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Angle-resolved two-dimensional photoelectron spectroscopy has been used to study HBr in the vicinity of
the Br 3d ionization thresholds. The energy positions of the two 3ds; 3, — o resonances have been measured
directly and found to be at 70.89(6) eV and 71.92(6) eV, respectively, giving a spin-orbit splitting of
1.03(3) eV for the two Br 3d components. Br Auger lines (26 eV <KE <54 eV), produced by dissociation of
HBr after 3d— ¢ transitions, are tentatively assigned according to their kinetic-energy positions and their
profiles as a function of photon energy are found to be asymmetric. The angular distribution asymmetry
parameters S of these lines, which have not been measured before, have also been derived. The alignment
parameters for the two intermediate atomic states (2D5,2 and 2D3,2) have been found and used to derive
intrinsic anisotropy parameters «, from the S parameters. These were found to be similar to those of the
equivalent M4 sNN normal Auger lines in the isoelectronic counterpart Kr calculated by Tulkki ef al. [Phys.

Rev. A 48, 1277 (1993)].
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I. INTRODUCTION

When an inner-shell electron is excited to an antibonding
orbital in a molecule, the molecule starts to dissociate. If the
core-hole lifetime of the parent molecule is comparable to
the dissociation rate, both sharp atomic Auger decay lines
and broad molecular Auger decay lines can be present in the
resonant Auger electron spectrum. The atomic decay occurs
within an excited atom after the dissociation is complete,
while the molecular decay takes place at small internuclear
distances where the interaction between the fragments cannot
be neglected. Morin and Nenner [ 1] were the first to observe
the sharp atomic decay lines after core excitation in HBr.
Following this pioneering work, other small molecules, in-
cluding HF [2], HCI [3-15], HBr [16], NH; [17], PH;
[18,19], H,O [20], and H,S [21,22], have also been used to
study the competition between the atomic and molecular Au-
ger decay. Improved photoelectron spectroscopy techniques
have been extensively used to reexamine the case of HCI
[3-15], but not HBr.

In this work, we present an extensive two-dimensional
photoelectron spectrum (2DPES) of HBr. The electronic
configuration of HBr in its ground state is
15%2522p%3s23p®3d'%4sa?4po*dpm*, and its next higher
empty orbital is 4po’. The 2DPES spans a photon energy
range of 10 eV, covering the following three regions: (1) 3d
excitation to the unoccupied, 4po” molecular orbital, (2) 3d
excitation to Rydberg orbitals, and (3) 3d ionization. The
analysis of the 2DPES has focused in particular on the
atomic decay channel following the 3d — o transition. We
have resolved the 3dsj, 3,— 0 resonances by observing se-
lective decay to the accessible final states. We have also in-
vestigated the profile of the atomic Auger emission as a func-
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tion of photon energy. We have measured the angular
distribution parameters 3 of the atomic lines, and from their
BB values, we have derived their intrinsic anisotropy param-
eters @, and compared them with those of the corresponding
M, sNN normal Auger lines in the isoelectronic counterpart,
Kr.

II. EXPERIMENTAL METHOD

The experiment used monochromatized synchrotron ra-
diation from the undulator beamline 10.0.1 at the Advanced
Light Source (ALS) at Lawrence Berkeley National Labora-
tory in tandem with a time-of-flight (TOF) electron spec-
trometer system [23,24]. Details of the experimental setup
used to perform the angle-resolved, two-dimensional photo-
electron spectroscopic studies have been given elsewhere
[24,25]. Briefly, the system consists of two time-of-flight
electron-energy analyzers mounted 125.3° apart in a rotat-
able chamber in a plane perpendicular to the direction of the
photon-beam propagation. HBr gas was leaked into the
chamber from a 0.5-mm-inner-diameter gas needle which
was equidistant from the two analyzers. Electron TOF spec-
tra were measured simultaneously at 0° and 54.7° relative to
the polarization plane of the incident radiation. After rotation
of the chamber, spectra at another set of angles, 35.3° and
90°, were recorded. The HBr pressure was maintained at
about 2 X 107 Torr in the chamber. The TOF resolution is
estimated to be about 1% of the kinetic energy of the elec-
trons. To increase the resolution of the spectra within the
measured areas of interest, a 20-eV retarding potential was
applied to each TOF tube. The resolution of the photon beam
was set at approximately 80 meV in the photon energy range
of interest. The degree of the linear polarization was approxi-
mately 0.99 [26,27].

To build up the two-dimensional photoelectron spectra or
maps, we first collected two one-dimensional photoelectron
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spectrum, or slices, at the lowest photon energy of interest
for 20 s; then, we incremented the photon energy by 20 meV
and collected another pair of 1DPES. This process was re-
peated until the photon energy range of interest was covered
and hence two 2DPES were obtained at angles that were
125.3° apart. To obtain better statistics, we collected six sets
of 2DPES at each angle under the same experimental condi-
tions. Five of them had the same photon-energy range, while
the sixth covered higher energies. The final 2DPES was ob-
tained by aligning all six data sets on the time and photon
energy scales and averaging the electron intensity at each
data point. The original 2D map was then converted from an
electron time-of-flight scale to a Kinetic-energy scale [28].
The time—to—kinetic-energy conversion points were obtained
from the 2s and 2p lines of Ne [29], whose 2DPES was
collected under similar experimental conditions as HBr. The
kinetic-energy step size was 20 meV and the systematic error
in the time—to—kinetic-energy conversion is =30 meV. Since
the Ne 2s intensity is zero at 90°, the time—to—kinetic-energy
conversion points for the HBr data recorded at 90° were ob-
tained from the HBr data taken at the magic angle which had
been converted to the kinetic-energy scale. The photon-
energy scale was calibrated using the energies of HBr reso-
nances [30]. All the spectra in the 2DPES have been cor-
rected for variations in the incident photon flux. The
transmission efficiency for each of the TOF analyzers and
their relative detection efficiencies were obtained using the
2s and 2p lines of Ne, whose cross sections [31] and angular
distribution parameters [32] are well known. To calibrate the
HBr data at 90°, we used Ne data recorded at 75°. This angle
was chosen as a compromise between sufficiently strong Ne
2s intensity and an angle as close to 90° as possible. Though
the transmission functions at these two angles are expected
to be similar, use of the 90° data has accordingly larger un-
certainties than use of data of other angles.

III. RESULTS AND DISCUSSION

A. Two-dimensional photoelectron spectrum for 3d excitation
in HBr

The 2DPES map of HBr in the vicinity of the 3d ioniza-
tion thresholds is shown in Fig. 1. This 2DPES is similar to
previous work in Ne [33], Ar [34], Kr [35], Xe [36], and HCI
and DCI [37]. In the 2DPES, electron intensities are plotted
as a function of electron kinetic energy and photon energy.
Different intensities are represented by different colors, as
shown by the color bar at the lower-right corner of Fig. 1.
Intensities below a lower cutoff threshold are shown as white
while those above an upper cutoff threshold are shown as
black.

The main panel of the 2DPES shows the Auger and
photoelectrons emitted in three photon-energy regions
corresponding to three distinct processes: the resonant
3d5/2’3/2—>0'* and 3d5/2’3/2—>l’ll)\ excitations and ionization
and 3ds, 3, — €l. These regions are marked in the right panel
where the summed electron yield in the 2D map is extracted
and displayed as a function of photon energy. The horizontal
arrows show the positions of the two 3dsp3p—0
(2D5,2 and 2D3,2) resonances. The two one-dimensional pho-

PHYSICAL REVIEW A 73, 012716 (2006)

toelectron spectra (1IDPES) shown in the bottom panels were
extracted from the 2DPES at the photon energies of these
two resonances, indicated by the arrows at the sides of the
2DPES. Another 1DPES corresponding to the last slice
(hv=78.7 eV) of the 2DPES is also shown in the top panel.
The narrow prompt, indicated by the vertical arrows on the
top panel and the panel below the main panel, corresponds to
photons that essentially arrive instantaneously at the detec-
tors of the TOF analyzers.

We identify four types of features in this 2DPES map.

(1) Three continuous and strong diagonal lines with a
slope of unity. They are the three valence photolines: namely,
4pm!, 4po~! and “4s0~'.” The quotation marks indicate the
main line of the 4s0~! state. Around the main line, there are
at least seven parallel ones of lower intensity which are the
satellite lines of the 4so™! state [38]. Incidentally, the two
photolines evident in the lower-right corner of the main
panel correspond to 3d photoionization by photons produced
by the second harmonic of the undulator—i.e., 2 X hv. This
has a slope of twice that for the valence photolines produced
with the main first-order harmonic.

(2) Many narrow vertical lines superimposed on a con-
tinuous background in the photon energy range 69.5 eV and
73.5 eV. These atomic Auger lines [1,16], produced when
excited Br'(3d~'4p®) atoms emit electrons after dissociation
of the HBr molecules, fall into two groups according to their
maxima on the photon energy scale. Since the kinetic energy
of these Auger electrons depends only on the energy differ-
ence between the initial excited Br" state and the singly
charged Br*-ion state, the atomic lines appear on the 2DPES
map as vertical lines (constant kinetic energy). One group of
lines has a maximum at 70.9 eV and the other at 71.9 eV
(indicated by horizontal arrows in Fig. 1) which correspond
to the two 3ds/ 3, — o resonances. The background under-
lying these atomic Auger lines is formed by electrons emitted
before dissociation is complete.

(3) Horizontal lines above 73.5 €V arise from molecular
Auger decay following excitation of various 3d Rydberg
resonances [30,39-41]. A particular resonance may decay to
different final states. All of these Auger electrons occur at the
photon energy of a Rydberg resonance, and hence these fea-
tures appear as horizontal lines in the 2DPES.

(4) Vertical lines above the photon energy of 77 eV,
which correspond to normal Auger decay following the
photoionization of 3d electrons [42-44]. For a given Auger
transition the electrons have a constant kinetic energy, the
energy difference between the intermediate core-hole state
and the doubly charged final-state HBr**. However, as the 3d
ionization thresholds are approached from above these lines
shift towards higher kinetic energies, demonstrating the ef-
fect of postcollision interaction.

B. Kinetic energies and assignments of the atomic Auger lines

The atomic Auger decay lines are shown in detail in Fig.
2. The 2DPES map was recorded at 90° with respect to the
polarization of the photon beam. The 4s0~! and 4po~" pho-
tolines are weak at this angle, indicating that they have posi-
tive angular distribution parameters. Therefore, this 2DPES
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FIG. 1. (Color online) Two-dimensional photoelectron spectrum (2DPES) of HBr including all 3d resonances and the 3ds, 3/, ionization
thresholds. The spectrum shown was taken at 0° relative to the electric field vector of the photon beam. Different electron intensities are
represented using different colors as shown by the color bar in the lower-right corner. In the right panel, the pseudoabsorption spectrum
formed by summing all of the electron yield in the 2DPES as a function of the photon energy is shown. Three conventional one-dimensional
photoelectron spectra extracted from the 2DPES are shown: the top panel corresponding to the last photon energy value (78.70 eV) of the
2DPES and the two panels below the 2DPES corresponding to the spectra on the 3d5/2’3/2H0'* resonances, whose energy positions are
shown with horizontal arrows on both sides of the main panels. In the 1DPES spectra at the 3d5,2‘3,2—>0'* resonances, the three valence
photolines (4p7~!,4po~!, and “4so~'), the 3d~! photoline formed with second-order radiation, the most intense resonant Auger lines
(letters), and two satellite lines (stars) of the 450~ state are shown. The narrow prompt evident in each 2DPES corresponds to photons that
essentially arrive instantaneously at the detectors in the TOF analyzers. For a detailed explanation of the 2DPES see the main text.

allows the atomic lines in the vicinity to appear most clearly.
Each atomic Auger decay line can be seen across a broad
photon energy range of more than 3 eV.

There are 16 atomic lines evident in the 2DPES that have
their maxima at 70.89 eV on the photon energy scale; these
are produced from the 3ds,— o  resonance. At the
3ds,— 0" resonance, around 71.92 eV, 15 lines are ob-
served. In the absence of any selection rules it would be
reasonable to assume that there should be an equal number
of lines from the two resonances. However, the differing val-
ues of the total angular momentum in the two resonance

states means that the angular momentum carried away by the
Auger electron may be different for the 3ds,— o  and
3d;,— o transitions. This could result in the suppression of
certain atomic lines in one resonant Auger spectrum when it
is compared with the other. For completeness, all the missing
lines, whose positions have been derived from the other reso-
nance, are marked in Fig. 2 with dashed lines. The lines
associated with the 3ds,— o resonance are labeled with
uppercase letters from A to Q and those associated with the
3d;,— o resonance with lowercase letters from a to g.
Their kinetic-energy positions are listed in Table I as col-
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FIG. 2. (Color online) Detailed map of the atomic Auger lines decaying from the initial Br*(3d§ ,12’3,24176) state after dissociation of the
core-excited HBr” (Bdsppzpn— o). This map was measured at 90° with respect to the electric field vector of the photon beam. For best visual
effect, the data have been nine-point smoothed and the intensities shown are the square roots of the smoothed values.

umns 3 (*Ds;,) and 12 (°D5,). The errors in the brackets
include a systematic error of 30 meV and relative errors.

Two lines which have the same final ionic state but which
originate from each of the two o resonances will be termed
an atomic line pair in this work. One member of the pair is
labeled with an uppercase letter and the other with the same
lowercase one. Their separation on the kinetic-energy scale,
approximately 1.03 eV, corresponds to the spin-orbit split-
ting of Br 3d.

The line assignments, listed in the first column of Table I,
were obtained by comparing the kinetic energies of the lines
in our 2DPES with Br* optical energy levels given in Ref.
[45], equivalent lower-resolution spectra [1], Br* energy lev-
els following the 3d~'4p® 2Dy, transition in atomic bromine
[46] (column 7 in Table I), and with Kr Auger spectra
[47,48]. In the latter two Kr spectra the decay lines have the
equivalent initial and final states as the corresponding reso-
nant Auger decay lines in the bromine atom.

Lines A—H were the first fragment Auger lines identified
[1], and our energies are consistent with those given by these
authors. However, these energies appear to be systematically
lower than those given by Ref. [16] (columns 5 and 13). One
advantage of recording a single 2DPES is that the energies of
all lines, specifically those originating with different reso-
nances, will be affected equally by any systematic errors, as
long as the kinetic-energy scale is linear. This does not ap-
pear to be the case for the IDPES recorded by Liu et al. [16].
The energies of the Auger peaks resulting from decays filling
the 3ds,, hole are 100 meV higer than the values obtained in
the present work, while those resulting from decays filling
the 3d5,, hole are 200 meV higher. Despite these discrepan-
cies the identification of the atomic line pairs A—H is unam-
biguous. This is not the case for the pairs with lower kinetic
energies with the exception of pair Q which has been as-

signed in accordance with Ref. [46] and by comparison with
Kr spectra [48]. The remaining assignments in the table were
obtained using the optical data of Ref. [45]. These binding
energies were converted to kinetic energies using the
45%4p* 3P, line at52.48 eV as a reference and are listed as
column 6. Optical lines whose energy values are within the
error range of our corresponding line position have been
used to determine possible assignments for these lines.

There is no evidence in the 2DPES for the line g
(4s'4p® *P), in agreement with the discovery from the Kr
Auger spectrum [47]. Lines L and [, the two most intense
ones between 30 eV and 37 eV, have not be assigned be-
cause there are no reference lines within £200 meV of their
kinetic-energy positions. Jauhiainen et al. [48] made a simi-
lar observation when they tried to assign the equivalent lines
in their krypton spectrum using the optical energy levels
given by Moore [49]. Those authors concluded that some of
the reference optical levels are given incorrect assignments, a
conclusion borne out by McGuire [50]. Consequently, the
assignments of line pairs /-P remain tentative. In particular,
the correspondence between the peaks identified by Nahon
et al. [46] and those listed in Table I is not definite.

C. Asymmetric profile of the atomic Auger lines on the
photon-energy scale and energy positions of the
3d3 50— o resonances

The dependence of the dissociation rate on photon energy
has been studied in HBr by Liu ef al. [16] and in HCI by
Kukk er al. [9] and Bjorneholm er al. [8]. These studies were
done by comparing the relative contributions from atomic
and molecular decays. In the HBr work, the authors found
that the atomic decay contribution increases relative to the
molecular components as the photon energy increases. For
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TABLE I. Assignments, kinetic energies, intensities (measured at the magic angle), and angular anisotropy parameters 3 of the atomic Auger lines resulting from dissociation following
3d— o transitions in HBr. Some references are also shown for comparison.

3ds /2 decay (hv=70.89 eV)

3ds/y decay (hv=71.92 eV)

Peak Energy (eV) Intensity Peak Energy (eV) Intensity
Final state| label ~this work Ref.[I] Ref.[16] Ref.[45] Ref.[46]% this work Ref.[46] B| label this work Ref.J16] this work B
124 Ch,)| A 52.48(5) 52.58 52.48 95(9) 00(1)] & 5350(5) 5370  35(4) 0.0(1)
3
Eg,]]z;g }B }52.04(4) }52'2 }52 16" gg 83 }52'54 }56(8) }175 }0.31(8) }b }53.08(5) }53.30c }60(6) }0.30(6)
(D))|  C 5097(4) 50.8  51.08 50.98 5115  135(4) 163 -0.45(16)] ¢ 52.01(5) 52.19 130(6) -0.41(6)
(1S)| D 49.00(4) 490  49.09 49.02 4922 85(5) 108 0.65(15)] d 50.02(5) 5021  98(5) 0.59(13)
1s'9p°(*R)|  E 40.53(4) 40.52 38(5) 0.40(5)| e 41.57(4) 59(5)  0.37(5)
GP)| F 40.24(5) }40.2 40.23 }40.35 49(10) }103 0.50(16)|  f 41.23(5) 17(9) 0.30(14)
GCR)| G 40.05(5) 40.05 25(10) 0.66(25)| ¢ - - -
(P)°| H 3842(4) 384 38.43 3845  98(5) 98 029(6)] h 39.47(4) 98(5)  0.22(6)
1524p°CPY)5s(P) T 36.95(5) 36.98 9(2) 04(2)| i 37.98(5) 7(2) 0.43(14)
0 3 !
4s%4p°(°S ﬁd%gg }J }35.08d ggééjé } } } j }36.11(5) } (2) }0.3(2)
4824p32POY5p(3D)| K 34.83(4) 34.66-86 22(9) 052)| k _ - ]
20 L 34.14(4) 34.06  71(4) }156 0.31(8)] 1 35.17(4) 57(5)  0.25(6)
4s24p32D%)5d(*D)| M 33.53(4) 33.53 21(5) 02(1)] m 34.57(4) 25(3) 0.28(10)
4524p3(2D°)4f (1 D)? 32.41
3 e
((336 }N }32.35(4) seav T e }55(5) }85 }0.30(9) }n }33.38(4) }50(5) }0.21(5)
(L F)e 32.35
71 0 31.19(4) 30.99  26(3) 47 031(5)| o 32.22(4) 23(3)  0.26(5)
2l P 30.53(5) ] - 1 p 3157(5) - -
4%4p5(1S0)|  Q  26.58(4) 26.33  64(3) 127 0.75(8)] q 27.62(4) 59(2)  0.60(5)

Converted from binding energy at the photon energy of 64.54 eV given by the authors.

®Misprinted as 51.16 in [16].
“Misprinted as 52.30 in [16].
Derived from the position of the other spin-orbit component.
“Different from the assignment given by Ref. [46].
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FIG. 3. (Color online) Asymmetry observed in the atomic Auger
spectrum as a function of photon energy of atomic lines (a) H at 90°
and (b) ¢ at 0°. In each panel, the experimental intensity, repre-
sented by solid triangles, is only the atomic contribution without the
molecular background. Two Gaussian fits are shown for different

photon-energy ranges of each line: left half (solid line) and right
half (dashed line). (See text for details.)

HCI, Kukk et al. found that at the low-photon-energy side of
the resonance, molecular Auger decay dominates over the
atomic Auger decay [9]. With increasing photon energy, the
dominance is gradually transferred from the molecular decay
to the atomic decay. However, other workers [8] found ex-
perimental evidence showing that the molecular decay frac-
tion has a minimum on top of the resonance and increases as
the detuning increases in both negative and positive direc-
tions.

In this work, we focus on determining the asymmetric
nature of the measured atomic lines on the photon-energy
scale. This asymmetry arises from the shape of the potential-
energy curve of the intermediate resonance state. The extrac-
tion of net excitation function, the atomic contribution as a
function of photon energy, of one line is shown in Fig. 2 with
line g as an example. The dashed box No. 1 drawn vertically
around line ¢ in Fig. 2 shows the area into which most of the
electron yield of this line falls. Its total intensity as a function
of photon energy was obtained by projecting all of the elec-
tron yield within the rectangle onto the photon-energy axis.
Similarly, the molecular background can be obtained from
the box No. 2 immediately to the right of the total intensity
box. The difference of the total intensity and backgound is
the net atomic excitation function of line g. Usually the sharp
atomic Auger lines have a broad molecular background at the
low-kinetic-energy side [10,14]. Consequently, it is reason-
able to determine the background from the right, high-
kinetic-energy, side of the atomic line.

The net excitation functions of atomic lines H (top panel)
at 90" and ¢ (bottom panel) at 0° are shown as scattered
triangles in Fig. 3. These two lines have been selected as
they are well separated from their neighbors and have a low
constant molecular background. This simplifies the determi-
nation of the net excitation function which only contains
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atomic contributions. Peak H corresponds to the decay
Br(3d;),4p®) — Br*(3s'3p” 'P|)+e” and line ¢ to the decay
of Br*(3d§/124p6)—>Br+(3s03p6lSo)+e‘. For both lines, the
intensity at 0° is larger than at any other angle. However, at
this angle, the 450! satellite lines, which run under line H,
are also at their strongest. Thus, the data recorded at 90" are
used for line H; at this angle, the photoline background can
be neglected.

To illustrate the asymmetric nature of the profiles, we fit-
ted the net electron intensity of each line with two Gaussian
profiles, each time fitting only a part of the spectrum. For
example, for line g, whose maximum is around 71.9 eV, the
low-energy section between 69.0 eV and 72.2 eV was first
fitted (solid curve) and, then, the high-energy side between
71.6 eV and 74 eV (dashed curve) was fitted. The fitting
shows that these two atomic lines are asymmetric: the
Gaussian-fit curves for the high-energy side clearly have
higher intensities and larger widths than the experimental
curves on the low-energy side. On the other hand, the fit
curves for the low-energy side show lower intensities and
smaller widths than the experimental ones on the high-
energy side. This indicates clearly that the atomic decay lines
on the photon-energy scale are asymmetric with a higher tail
at the high-energy side, suggesting that the atomic contribu-
tion becomes more significant with increasing photon energy.
The asymmetry is related to the profile of the potential-
energy curve of the excited state. The wave function of the
HBr molecule in its vibrational ground state can be approxi-
mated by that of an harmonic oscillator, which has a Gauss-
ian profile with a maximum at the equilibrium internuclear
separation. The projection of this distribution onto the disso-
ciative curve of the 4po" state may result in an asymmetric
absorption spectrum. Furthermore, the dissociation rate in-
creases with photon energy and consequently the atomic
lines exhibit asymmetric profiles along the photon energy
axis.

This fitting process also provides the energy positions of
the two o resonances for the first time. Previous studies on
core-excited HBr molecules, either with energy-loss spec-
troscopy [51] or photoabsorption spectroscopy [40], only
presented the total contribution from the two 3d5/2’3,2—>0*
resonances without being able to separate them because of
their broad linewidths. Photons having an energy corre-
sponding to the separation between this potential energy
curve of the ground state and that of the resonance state at
the internuclear separation, R,, can excite the most mol-
ecules. Provided that any variation in the dissociation rate is
less significant than the variation in the probability distribu-
tion of the ground-state molecules, maxima in the atomic
Auger line profiles on the photon-energy scale are also the
resonant-energy positions. From the above fits to lines H and
¢ and additional checking with other atomic lines, we obtain
the resonance positions at 70.89(6) eV (*Ds), resonance) and
71.92(6) eV (D5, resonance), and their common width is
found to be 1.25(6) eV. The determination of the two reso-
nance positions is expected to be helpful in calculating the
potential-energy curves of the intermediate states.

The energy difference of the two resonances, 1.03(3) eV,
is the spin-orbit splitting of Br 3d which is in agreement with
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FIG. 4. (Color online) Resonant PES spectra

at 0° (solid lines) and 90° (dashed lines) for the
3d;p— 0o (a) and 3dsp,— o (b) resonance

states.
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the splitting obtained from the kinetic-energy positions of the
atomic lines. This splitting value is similar to those obtained
from other Br containing molecules, such as 1.04 eV given
by Hitchcock and Brion [52] from CH;Br and Hitchcock
et al. [53] from C¢HsBr, and 1.020(6) eV found by Shaw
et al. [51] from Br,. It is also in reasonable agreement with
1.11(1) eV determined by Shaw et al. [51] from the 3d Ry-
dberg resonances in HBr.

D. Intensity and angular distribution of the atomic lines

Molecular Auger decay usually shows little or no aniso-
tropy. However, Becker and Menzel [5] and Kukk ef al. [9]
found surprisingly large anisotropy in the Cl* atomic decay
following dissociation of core-excited HCI molecules. In the
following section, we show that this is also the case for core-
excited HBr molecules.

In the dipole approximation, the angular distribution of
the emitted atomic Auger electrons produced from the frag-
ments can be written as [54]

W(0) = (WDr4m)[1 + BPs(cos 6)], 1)

where W(#) is the differential cross section, W is the total
cross section, 0 is the angle between the direction of the
electron emission and the electric field vector of the polar-
ized photon beam, B is the asymmetry parameter, and
P,(cos ) is the second-order Legendre polynomial.

If the Auger decay occurs before the molecule has frag-
mented, the angular asymmetry is simply the product of the
molecular alignment parameter, describing the orientation of
the molecules with respect to the electric field vector, and the
intrinsic anisotropy parameter for the Auger decay, a, [10].
For the two-step atomic decay process, the angular asymme-
try is the product of the alignment parameter for the interme-

55

diate atomic state and a,. However, depending on the com-
petition between dissociation and Auger decay, electron
emission will occur at all internuclear separations between
that of the resonance state when it is first excited and the
separated atom limited (in this picture any vibrational motion
has been ignored). Indeed, if the two potential energy curves
become parallel before the molecule has completely frag-
mented, molecular decays will contribute to the atomic peak.
It is interesting then that molecular Auger emission shows
little anisotropy while atomic Auger emission tends to ex-
hibit a large amount. Data from the two-dimensional map
can be used to investigate this process in more detail. Figure
4 presents Auger electron spectra extracted from the 2DPES
recorded at 0° and at 907 in the vicinity of the 3d5,— o (a)
and 3ds,— o (b) resonance states. From the figure, one can
see clearly that the 450! main line shows a strongly positive
angular anisotropy as expected. More interesting is the ap-
parent intensity variations for some of the atomic Auger
lines. While lines ¢ and C have higher intensities at 90° than
at 0°, lines d,D, ¢, and Q are more intense at 0°. Any angular
anisotropy suggests that the decays contributing to the
atomic peak occur when the molecule has fragmented com-
pletely rather than in the molecular regime where the
potential-energy curves have become parallel.

Strictly speaking, atomic and molecular Auger decay con-
tributions to PES are not separable since an Auger decay
may occur throughout a continuous range of internuclear dis-
tances from the region of the initial excitation all the way to
the separated atom limit. The sharp atomic part of the Auger-
electron-energy distribution may well result from tranisitions
between two nearly parallel potential-energy curves before
the dissociation limit is actually reached. This being said, it
can still be instructive to extract intensities for the sharp
peaks alone, as previous authors have done in HCl-for ex-
ample [10]—and to compare the results to Kr Auger decay
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data in order to investigate their general atomiclike character.

The remaining discussions of this paper will all be con-
cerned with the data extracted to represent the atomic con-
tributions. To extract the intensities of the atomic contribu-
tion as accurately as possible, we have used four methods.

(1) Extracting the total intensity as a function of photon
energy and fitting it with Gaussian functions. This method
was used for lines without strong background, such as A, B,
a and b. In this case the total and net (atomic contribution)
intensities are not significantly different.

(2) Obtaining the net excitation function by subtracting
the molecular background from the total intensity. This
method is suitable for lines well separated from any other
lines. In this case, the molecular backgrounds to the right of
the line in the 2DPES are treated as approximately constant.
This method was employed in determining the atomic con-
tribution for lines ¢ and H.

(3) Gaussian fit of the lines in the 1DPES. This method
does not give accurate results for weak peaks. Extraction of a
conventional IDPES from the 2D map, in the region of the
lines a—d, can be achived by projecting all of the electron
yield within the box No. 3, drawn horizontally on top of lines
a—d in Fig. 2 onto the kinetic-energy axis.

(4) Determining the net peak intensity from the 1DPES by
subtracting a linear background. Because of the difficulties
associated with determining the background, this method
was generally only used as a check of the other methods.
However, two lines I and j were too weak to employ any
other method.

The normalized intensities of the atomic lines are listed as
columns four (*Ds,, resonance) and nine (*Ds), resonance) in
Table I. The final value for each line is the average of all the
results derived with one or more of the above methods. The
variations among different values were used to determine the
error. To compare with the relative intensities given by Na-
hon ez al. [46] for atomic bromine after the 3d~'4p®°Ds,,
transition, our data have been normalized so that line
H (35s'4p® 'P)) has the same intensity as that given in this
reference, both measurements being made at the magic angle
(54.7°). In some cases we have been able to separate lines
that were unresolved by Nahon ef al, and in other cases
these workers were unable to completely distinguish contri-
butions from the two resonances. However, Table I indicates
that the agreement is reasonable for all 3s%4p* and 3s'dp’
lines and for those located in the kinetic-energy range 30—
37 eV. There is a significant disagreement in the intensities
for the 35s°3p° line Q. This discrepancy probably arises from
the problems with distinguishing contributions mentioned
above.

The B values for the atomic lines, derived from their in-
tensities at two pairs of angles (0° and 54.7°, 35.3°, and 90°),
are shown in Table I as column 10 (*Ds, resonance) and
column 15 (D5, resonance) and are plotted in Fig. 5. To the
best of our knowledge this is the first time that such data
have been obtained for HBr. From the table and the figure,
one can see that the B values vary from —0.45 to 0.75, which
again shows clearly that the anisotropy for some lines is
large. Another feature one can note is that the 8 parameters
for every atomic line pair, each of which decays to the same
final HBr* state from one of the o resonances, are similar. In
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FIG. 5. Angular distribution parameters 3 for the atomic lines at
the 2D3,2 (upper panel) and 2D5,2 (lower panel) resonances. Only
the pairs of lines that are observed in both resonances in Fig. 2 are
shown here. Note that the 8 values shown in this figure were de-
rived using the line intensities determined after the molecular back-
ground has been subtracted.

fact, there are only two pairs for which the difference in S is
larger than 0.1.

E. Intrinsic anisotropy parameter a,

As mentioned above, Sec. III D, the two-step nature of the
core excitation of a molecule followed by dissociation and
atomic Auger decay is reflected by expressing the asymmetry
parameter B as a product of two factors [55,56]:

B=a,Ay, (2)

where a, is the intrinsic anisotropy parameter in the Auger
transition and A, is the alignment parameter which reflects
the anisotropy of the decaying state and, therefore, has the
same value for all the transitions from that state. In the first
approximation, following Ref. [55], the fourth-rank contribu-
tion ay Ay is neglected because of the small value of Ay,
The similarity in B values for the atomic line pairs men-
tioned above is surprising as the alignment parameters for
the two resonance states are different [55]. Furthermore, the
different values of the total angular momentum in the two
resonance states means that the angular momentum carried
away by the Auger electron may be different for decays from
the 3ds;, — o and 3ds,— o states to the same Br" state.
For transitions to final atomic states with J=0, there is
only one outgoing partial wave and thus the a, value is fixed
to be —1 for the D5, resonance and —1.069 for the *Ds),
resonance [55]. Therefore, such states can be used to deter-
mine Ay In our HBr 2DPES, there are four lines corre-
sponding to atomic ion states with zero total angular momen-
tum for each resonance. Namely, 4s24p4 3PO, which forms
part of lines B and b; 4s’4p*'S,, lines D and d;
45'4p3Pylines G and g; and 45%4p°'S,, lines Q and g. The
[ associated with line ¢ is the most reliable one, as all other
lines either mix with their neighbors or sit on strong and
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TABLE II. Anisotropy parameters «, evaluated from the Auger electron 8 parameters for the Br* fragment following the photodisso-
ciation of HBr. These values are compared with those of the Auger lines in K.

Br* Kr
Final Peak Final Experiment
state label this work state Theory {57} Ref.[58] Ref.[47]
Bri, 45%4p* P P,) A 0.00(28) M3N2 3No 3(3Py) -0.329 -0.31(6)
3p, 3p, -0.737
ESP0§ }B } -0.48(25) E3P0§ -1.069
(*D2) C 0.70(38) (*Ds) 0.419 0.18(4)
(*So) D -1.02(36) {(*So) -1.069
4s*4p® (3 P,) E -0.63(20) MsN1 N2 3 (P Pz) -0.746 -0.96(7)
Gr) F -0.78(38) (P -1.011 -1.20(5)
(CP) G -1.03(52) (P) -1.069 -1.04(13)
(p) H -0.45(22) (*D2) -0.569 -0.72(4)
45%4p3 (2 P%)5s(* Py) I -0.63(44)
45%4p3(*S°)5d(* D) } J }
(°D)
45*4p3 (2 P%)5p(® D) K -0.78(44)
? L -0.48(25)
45%4p3 (*D%)5d(* D) M -0.31(28)
45%4p* (2 D4 (' D)
CP } N }-0.47(27)
D)
(F)
? 0 -0.48(20)
? P -
45°%4p° (1 Sp) Q -1.17(25) M5sNiN1(180) -1.069
Bry, 45%4p*(C P,) a 0.00(25) MyNa 3Nz 3(3P) 0.095 0.21(9)
3 3
E3£ (1); }o -0.50(18) 231; :; _2:3(1)2 } -0.77010)
(* D7) c 0.68(18) (* D7) 0.224
(*So) d -0.98(30) (*So) -1.000
45*4p° (3 P,) e -0.62(17) MyN1N23(3Py) -0.839 -1.02(7)
GCP) f -0.50(32) (3py) -0.895 -1.08(7)
(3Py) g - (3Pp) -1.000
(P) h -0.37(18) (P -0.589 -0.77(4)
45%4p*(*P%)5s(* 1) i -0.67(42)
24,374 Q0 3
(S )5(1553 }j -0.50(42)
45%4p* (2 P%)5p(® D) k -
? 1 -0.42(18)
4s%4p*(*D")5d(* D) m -0.47(25)
45*4p*(*DY4f(* D)
((:g i } n }-0.35(17)
(‘F)
? o -0.43(17)
? D -
45%4p% (1 55) q -1.00(17) MyN1N1(*So) -1.000
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variable molecular backgrounds. The B value of 0.60(5) for
line ¢ gives us Ay (*D;,)=-0.60(5), where the error bar
results from the error on the B value.

From the relation between the alignment parameters of
the two o resonances in HBr [56],

Azo(*Dsp) = V8/T Azg(*Dyy) 3)
we can obtain A,y(>Ds;,) =—0.64(5). This value is in reason-
able agreement with the theoretical value of —0.74 given in
Ref. [56]. The difference may be due to incomplete separa-
tion of the atomic lines from their molecular background on
the experimental side or overestimation of the fragment
alignment on the theoretical side. The experimental align-
ment parameter determined for 2p — ¢ excitation in HCI is
also lower than the theoretical prediction [56]. Using these
two values for .4,, and our S values listed in Table I, we can
determine the anisotropy parameters a, for all other atomic
lines which are listed in Table II and plotted in Fig. 6 as open
squares.

The Br* (3d~'45%4p®) core-excited state is isoelectronic
with the 3d~! core-hole state of Kr* and the atomic resonant
Auger lines in Br have the same initial and final states as
those in the normal Auger spectrum of krypton. Thus, it is
reasonable to expect that the anisotropy parameters for the
two sets of lines would be similar. A comparison between our
data and the calculated values for a, of the M, 5NNy,
M, 5NN, 3, and M, sN, 3 Auger lines in Kr [57] is shown in
Table II and plotted in Fig. 6. It is apparent that the two sets
of values are similar, especially for the Br lines originating
with the 3ds;,— 0" resonance. However, our data do not
agree well with the experimental Kr a, parameters [47,58]
which are shown as the last two columns in Table II. For
most lines, thedifference is larger than 0.3 units. It should be
noted that there is also considerable discrepancy between the
experimental and theoretical values in Kr, indicating that

more effort is required in this area on both the theoretical and
experimental sides.

IV. CONCLUSION

A detailed angle-resolved investigation of HBr including
all the 3d resonances has been carried out using the tech-
nique of two-dimensional photoelectron spectroscopy. The
two 3d§}2’3,20* resonance peaks are resolved and found to be
at photon energies of 70.89(6) eV and 71.92(6) eV, respec-
tively. Some atomic Auger lines have been separated, and
tentative assignments have been presented based on their
kinetic-energy positions. We find that the profiles of the
atomic Auger lines on the photon-energy, scale are not sym-
metric. The dissociation rate is known to increase with in-
creasing photon energy, and the shape of the ¢ potential
energy curves in the Frank-Condon region could also con-
tribute to the asymmetry. The angular distributions of the
atomic Auger decay lines at the two resonances have been
analyzed. The atomic line pairs, corresponding to the decay
of each resonance to the same final Br* state, have approxi-
mately the same angular distribution parameters, . The
alignment parameters A, for the two resonances 3d§,12’3,2¢fk
were found to be —0.64(5) (*Ds,,) and —0.60(5) (*D;,), re-
spectively. The former is in reasonable agreement with the
theoretical value of —0.74 predicted for the *Ds,, resonance.
The intrinsic anisotropy parameters a, of the atomic lines
have been derived using the appropriate 3 values and align-
ment parameters. The a, values were found to be similar to
those calculated for the equivalent Auger lines in krypton.
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