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New features are revealed in the low-energy photoionization spectrum of Ar by critically combin-
ing high photon resolution and differential photoelectron spectroscopic techniques. Two LS-forbidden
doubly excited resonances are seen in the 3 p;/m /2 partial cross sections which exhibit mirroring profiles,
resulting in complete cancellation in the total photoionization cross section, as was predicted by Liu and
Starace [Phys. Rev. A 59, R1731 (1999)]. These results demonstrate that a new class of weakly spin-
orbit induced, mirroring resonances should be observable in partial, but not in total, collisional cross
sections involving atoms, molecules, and solids in general.

PACS numbers: 32.80.Fb

The early measurements of the low-energy photoioniza-
tion spectrum in Ar,

hv + 3p° = 3p> + e, (D

using first-generation synchrotron radiation sources, were
able to delineate windowlike resonances due to the singly
excited 35 'np('P;) Rydberg series [1], and later were
also able to identify two low-lying, doubly excited reso-
nances, 3s23p*4s(*P1/23/2)4p('P) [2]. Despite more
than three decades of subsequent investigations, however,
there has been no evidence of any other photoionization
resonances in the energy region below the Ar™ 357!
threshold.

The recent availability of third-generation sources [3],
such as the Advanced Light Source, has brought a new
level of sophistication to many areas of synchrotron radia-
tion based research. Improvements in flux and resolving
power now allow more precise measurements of the dif-
ferential, partial photoionization cross sections. These are
expressible as [4]

Z?{ = -1+ BiPs(cosd)]. @)
where 6 is the angle between the electron momentum and
the photon polarization vector, o; are the angle-integrated
partial cross sections, and (3; are the asymmetry parame-
ters. Determination of o; and B; through differential, par-
tial measurements therefore completely characterizes the
photoionization spectrum.

In this Letter, we report a highly detailed study of the
low-lying resonances in the Ar 3 p3_/12)1 /2 continua in the
spectral range 26.4 = hv = 29.4 eV. Two new doubly
excited, predominantly triplet resonances are observed
which belong to a class of mirroring resonances [5] giving
equal and opposite resonant contributions to the individual
partial cross sections. As a result, their net contribution to
the total cross section vanishes, which is why they are not
observable in photoabsorption experiments [2,6,7]. These
resonances have not been detected in previous measure-

0031-9007/00/85(15)/3113(4)$15.00

ments of the partial cross sections [8,9] since the achiev-
able resolution was insufficient for resolving the rather
narrow features (<3 meV FHWM) that can now be seen.
Although we focus on photoionization of atomic argon,
this phenomenon applies to general collisional processes
in atoms, molecules, solids, etc.

The experiment was performed at the Advanced Light
Source on the high flux and high-resolution atomic and
molecular undulator beam line 10.0.1. A photon resolu-
tion of 3 meV was achieved, close to the theoretical 10 000
resolving power available at this beam line. Two comple-
mentary experimental setups were used to measure partial
differential cross sections. In the first one, a spectrome-
ter with a hemispherical analyzer fitted with an ISL (Inte-
grated Sensors Ltd.), position sensitive detector [10] was
employed to record photoelectron spectra at the magic
angle (6 = 54.7°), giving the partial cross sections and
the corresponding branching ratio. In the second one, two
time-of-flight analyzers, at § = 0° and § = 90° with re-
spect to the light polarization axis, were used to determine
asymmetry parameters [11].

In both experiments, the data were collected with a two-
dimensional acquisition technique [12,13], consisting of a
systematic accumulation of photoelectron spectra at many,
close, and equally spaced photon energies, from which
constant ionic state (CIS) spectra were extracted. The
spectra were corrected for variations in incident light in-
tensity. The electron transmission efficiency curves were
slowly varying functions of energy and were assumed
constant over the spectral range corresponding to the sepa-
ration of the photoelectron lines (177 meV). The pho-
ton energy scale was calibrated using the positions of the
35~ 'np window resonances by comparison with photoab-
sorption work [2,6].

The CIS spectra of the two final states 3 p3_/12,1 /2 are pre-
sented in Fig. 1 for all three angles. At 8 = 54.7°, their
sum is proportional to the total ionization cross section.
In addition to the indicated 3s~'np('P;) Rydberg series,
the two previously reported low-lying doubly excited
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FIG. 1. Partial differential cross sections g at 8 = 54.7°,

6 = 90°, and 6 = 0°, and asymmetry parameters [3;.

resonances DE3; and DE4, assigned, respectively, as
3s23p*4s(PP3)4p('Py) and 3s23p*4s(Py)dp(tPy)
[2], are clearly seen. While there are no other observable
resonances in the fotal cross section, the partial cross
sections reveal two new resonances, DE; and DE,, with
mirroring profiles between the 3s~!7p and 35~ !8p mem-
bers. They are further characterized by the measurements
of the asymmetry parameters SB;, and B3/, (Fig. 1).
Although similar mirroring behavior has been reported in
partial photoionization cross sections of atoms [14—16],
and very recently in photodetachment of negative ions
[17], those observations were considered coincidental
until the analytic developments of Liu and Starace [5]
showed that this mirroring behavior is guaranteed under
certain conditions, which we now consider.

Resonances in the total cross section can be understood
based on the well-known parametrization of line profiles
[18,19]. In the vicinity of an isolated resonance, the total
photoabsorption cross section is characterized by an energy
dependence [18,19]

(g + €)?

ole) = o 1+ €2

+ oy, (3)
where o, (0}) is the direct cross section from the atomic
ground state to the continuum subspace that does (does
not) interact with the resonance, and € = (E — E,)/ %F
indicates the departure of the incident photon energy E
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from the resonance energy E,, scaled by the resonance
half-width %F. The so-called Fano g parameter deter-
mines the overall profile, ranging from near-Lorentzian
(g — =), to windowlike (¢ = 0), to completely asymmet-
ric (¢ = *1).

Another parameter of present importance is the ratio
p? = 0,/(0, + o), which characterizes the fractional
depth of the minimum of the cross section (o) to the
nonresonant value (o, + o). It can equivalently be con-
sidered as a measure of the oscillator strength to the contin-
uum space interacting with the resonance compared to the
total direct oscillator strength. Based on the generalized
expressions for the partial cross sections in the vicinity of
an isolated resonance [20], it was proved analytically that
in the limit p2 — 0, any two groupings [21] of partial cross
sections mirror each other [5], i.e., an increase in one Cross
section is matched by a decrease in the other. Summing all
partial cross sections, one gets the total cross section [5]:

p2q2 >
1+ €2)°

ole) = (o + o)1+ @
The asymmetric resonant energy dependence cancels in
the total cross section, resulting in a symmetric Lorentzian
profile. In the opposite limit p?> — 1, while the total cross
section exhibits single-channel-like behavior, any two
groupings of partial cross sections mimic each other [22].
Although the analytic developments of Liu and Starace
[5] were concerned with photoinduced atomic processes
in particular, they were based on earlier work of Fano
[18] and Starace [20] which applies to general transitions;
hence, these results are equally applicable to other colli-
sional processes involving molecules, ions, solids, etc.

The cross sections displayed in Fig. 1 provide some
examples of resonant behavior associated with different
p? values, conveniently including the two extremes
p?> — 0and p? — 1, and an intermediate case. The entire
35 'np('Py) series and the doubly excited state (DE3)
exhibit deep minima, indicating a p? = 1 character, and
indeed the observed individual partial cross sections mimic
each other. The broad and weak resonance DE, near
the 35! threshold is the result of the partially mirroring
structure in each CIS spectrum, so it has an intermediate
p? value.

In light of the dramatic difference between the pro-
files of DE; and DE,4, the original assignment as
3s23p*4s(*P1/23/2)4p (1 P1) might at first seem surpris-
ing. However, the local spectral landscape where they
are found is also quite different: whereas DE3 is only
close to the 35~ '10p resonance, DE, is superimposed on
unresolved high-lying members of the 35~ 'np (! P,) series
and the 35~ 'ep continuum, giving a broader width.

The mirroring resonances show no observable fractional
depth in the total cross section, which is characteristic
of p? = 0 resonances. More specifically, these examples
of exact mirroring correspond to the case of p2g? = 0
[5], which shows no resonance peak at all. They further
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illustrate that partial cross sections are more sensitive to
resonances than the corresponding total cross section, in
which resonant contributions may cancel out.

To our knowledge, the two mirroring resonances have
not been predicted or observed before. Considering the
classification of the DE3 and DE, resonances at 29.03
and 29.23 eV as 4p valence orbitals coupled to the
3s23p*(*P)4s(>P3/2,1 /) ionic states [2], any lower reso-
nances, such as the newly observed ones DE| and DE,
at 28.81 and 28.87 eV, must, in fact, be described by a
configuration with a valence 4 p orbital coupled to a lower-
energy ionic parent. Relative energies of the few lowest
Ar* ionic states are listed in Table I, where it is clearly
seen that the parent must be either the 3523p*(*P)3d(*D)
state or the 3s23p*(*P)4s(*P) state. Coupling a 4p(>P°)
electron to either parent gives a resultant resonance of
minimum spin 1 (triplet), which is LS forbidden in a tran-
sition from the singlet ground state of Ar. Consequently,
likely candidates could be assigned the main LS configu-
rations 3d(*D)4p(CP;), 3d(*D)4p(PD,), 4s(*P)4p(3P)),
and 4s(*P)4p(®D,), with a common 3p*(*P) core. An
exact assignment of these two resonances requires accu-
rate theoretical results, which are not yet available [24].

We now consider photoexcitation to LS-forbidden
states, and how this relativistic effect results in the ob-
served mirroring. In the absence of relativistic effects, the
ratio of partial cross sections r = g3/,/01/, is equal to
the statistical value » = 2, on or off resonance [25]. How-
ever, nonstatistical branching ratios for photoionization of
rare gases have been known for a long time [14,26]. As
seen in Fig. 2, our measured ratio is somewhat less than
two throughout the spectral range covered, and undergoes
rapid variations in the vicinity of the resonances. More
specifically, the slight departure from 2 off resonance (r =
1.9) is the signature of a small (few percent) mixing be-
tween the LS-allowed 3s23p°€s, ed(! P;) continua and the
LS-forbidden 3s23p56s,ed(3P1,3D1) continua, empha-
sizing that LS coupling is no longer suitable to describe
the symmetry of the system. Since the triplet resonances

TABLE 1. Energies of the lowest Ar" states.
Configuration Term J. Energy (eV) [23]
35s23p3 2pe 3/2 0.00000

1/2 0.17749
3s3pS s 1/2 13.47975
3s23p*(P)3d ‘D 7/2 16.406 50
5/2 16.42558
3/2 16.444 12
1/2 16.457 38
3523p*(CP)4s 4p 5/2 16.643 86
3/2 16.748 53
1/2 16.81247
3523p*(CP)4s Zp 3/2 17.14003
1/2 17.26583

DE, and DE, autoionize primarily to (predominantly)
triplet continua, which have very weak oscillator strengths
from the singlet ground state, 0, = Oyiplet K Tsinglet =
o, (p?> =0), and mirroring behavior is guaranteed.
Hence, these resonances are observable in the partial
cross sections but not in the fofal cross section. The present
high-resolution experiment was therefore essential for
observing these subtle effects.

While the present example involves LS-forbidden tran-
sitions, mirroring behavior among partial cross sections
in the vicinity of a resonance are common occurrences in
the high-energy part of photofragmentation spectra, where
the fractional depths of the resonances are usually small.
However, mirroring behavior could be suppressed if the
resonance profiles in the partial cross se;ction are domi-

nated by their symmetric component %. Nevertheless,
resonances in different partial cross sections are expected
to show different asymmetries. For example, in a recent
experimental measurement of Li photoionization, the reso-
nance profiles of the 2522 p triply excited state in the single
and double ionization partial cross sections exhibit g val-
ues of different signs [27].

The important implication of mirroring behavior is that
the intrinsic interference effects due to two indistinguish-
able quantum paths are not negligible, even though the
symmetric resonance profiles suggest otherwise. For ex-
ample, in studies of resonant Auger processes, a two-step
sequential model has been commonly used in describing
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FIG. 2. Ratio of partial cross sections r =
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the symmetric resonance profiles observed in the total
cross section. However, recent theoretical and experimen-
tal measurements show asymmetric resonance profiles in
the partial cross sections as well as mirroring behavior
among different partial cross sections [28]. Therefore, us-
ing a two-step sequential model to describe the autoioniza-
tion resonances in photofragmentation processes does not
give a correct picture, even if the resonance profile in the
total cross section is Lorentzian. The present results illus-
trate that intrinsic interference effects involved in resonant
photofragmentation processes are not negligible, even if
the symmetric resonance profiles in the total cross section
suggest a small interference effect.

In conclusion, we have observed two new mirroring
resonances in the low-energy photoionization spectrum of
Ar that are undetectable in the total photoionization cross
section. They belong to a class of resonances predicted
by Liu and Starace for the limiting case p> — 0. Analy-
sis of differential parameters shows that the observed mir-
roring behavior is related to the LS-forbidden nature of
these predominantly triplet resonances. Of broader impli-
cation, similar hidden resonances should be observable in
other systems, and are not just limited to photoinduced
transitions in atoms, but include collisional transitions in
ions, molecules, and solids, for instance. The present re-
sults show that highly differential studies are necessary
to observe certain important spectral features, and pro-
vide useful guidelines and stringent tests for the inclusion
of electron correlation and relativistic effects in atomic
calculations.
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