham-
sion from C}, following photoexcitation and photoionization ber. This configuration allowed us to accumulate EES simul-
of Cl 2p core levels. It was measured using electron time-taneously at two angles. As a result, angular anisotropies can
of-flight (TOF) spectrometers coupled with photons from thebe measured and th& parameters can be extracted for the
Advanced Light Sourc€ALS). To generate a continuous 2D individual final ionic states. The EES were collected for 15 s,
electron emission pattern, we scanned the photon enerdien the photon energy was incremented by 20 meV to gen-
with 20- and 100-meV steps over a 14-eV-wide energy rangerate two-dimensiondphoton and electron energgpectra
collecting electron kinetic-energy spectra for each energy ai2D EES at two angles.
two angles simultaneously. This technique is angle-resolved, A 163-V retarding voltage was used to disperse the flight
times of the energetic electrons and thus improve the energy
resolution, estimated as 1% of the kinetic energy of the elec-
*Present address: Department of Physics, Oulu Universitytrons. Calibration spectra of Nes2and 2p photoelectron

Oulu FIN-90570, Finland. lines were used to obtain the scaling factors for the time-to-
"Present address:  Fritz-Haber-Institut ~ der  Max-Planck-energy conversion and to generate the electron transmission
Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany. efficiency of the analyzers as a function of kinetic energy
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FIG. 1. Two-dimensiona(2D) map of electron emission from the Qholecule across the ClRionization threshold, taken at 54.7
relative to the polarization vector. Photon-energy step is 20 meV, and 100 meV for the region from 201 to 203.6 eV. The summed electron
yield is shown on the right.

[20]. All spectra in the 2D EES data sets have been conantibonding orbital and to Rydberg series of molecular orbit-
verted from time to energy scale, and corrected for transmisals (2p—nl). That is in contrast to the spectrum of atomic
sion efficiency, variation in photon flux, and collection time. chlorine, which does not have a well-behaved Rydberg se-
The photon-energy resolution was set to 75 meV for thisjes. This was demonstrated by the detailed photoelectron
experiment. The resulting 2D spectra illustrate the evolutiorstudy of Caldwellet al. [21], where a rich structure with no

of the electron-emission process as the photon energy Rydberg demarcation was observed. The measured width of
scanned toward and across the @ @nization thresholds,  the 2p,,o* and 2., o* resonances in Glis 98020)

as shown in Fig. 1. To extract individual Auger and constanty,e\/ optained from the fit of two Gaussian profiles. Sharp

ionic state spectra as well as total electron yields, we us?geaks in the photon-energy region of 203—209 eV are a com-
our custom-made 2D data analysis software based on prévig, o of Rydberg resonance structures with widths rang-

Etéssdevelopme;[t_l%. IT aﬁdt't'oln t? the Corr:prehenswe”ZEz ing from 103 meV for the B5,—4s excitation to 362 meV
, Several Indlvidual photoelectron spectra Were collec ejgr lines corresponding to thep3,—4p excitation.

for 1000 s at the photon energies corresponding to “on™ an The electron emissiopatternsin the 2D map reflect the

o 1 e * B

“off” resonance for the transitions Ry, v, o (ant|p_ond- different characters of the three regions in the absorption
ing transition$ and 2y, —4s,4p (Rydberg wansitions  ¢necym . The excitations to the antibonding orbital
Resonance positions were determined from the total electro p—o*) can lead to the dissociation of the molecule, as

)élglg as a function of photon energy extracted from the 2Dobserved in HC[7,12,1_3, vyhere the d_issociation _prodqce_zs
: two atoms, one of which is core-excited. The dissociation
competes with the Auger decay of the core-hole state and,
Ill. RESULTS AND DISCUSSION depending on the relative time scale of these two processes,
either molecular or atomi@r both features can be observed
in the Auger-electron spectrum. The Auger decay of these
A 2D map of the photoelectron emission pattern of Cl two resonances is represented on the 2D map in Fig. 1 as a
measured at 54.7° with respect to the polarization vector o$eries of vertical lines in the 172-184-eV kinetic-energy
the incident radiation is shown in the main panel of Fig. 1.range, which is described in more detail in Sec. Il C.
The intensity of the electron signal is represented in different The excitation to the @—ns,nd Rydberg orbitals leads
shades of gray. Electrons emitted with the same kinetic ento resonant Auger decays to the final ionic states that are
ergy at different photon energies are aligned vertically in theepresented in the 2D map as the horizontally aligned groups
2D map and those emitted with constant binding energy fronof higher-intensity peaks. The decay pattern gradually shifts
diagonal lines. towards the lower kinetic energy, starting at about 206-eV
The electron yield, summed over the kinetic-energy rangg@hoton energy, and evolves into the normal Auger decay
of the 2D map, is shown in the right-hand panel of Fig. 1 asshown as vertical lines. This appears to be analogous to the
a function of photon energy. The spectrum contains twarend seen in atom®2] where the Rydberg electron under-
groups of resonance features due to excitation todlie goes changes induring the transition to the final ionic state.

A. 2D map of the electron emission and total electron yield
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FIG. 2. () Summed electron yield of €hs a function of photon =~ 100
energy in the region of Cl 2 ionization threshold; resonance as- | (©) S PN T
. . . . 80 . 2p ,O0+2p 0
signment is taken from Shaet al.[17]; (b) partial electron yield of normal Auger & shifted -7 eV
the 50,2m,,274 photolines of CJ. Spectra extracted from the 2D 60 -
map taken at 54.7° relative to the polarization vector. 40 |-
201
This evolution is explained in the simple model by Ueda P N
. o . 0 g Weo! Ay
et al. [23] in the case of the CaBexcitation region. N

Three strong diagonal lines on the right side of the 2D
map represent valence photoionizatithe 5o, 27, and
2y photoelectron lings The 2D mapping technique also
allows unambiguous identification of the three weaker diag- gy, 3. Electron-energy spectra measured at 54.7° relative to
onal lines, marked as 1, 2, and 3 in Fig. 1, as photoelectrogojarization vector:(a) Auger decay of the g5} ¢* resonance
lines with binding energies of 22.0, 23.7, and 27.1 eV, reeasured at 198.22 e¥h) 2p;4 o* at 199.78 eV(c) comparison
spectively. Line 3 at 27.1 eV has been identified as due to thef the sum of the p32 o* and 252 o* (dashed line, photolines
40, photoionization[24], whereas assignment for peaks 1 removed, shifted by-7 eV in kinetic energy, with normal Auger
and 2 is not available. decay at 220 e\(solid line). The labels!S, D, ®P show the posi-
tions of atomic lines if dissociation occurred; 1, 2, 3 show the
positions of the inner valence photolines.
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B. Photoelectron yields

The partial electron yield&r constant ionic state spectra ‘ h h -
of the 5y, 27, and 2m, photolines are plotted in panel extracted from the 2D map, are shown in Fig. 3. One can

(b) of Fig. 2, while the summed electron yield is plotted in OPSETVe resonant structures in Fig¢a)3and 3b), where

panel(a). The partial electron yields have smoothly decreas-known. atomic chiorine lines yvould h_a_ve been observeq i
issociation had occurreldhe line positions are marked in

ing intensity across the measured photon-energy rangéj. ! . ok .
There is a small increase in the intensity of the,%nd 2, panel (a) of Fig. 3]. The dissociation process observed in

lines in the photon-energy region 197-201 eV due to overlaﬂ)'|CI [7,12,13 produces hydroge_n an_d (_:ore_—excited chlorine

with one of the final ionic states of the Auger decay of the@toms. In the case of HCI, the dissociation is fast enough that
2py;—o* and 2y,—o* resonances. The transitions to a large part of the Auger decay occurs in the atomic chlorine
this state are seen on the 2D map of Figimiarked by “A”) as the »°3p®— 3p* transitions[7,12,19, giving rise to the

iar e 1y 3 “2
as two vertical lines between ther5 and 2, photon lines. familiar °S, °D, “P term structure of thenp” * final state.
Tm_e width of these peaks reflects the lifetime broadening,

From these measurements, we do not see any apparent (? h luted by th lution. The f
hancement of the &;, 2m,, and 2my lines in the higher urther convoluted by the spectrometer resolution. The frac-
tion of the Auger decay still occurring in the molecular en-

hoton-energy region corresponding to the @ Rydber . . .
Pesonancesz%)g—z%g eV indic%ting tgherefore(?hatythe p%r- vironment adds pronounced tails and an enhanced irregular
' ! ’ background to these lines. In Fig. 3, however, there is no

ticipator Auger decay channé&utoionization, which would ) D :
lead to resonating photon lines, is negligible. Such a behavc—Iear ewde_nce of such narrow atomic lines. We observe in-
ior is in contrast with the findings for HCI, where a strong stead considerably broader peaks and a more CO”_‘F"eX gen-
participator decay channel was observed, particularly at thg_ral structure. There are, for ?Xamp"?’ two peaks in the re-
gion where the atomic chlorinéD line would appear.

-1
2Pyz4s resonancg12]. Moreover, the sum of the ®&,—c* and the D,,—o*
spectra, with photon lines removed, is similar to the normal
molecular Auger spectra, taken at 220 ghown in panel
Auger decay following the Bs,— o*, 2py,—c* exci-  (¢) of Fig. 3]. In the case of normal Auger decay, thé
tations and normal Auger spectra at 220-eV photon energygrbital remains unoccupied and the molecule will not disso-

C. Auger decay of molecular resonances
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ciate. In the simplest picture, the molecular spectator Auger
decay is like the normal Auger decay, creating similar final
states with two holes in the valence orbitals of the molecule.
The spectator electron is in a Rydberg orbital which has a
screening effect that shifts the Auger spectrum towards
higher kinetic energies. The lack of identifiable atomic fea-
tures and the similarity of the resonant and nonresonant Au-
ger spectra suggest that molecular spectator decay is the
dominant process in the £molecule.

According to the semiclassical view of the dissociation
dynamicg13-15, the dissociation rate is determined by the
reduced mass of the molecule and the shape of the potential-
energy curvéPEQ of the dissociating state. The slope of the
PEC's of the 2)1‘,;3,20* states can be determined from the
width of the corresponding peak in the absorption total
electron yield spectrum. The observed width, 0.94 eV, of
these resonances infs smaller by a factor of 1.9 than the
width of the o* resonances in HGQML6]. The shape of such a
resonance peak arises from the projection of the square of the
v =0 ground-state vibrational wave function onto the excited
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state’s antibonding PEC. If the slopes of the PEC's were -1 [ T
equal for HCI and GJ, this projection would be about two 28 26 24 22 20 18 16 14 12 10
times narrower for Gl due to its larger reduced mass and Binding energy (eV)

narrow Franck-Condon region. The observed difference in

the resonance widths could then be attributed to the effects FIG. 4. Electron energy spectra, measured at fie;2™ reso-

of the different reduced mass, and one can assume that tf@nces.(a), (c) Electron-energy spectra ofp2,—o™*,2pz,—o*
shapes of the PEC’s of the core-excited states are very simfiesonances, taken at 0° and 54.7° relative to the polarization plane,
lar for both molecules. The reduced mass also affects theespectively; intensity of the2, * peak s divided by (b), (d) the
dissociation rate. From numerical simulations of the Auger@ngular parametgg; open circles are the values from REf6] and
decay and dissociation in HGlL4], a tentative time limit Crosses are this work.

tuc=5.8fs was established, after which the Auger decay. . . . .
becomes essentially atomic. In HCI, about 45% of the dec;{;near dispersion starts several half-widths at half maximum

takes place after this limit14]. If all other conditions are tﬁgvggﬂa)ssx?jysﬁronngl t:;etgisw:;ﬁo?aﬁ‘;ﬁgﬁ?&!gﬁﬁ sis
similar, this “atomic limit” is reached in Gl after g : qt . ySIS.
Closer to the resonance maximum, the dispersion depends on

e | Y2 the shapes of the PEC’s of the Auger initial and final states
to.= 2 thels ) and can be similar to the observed constant kinetic-energy
2\ MHe behavior. This is also the case for HCI, where the molecular

background does not disperse noticeably within the HWHM

where uc;, and uyc are the reduced masses of the mol-of the resonance maximupi2],

ecules. This givese, =24.6fs, and only about 3.5% of the  Electron-energy spectra measured at they2,— 0"
2 . . resonances at two angles and the extracted anisotropy param-
decay takes place after that time period. Therefore, the muc&erﬁ are shown in Fig. 4. Overall, our values f are

!argelr.reduced mass of 0 .suff|C|ent to cause the lack of similar to the ones extracted from the work of Mengehl.
|dent|f|abl_e atomic featur_es_ n the Auger spectrum of. Cl [16]. The B's of the photon lines at selected photon energies
Returning to Fig. 1, it is mteres*tmg to notice thas< the Z1e shown as crossém the case of our wotkand have
Auger-electron peaks at thep'g,z—fo and the Dy~ o rong positive values, as would be expected for direct
resonances are at constant klnetlc_energy across the breay t:r?otoionization, which has directional preference along the

of the resonance profll_es. For atomic Auger lines, this woul irection of the electric-field vector.

be expected, as the differences in the photon energy are ab-
sorbed by the nuclear motion in the dissociation process. The
kinetic energy of molecular Auger lines, however, is pre-
dicted to depend on the photon energy nonlinearly near the The next photon-energy region explor@D3-209 eV is
absorption maximum and linearlymaintaining constant the core-to-Rydberg excitations §2-nl). This region of
binding energy at the far wings of the absorption baftb].  the 2D map is expanded in Fig. 5 and plotted with a binding-
A closer examination of the photon-energy region from 197energy scale, where transitions to the same final ionic states
to 201 eV in Fig. 1 gives no indication of dispersive behaviorare aligned vertically. The first resonance in this region is
for the group of strong Auger lines at 175—-181-eV kinetic2p5,—4s at 204.23-eV photon enerdgee Fig. 2 It has a
energy, which seems to contradict the assignment of thesgidth of 1022) meV and, in contrast to HCI, is well sepa-
lines as mainly of molecular origin. However, the region ofrated from the ,,— ¢* resonance. The spectrum at this

D. Auger decay of Rydberg resonances
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FIG. 5. 2D map of Auger electron emission at the Rydberg resonances measured at 54.7° relative to the polarization plane.

resonance is shown in the two lowest panels of Fig. 6 toehanges from-0.5 to 0.5 in the binding-energy region from
gether with the extracted values of the anisotropy parameteR5 to 30 eV. There is no final ionic state assignment avail-
The binding energies of the resonant Auger lines 1-7 andble yet.

their averages values are listed in Table |.

The angular distribution parametgr shown in panel(d)

The next resonance p3,—4p, is centered at 205.44 eV
in the summed electron yield. It is broader than ths;2

of Fig. 6, has strong positive values for the photon lines and-. 4s resonance, 2840) meV, and weaker than the corre-
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sponding resonance in HCI. As was seen in HITZ?], the
broadness of this resonance could be explained by assuming
that it consists of two overlapping peaks corresponding to the
molecular field splitting of the @3, core orbital into
2P312,1/2P312,32 COMponentgusing nl; , notation. It is dif-
ficult to extract separate kinetic-energy spectra for each of
the two components, but it is visually discernible that there
are two overlapping resonances in this photon-energy area
from the 2D map(Fig. 5). Electron spectra taken, separately
from the data of Fig. 1, with good statistics at two angles on
the resonance maximum of the@z,—4p (combining both
componentsand its 8 parameters are also shown in Fig. 6.

It is evident from the 2D magFig. 5 that the next higher
Rydberg resonance structure in the photon-energy range be-

)
= A A X
£ 56", 4gaslh tween 205.7 and 206 eV consists of two peaks; one of them
E h i -
T ! TABLE I. Binding energies and angular distribution parameters
o o ° B of peaks 1-6 in decay of thepg,— 4s resonancépanel(c) of
o+ + ;
Fig. 6].
Binding energy(eV) B
— Peak number +0.02 +0.1
15 10
Bindi v 1 25.42 -0.4
inding energy (eV) 2 26.67 —0.4
FIG. 6. Electron-energy spectra, measured at tg,2>4s and 3 27.11 -03
2ps,—4p resonances(ad), (c) Electron-energy spectra ofp2j, 4 27.70 0
—4s and 2p5,—4p resonances, taken at 0° and 54.7° relative to 5 28.19 -0.3
the polarization plandp), (d) the angular parametgt, open circles 6 28.74 -0.1

are the values from Ref16] and crosses are this work.
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is 2p1,—4s, and another is as yet unassigned at 205.8 eVnance enhancements that are difficult to notice in the single
The width of the peak is 205 meV, twice the width of the kinetic- or photon-energy spectrum.
2pz—4s. In the case of G| we have found that photoelectron lines
The Auger spectra intensities of higher Rydberg stateslo not resonate at the Rydberg resonance energies, which
gradually shift towards higher binding energies. This is prob-means that the participator Auger decay channels are much
ably due to the weakening of the influence of the spectatoweaker compared to the spectator Auger process, in contrast
electron and higher shakeup probabii®y. Finally, resonant to the observations for HCI. The structure of the electron-
Auger lines smoothly merge into the normal Auger linesemission spectrum at thep2 o* resonances led to the con-
through a strong postcollision interactiORCI). The energy clusion that they decay dominantly via molecular Auger de-
shift of the normal Auger lines, caused by the PCI betweercay. The conclusion was further supported by the observed
the outgoing slow § photoelectron and the Auger electron, angular distribution of the Auger electrons. However, our
can be seen through threshold down to the Rydberg statesieasurements do not reveal energy shifts of the molecular
(The 2p ionization thresholds are marked in Fig. 1 from Ref. Auger lines as a function of photon energy, which is, accord-
[17].) The shift below the threshold could be attributed to theing to earlier works on HCI, one of the features distinguish-
screening effect of the bound, core-excited state. No markeithg the molecular and atomic decay processes. In addition,
difference can be observed between the energy shift of thihe excitation and decay of thgg2>nl Rydberg resonances
Auger lines in the spectra taken at different angles. The norwere examined in high photon- and electron-energy resolu-
mal Auger lines, marked as 4 in Fig. 1, at the;2 threshold  tion and a rich absorption fine structure was found, with
(hv=209.42 eV), is shifted by about 120 meV with respectdifferent intensity distributions in their corresponding Auger
to its position 1 eV above the threshold, in both 54.7° and Odecay spectra. Calculations of the;CAuger final ionic
spectra. states are needed to interpret the observations in further de-

tail.
IV. CONCLUSION
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