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Different types of Young’s double-slit experiments contain a significant amount of both particle and wave
information running from full-particle to full-wave knowledge depending on the experimental conditions. We
study the Young’s double-slit interference in resonant Auger scattering from homonuclear diatomic molecules
where opposite Doppler shifts for the dissociating atomic slits provide path information. Different quantitative
formulation of Bohr’s complementarity principle—path information vs interference—is applied to two types of
resonant Auger scattering experiments, with fixed-in-space and randomly oriented molecules. Special attention
is paid to the orientational dephasing in conventional Auger experiments with randomly oriented molecules. Our
quantitative formulation of the complementarity is compared with the formulation made earlier by Greenberger
and Yasin [D. M. Greenberger and A. Yasin, Phys. Lett. A 128, 391 (1988)].
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I. INTRODUCTION

Bohr’s complementarity principle [1] asserts that objects
have certain pairs of complementary properties or observ-
ables which cannot be obtained simultaneously. The general
complementarity was invoked by Bohr to preserve wave-
particle duality. The special case of general complementarity
is the Heisenberg uncertainty principle [2] for such pairs
as momentum-coordinate and angular momentum-angle. The
key feature of quantum mechanics is the interference which
was first observed in optics by Young in his seminal Young’s
double-slit experiment (YDSE) [3]. Later the YDSE inter-
ference of x-ray photons or photoelectrons was studied and
observed in many experiments with molecules [4–10]. Sim-
ilar YDSE fringes were observed also for interfering atoms
and molecules (so-called matter wave interference) [11,12].
The complementarity or duality principle says that the YDSE
fringes must disappear if the path taken by the particle is
experimentally determined [1]. Greenberger and Yasin (GY)
[13] discussing the complementarity between interference
(INT) and which-path information (WPI) formulated and
quantified one of the crucial outcomes of the Bohr-Einstein
discussion [1] that it is impossible to have a maximum visi-
bility of interference pattern and path information at the same
time. Further deep extensions and refinements of this comple-
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mentarity were done by Englert [14] (see also Refs. [15–18]
and references therein).

However, the quantitative formulation of the discussed
complementarity is not unique. For example, there is an
experimental situation where the GY path information is
strictly equal to zero in spite of the path taken by the particle
being experimentally determined. This is the case of the res-
onant Auger scattering (RAS) by the O2 molecule where the
“atomic slits” are distinguished due to the opposite Doppler
labeling of the atomic slits. Thus, one of the goals of our
article is to give an alternative quantitative formulation of the
WPI-INT complementarity principle which overcomes this
drawback. Our article is devoted to a rather frequent situation
when the external path-detector is absent. For example, this
is the case of the here analyzed RAS experiment with the
O2 molecule where the which-path information is offered
by nature itself via the Doppler labeling of the atomic slits
[19,20]. The wave-particle duality for the YDSE problem
taking into account the external path-detectors was studied in
Refs. [14,15,17,18].

Another objective of our article is to apply our and GY’s
formulations of the complementarity principle between the
WPI and the INT to two types of RAS by diatomic molecules
where the two core-excited atoms play the role of the double
slit. The first one is the RAS experiment with fixed-in-space
molecules [19,21] which is the first experimental realiza-
tion of an analog of the Einstein-Bohr recoiling double-slit
gedanken experiment at the molecular level [19,20]. The anal-
ysis of the second type of RAS experiment [22] performed
with randomly oriented oxygen molecules allows us to shed
light on the role of the orientational dephasing on the studied
duality relation.

The paper is organized as follows. In Sec. II, we
present general analysis and quantitative formulation of the
complementarity relation for which-path information and
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interference. The general theory is applied in Sec. III to the
Einstein-Bohr recoiling double-slit gedanken experiment at
the molecular level with fixed-in-space oxygen molecules.
The role of the orientational dephasing in the RAS of ran-
domly oriented molecules is studied in Sec. IV. Our findings
are summarized in Sec. V. We use atomic units (a.u.) through-
out the text if it is not specified.

II. DUALITY RELATION—INTERFERENCE VS
WHICH-PATH INFORMATION—FOR DOUBLE-SLIT
EXPERIMENT WITH FIXED-IN-SPACE MOLECULEs

We consider the general case of the scattering of the light
or electrons on two slits. It can be the resonant inelastic x-
ray scattering [19,23] or the resonant Auger scattering [19,20]
described below. The scattering amplitude is the sum of the
scattering amplitudes on the right (R) and left (L) slits,

F = FR + FL, F ∗
L FR = |FR||FL|ei�,

where � is the phase difference between the two paths. The
total intensity of the scattered wave reads

|F |2 = |FR + FL|2 = |FR|2 + |FL|2 + 2Re(F ∗
L FR)

= |FR|2 + |FL|2 + 2|FR||FL| cos �.

The last term on the right-hand side of this equation describes
the interference between two paths while |FR|2 + |FL|2 is the
intensity of the wave passed independently through two slits.
Apparently, when |FR| = |FL|, one cannot distinguish which
path the particle has traversed. Therefore, it is natural to
define the which-path information by the following positive
probability:

W = (|FR| − |FL|)2

|FR|2 + |FL|2 . (1)

The complementary term to the path information (W) is the
interference (I), which we define after Greenberger and Yasin
[13] as follows:

I = I0| cos �| = 2|Re(F ∗
R FL)|

|FR|2 + |FL|2 , I0 = 2|FR||FL|
|FR|2 + |FL|2 , (2)

where I0 is the contrast or visibility of the interference pattern
(fringe visibility) [13]. The complimentarity relation for the
WPI and the fringe visibility (I0) is the equality for the pure
quantum states,

W + I0 = 1. (3)

The complementary or duality relation between W and I for
pure quantum states reads

W + I = 1 − I0(1 − | cos �|) � 1. (4)

The complementarity relations (4) and (3) show that the more
we know the which-path information the less visible the in-
terference is, and vice versa. It is instructive to compare our
definition of the which-path information with the which-path
information definition (distinguishability DQ) of Ref. [17].
The authors of this article studied the problem taking into
account external path-detectors characterized by the normal-
ized states |dR〉 and |dL〉. Applying the results of Ref. [17] to
our case without external path-detectors (〈dR|dL〉 = 1 [17]),

(a)

(b)

FIG. 1. Scheme of resonant Auger scattering from a homonu-
clear diatomic molecule. Core excitation 1sR/L → ψν is followed by
the decay transition from an occupied molecular orbital ψi → 1sR/L

and emission of an Auger electron with momentum k.

we obtained a rather strange result that DQ = 0 and DQ = W
depending on the ratio |FR|/|FL|. This disagreement with our
Eq. (1) shows that the equations of Ref. [17] are inapplicable
to the case studied here of YDSE without path-detectors.

To make the picture complete we give also the GY duality
relationship [13] based on the squared probabilities. These
authors use an alternative definition of the WPI,

WGY = ||FR|2 − |FL|2|
|FR|2 + |FL|2 , (5)

which also is equal to zero when |FR| = |FL|. The identity
W2

GY = 1 − I2
0 allows one to immediately write down GY’s

duality for the WPI and the fringe visibility [13]:

W2
GY + I2

0 = 1. (6)

This together with Eq. (5) results in the GY complimentary
inequality for the WPI and the interference:

W2
GY + I2 = 1 − I2

0 (1 − cos2 �) � 1. (7)

Although duality relations (4) and (7) have different forms,
they are qualitatively the same, except for the process dis-
cussed in Sec. IV.

Below we quantify and illustrate the physics behind each
of these duality relations for the RAS of the O2 molecule.
The RAS process studied here consists of the resonant x-ray
excitation to a dissociative core-excited state, followed by
Auger decay to the final dissociative state with emission of
a fast Auger electron [19] (Fig. 1).

III. RESONANT AUGER SCATTERING FROM
FIXED-IN-SPACE MOLECULES

Detection of the Auger electron with the energy E = k2/2
and the momentum k in coincidence with the dissociating ion
(Fig. 2) allows one to study the YDSE interference in fixed-
in-space molecules with the molecular axis R oriented along
the velocity v of the ion [20,24,25].
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FIG. 2. Experimental setup that registers the Auger electron and
the fragmented ion in coincidence (from the same event) allows
one to measure RAS spectra from fixed-in-space diatomic molecules
[20,25].

A. Doppler labeling of the atomic slits

Let us analyze RAS process with dissociative core-excited
and final states (see Fig. 3). This scenario is realized, for
example, in RAS from O2 under core excitation to a dissocia-
tive |O1s−1σ ∗〉 state [19,20,22]. For studied here homonuclear
diatomic molecules RAS amplitude is the sum of the partial
scattering amplitudes through the “left” (L) and “right” (R)
atoms [19,26] (see Fig. 1)

F = FL + P f FR,

FR,L = (e · d0c)Qc f

∫
d pc

〈0|ψpc〉〈ψpc |e±ikR cos θ/2|ψp f 〉
E − ω∞

c f − (εpc − εp f ) + i	
,

(8)

FIG. 3. Schematic representation of the RAS process via disso-
ciative PECs of the core-excited Ec(R) and final Ef (R) states.

where P f = ±1 is the parity of the final state of the molecular
cation; 	 is the lifetime broadening of the core-excited state.
The prefactor (e · d0c) describes absorption of x-ray photon
with the polarization vector e in the course of the x-ray
core-excitation with the transition dipole moment d0c. The
Auger decay is determined by the atomic Coulomb matrix
element Qc f of the transition from the core-excited (c) to the
final ( f ) electronic state. The nuclear wave functions ψpc (x)
and ψp f (x) of the dissociative core-excited and final states
depend on the nuclear momenta pc and p f and internuclear
distance R relative to the equilibrium one R0, x = R − R0.
The nuclear momenta (pc, p f ) and kinetic energies (εpc =
p2

c/2μ, εp f = p2
f /2μ) are defined in the asymptotic region

x > 
R ∼ 0.5 a.u., where the dissociative potential energy
curves (PECs) of the core-excited and final states are al-
ready flat (see Fig. 3); μ = m/2 is the reduced mass, ω∞

c f =
Ec(∞) − E f (∞), Ec(∞) and E f (∞) are the asymptotic val-
ues of the potential energy at R → ∞.

The phase factors exp(±ik · R/2) = exp(±ikR cos θ/2),
arising from the wave function of the fast Auger electron,
indicate opposite phase shifts of the wave functions of the
Auger electrons ejected from the “right” and “left” atoms, the
signs +/− correspond to the R/L atoms, respectively. Here
θ = ∠(k, R) is the angle between the momentum of the Auger
electron k and internuclear radius vector R. This phase shift is
crucial for the YDSE interference. The Franck-Condon (FC)
amplitudes 〈0|ψpc〉 and

〈ψpc |e±ikR cos θ/2|ψp f 〉
= e±ikR0 cos θ/2〈ψpc (x)|e±ikx cos θ/2|ψp f (x)〉

correspond to the x-ray excitation and Auger decay, respec-
tively [26,27]. In Eq. (8) and below we neglect the momentum
of x-ray photon kph which is small in the soft x-ray range
addressed here. We also neglected a small molecular-field
splitting of the core shell, which was found to be important
in certain cases, leading to a special regime of resonant x-ray
scattering, the so-called nonlocal x-ray scattering [9].

The continuum nuclear wave function of a dissociative
state can be represented as the sum

ψpi (x) = ei(pix+φ)

√
2π

+ ϕpi (x), i = c, f , (9)

of the plane wave and the function ϕpi (x) which describes the
deviation of the strict wave function ψpi (x) from the plane
wave. In what follows we omit the phase φ [26], which does
not affect the “atomic” cross section.

Evidently ϕpi (x) = 0 in the region x > 
R where PECs of
the core-excited and final states are flat. Using Eq. (9), one
can see that the FC amplitude of the Auger decay consists of
a narrow part and a broad (Amol) part

〈ψpc (x)|e±ikx cos θ/2|ψp f (x)〉

= δ

(
p f ± k

2
cos θ − pc

)
+ Amol(pc, p f ). (10)

The first describes the momentum and energy conservation
law

pc = p f ± k

2
cos θ, εpc − εp f ≈ ±kv cos θ, (11)
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where we neglect a small recoil energy [(k/2) cos θ ]2/2μ

and introduce the velocity of the dissociating atom in the
asymptotic region, v = p f /2μ. According to Eq. (10) the
RAS process is naturally divided into two regions, x < 
R
and x > 
R, which are responsible for the formation of a
broad “molecular” band and narrow “atomic” (or “fragment”)
peak, respectively [19,28] (Fig. 3). It is worthwhile noticing
that the atomic peak and the molecular band are usually
separated in the energy domain and have different dispersion
laws [19,21,28]. The Auger electron energy of the molecular
band approximately follows the Raman dispersion law, while
the peak position of the atomic peak does not depend on the
photon energy ω.

The partial RAS amplitudes F (mol)
R and F (mol)

L of the molec-
ular band differ from each other only by the YDSE phase
[20] F (mol)

R/L ∝ exp(±i[kR0 cos θ ]/2). This results in a nicely
resolved YDSE fringe [20]:

σmol = ∣∣F (mol)
R + P f F (mol)

L

∣∣2 ∝ 1 + P f cos(kR0 cos θ ).
(12)

Contrary to the broad molecular band, the atomic peak formed
by the δ function in Eq. (10) is split because of the opposite
Doppler shifts for the right and left dissociating atoms (11):

F (at)
R/L = (e · d0c)Qc f

〈0|ψp f 〉e±ikR0 cos θ/2


E ∓ kv cos θ + i	
. (13)

This so-called Auger Doppler effect was predicted earlier
[26]. Here 
E = E − ω∞

c f is the energy of the Auger electron
with respect to the center of Doppler-split atomic peak ω∞

c f . In
contrast to the molecular band (W = 0) the opposite Doppler
labeling of the right and left atomic slits brings the which-path
information W (1):∣∣F (at)

L

∣∣ �= ∣∣F (at)
R

∣∣, W �= 0.

This motivates us to focus below on the analysis of the com-
plementarity for the atomic peak. As one can see from Eq. (11)
the origin of the Doppler shift is the momentum exchange
between the Auger electron and the left or right atom. Due to
this, the effect studied here can be considered as a realization
of the Einstein-Bohr recoiling double-slit gedanken experi-
ment at the molecular level [19,20] where the left and right
paths have opposite Doppler labels.

It is enlightening to write down the cross section for the
atomic peak [20,22,26]:

σat = ∣∣F (at)
L + P f F (at)

R

∣∣2 = σdir + P f σint,

σdir = ∣∣F (at)
R

∣∣2 + ∣∣F (at)
L

∣∣2
, (14)

σint = 2Re
(
F (at)

R F (at)∗
L eikRζ

)
,

with the following expressions for the partial RAS amplitudes:

F (at)
R = (e · d̂0c) eikRζ/2


E − kvζ + i	
, ζ = cos θ,

F (at)
L = (e · d̂0c) e−ikRζ/2


E + kvζ + i	
, (15)

where a prefactor η = d2
0cQ2

c f |〈0|ψp f 〉|2 is omitted and d̂ =
d/d is the unit vector along d. The probability to pass inde-
pendently through the left and right atomic slits is described

by the direct term σdir. The interference term shows clearly
the suppression of the visibility of the YDSE pattern by the
opposite Doppler shifts which bring the WPI, |F (at)

R | �= |F (at)
L |,

except the ejection of the Auger electron perpendicular to the
molecular axis, cos θ �= 0.

B. Path information and interference for resonant Auger
scattering from fixed-in-space diatomic molecules

Let us analyze the RAS electron-ion coincidence exper-
iment which gives a unique opportunity to study WPI-INT
complementarity in the fixed-in-space molecule as the func-
tion of the angle θ = ∠(k, R) between the momentum of
the Auger electron and the molecular axis. Equations (14)
and (15) provide the following equations for our and GY’s
definitions of the which-path information [see Eqs. (1) and
(5)] and expressions for the contrast of the interference fringe
I0 and the interference I (2):

W = 1 − I0, WGY = 2|D
E |
(
E )2 + D2 + 	2

,

I0 =
√

1 −
(

2D
E

(
E )2 + D2 + 	2

)2

, I = I0| cos �|.
(16)

These quantities depend on the Doppler shift (D) and the total
phase shift (�) which is the sum of the YDSE phase shift
(kR0 cos θ ) and the Doppler phase shift (ψ):

D = kv cos θ, � = kR0 cos θ + ψ,

tan ψ = 2D

	
= 2kv cos θ

	
. (17)

To illustrate our duality relations (4) and (3) in comparison
with GY relations (7) and (6), we apply Eqs. (16) for the
O2 molecule using here and below the following parameters:
	 = 0.07 eV, kv = 0.5 eV, and kR0 = 13.75, corresponding
to the Auger electron kinetic E ≈ 492 eV. As one can see
from Eq. (16), the which-path information is absent (W =
WGY = 0) when the Doppler label of the atomic slit is equal
to zero (D = kv cos θ = 0) or 
E = 0. The former case takes
place for the molecular band [19,20], see Eq. (12), or when
the Auger electron is ejected perpendicular to the molecular
axis, θ = 0.

Let us first consider the case 
E = 0. The duality rela-
tions (4) and (3) introduced in this paper and ones of GY
[Eqs (7) and (6)] are shown in Figs. 4 and 5, respectively,
and display qualitatively the same results. Since the which-
path information is absent (W = 0, WGY = 0), I and W + I
(I2 and W2

GY + I2) coincide with each other and show the
modulation given by (| cos �|, cos2 �) in an agreement with
the inequalities W + I � 1 (4) and W2

GY + I2 � 1 (7). The
complementarity relations based on the fringe visibility I0

satisfy equations W + I0 = 1 (3) and W2
GY + I2

0 = 1 (6), as
illustrated in Figs. 4 and 5.

Now let us consider the strict resonance with one Doppler-
shifted atomic slit 
E = kv cos θ and, hence, the other one
is out of resonance. In this case the path information (16)
is not equal to zero except for θ = π/2 where the Doppler
label D = kv cos θ = 0 and thus W = WGY = 0. When the
Doppler shift approaches the maximum at θ = 0 and π , the
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FIG. 4. The complementarity relations based on the WPI defini-
tion W (1) introduced in this paper for the fixed-in-space molecules
and 
E = 0 (energy of the Auger electron E corresponds to the
middle of the Doppler doublet). In this case the WPI is absent,
W = 0 (16), and the fringe visibility I0 takes the maximum, I0 =
I0 + W = 1 [Eqs. (2) and (3)]. The interferences I = I0| cos �| and
I + W experience oscillations between 0 and 1 as functions of the
ejection angle θ = ∠(k, R) in agreement with the duality relation
(4).

WPI takes the maximum (Figs. 6 and 7) as follows:

Wmax = 1 − 	
√

4(kv)2 + 	2

2(kv)2 + 	2
,

Wmax
GY = 2(kv)2

2(kv)2 + 	2
. (18)

FIG. 5. Same as Fig. 4, but using the complementarity relations
based on GY’s WPI definition WGY (5). Similar to Fig. 4, WGY = 0
(16), the fringe visibility takes the maximum I2

0 = I2
0 + W2

GY = 1
[Eqs. (2) and (6)], and I2 = I2

0 cos �2 and I2 + W2
GY oscillate be-

tween 0 and 1 as the function of the ejection angle θ (7).

FIG. 6. Same as Fig. 4, but for case when the Auger electron
kinetic energy follows the Doppler ridge of the “right” atom, 
E =
kv cos θ . Simulations are performed using Eqs. (16).

The maximum of the WPI is smaller than 1, due to the energy
uncertainty given by the finite width 	 of the resonance.
In full agreement with the duality relations (3) and (6), the
fringe visibility I0 displays exactly opposite θ dependence as
compared to W (Fig. 6) and WGY (Fig. 7). The interference I
(I2) oscillates between I0 (I2

0 ) and zero. In an agreement with
the complementary relations (4) and (7), the sums W + I and
W2

GY + I2 do not exceed 1.

IV. RESONANT AUGER SCATTERING BY RANDOMLY
ORIENTED MOLECULES: ORIENTATIONAL DEPHASING

In the previous section we investigated the RAS from
the fixed-in-space molecule [20,25], which constitutes the

FIG. 7. Same as Fig. 5, but for case when the Auger electron
kinetic energy follows the Doppler ridge of the “right” atom, 
E =
kv cos θ . Simulations are performed using Eqs. (16).
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fully coherent scattering process by the perfectly aligned
molecule. However, common RAS experimental setups ad-
dress randomly oriented ensembles of free molecules [19,22].
In this case, both the Doppler shift (k · v) and the YDSE
fringe [exp(ik · R)] fluctuate due to random orientations of
the molecular axis R in the gas phase. In spite of the ran-
dom orientation of R, a partial selectivity of the absorption
transition dipole moment d0c along the polarization vector e
is still present due to the polarization prefactor (e · d0c) in
Eq. (13). Following the RAS experiment with gas-phase oxy-
gen molecules [22], we assume here that the Auger electron is
ejected along the polarization vector (k ‖ e) and that the x-ray
photon frequency is tuned in resonance with the O 1s → σ ∗
transition to the dissociative core-excited state [19,22]. For
this transition d0c ‖ R, and thus (e · d0c) ∝ (k · R) ∝ cos θ .

Now we are in the stage of modifing the definition of the
which-path information [Eqs. (1) and (5)] and of the inter-

ference (2) for the discussed RAS experiment [22] with the
randomly oriented oxygen molecules:

W =
〈(∣∣F (at)

R

∣∣ − ∣∣F (at)
L

∣∣)2〉
〈∣∣F (at)

R

∣∣2 + ∣∣F (at)
L

∣∣2〉 = 1 − 2
〈∣∣F (at)

R

∣∣∣∣F (at)
L

∣∣〉〈∣∣F (at)
R

∣∣2 + ∣∣F (at)
L

∣∣2〉 ,
WGY =

〈(∣∣F (at)
R

∣∣2 − ∣∣F (at)
L

∣∣2)〉
〈∣∣F (at)

R

∣∣2 + ∣∣F (at)
L

∣∣2〉 , (19)

I =
〈
2
∣∣Re

(
F (at)∗

L F (at)
R

)∣∣〉〈∣∣F (at)
R

∣∣2 + ∣∣F (at)
L

∣∣2〉
, 〈 f 〉 =

∫ 1

−1
f (ζ )dζ ,

where the angle brackets denote the averaging over orienta-
tion. According to Eqs. (14)–(15),

∣∣F (at)
R

∣∣ = |ζ |√
(
E − kvζ )2 + 	2

,

∣∣F (at)
L

∣∣ = |ζ |√
(
E + kvζ )2 + 	2

,
∣∣Re

(
F (at)∗

L F (at)
R

)∣∣
= ζ 2|[
E2 + 	2 − (kvζ )2] cos(kRζ ) + 2	kvζ sin(kRζ )|

[(
E − kvζ )2 + 	2][(
E + kvζ )2 + 	2]
. (20)

Figure 8 shows the cross sections 〈σdir〉 and 〈σint〉 and the
total cross section 〈σat〉 averaged over the molecular orien-
tation. The simulations were performed using Eqs. (14) and
(20). Due to the polarization selectivity of the core excitation
(e · d0c) ∝ cos θ , the orientational dephasing does not wash
out the YDSE interference and the WPI, which manifested
in a nicely resolved Doppler doublet (Fig. 8). This effect
was observed for the first time in the RAS from oxygen
molecules [22].

FIG. 8. Direct 〈σdir〉, interference 〈σint〉, and total 〈σat〉 RAS cross
sections averaged over molecular orientations. Calculations are per-
formed using Eqs. (14) and (20).

Figures 9 and 10 show that the orientational dephasing
transforms the complementarity equations (4) and (7) to the
correspondent inequalities

W + I < 1, W2
GY + I2

< 1.

The Doppler labeling of the atomic slits is quenched in the
regions |
E | � kv and |
E | � kv and takes the maximum
at 
E ≈ ±kv. In full agreement with our present definition of
the WPI, Eqs. (1) and (19), the results of simulations show the

FIG. 9. Role of the orientational dephasing. Which-path infor-
mation W , interference I, and W + I averaged over the molecular
orientations. Simulations are performed using Eq. (19).

023116-6



COMPLEMENTARITY IN WHICH-PATH RESONANT AUGER … PHYSICAL REVIEW A 109, 023116 (2024)

FIG. 10. Role of the orientational dephasing for GY’s WPI def-
inition. Simulations performed using Eq. (19). GY’s WPI is strictly
equal to zero for all 
E contrary to our WPI definition shown in
Fig. 9, where W �= 0 except for 
E = 0 and |
E | → ∞.

maximum of W near 
E ≈ ±kv (Fig. 9). The interference
I displays the opposite dependence on 
E : It is suppressed
near 
E ≈ ±kv where the WPI is available (Figs. 9 and 10).

In contrast to our definition of the WPI given in this paper
(W �= 0, Fig. 9), the GY’s WPI definition [Eqs. (5) and (19)]
shows the rather unexpected result that the WPI is identically
equal to zero (Fig. 10),

WGY ≡ 0,

despite that the path information is available due to the
Doppler labeling of the atomic slits, as it was discussed above
and observed in the experiment [22]. GY’s path information
WGY is equal to zero because of the strict equality that is valid
for the RAS process studied here:

〈∣∣F (at)
R

∣∣2〉 ≡ 〈∣∣F (at)
L

∣∣2〉
.

Nevertheless, even with the above equality, the expectation
value of the cross term for the RAS process in W (19) is not
equal to one,

2
〈∣∣F (at)

R

∣∣∣∣F (at)
L

∣∣〉〈∣∣F (at)
R

∣∣2 + ∣∣F (at)
L

∣∣2〉 �= 1,

and hence, W �= 0, since |F (at)
R | �= |F (at)

L | due to the opposite
Doppler shifts for right and left dissociating atoms.

Apparently this drawback of GY’s definition of the WPI
is not general property of WGY. This happens only for the
studied here case of the RAS process with a rather specific
Doppler labeling of the atomic slits in the randomly oriented
molecular ensemble. In most cases, GY’s definition of the

WPI describes correctly the two-slit experiments with differ-
ent origins of the path information.

V. CONCLUSIONS

In conclusion, we have obtained a different quantita-
tive formulation of Bohr’s complementarity for the pair
which-path information and interference. We applied this
principle for the analysis of resonant Auger scattering exper-
iments performed with fixed-in-space and randomly oriented
homonuclear molecules core-excited to the dissociative state.
In spite of the short lifetime of the core-excited state, the
molecule has time to dissociate. Auger decay of the disso-
ciated core-excited atom results in a formation of a narrow,
so-called atomic peak. Since the core-excited state is the
intermediate one in the scattering process, the coherent scat-
tering channels through the right and left atomic sites are
indistinguishable and thus interfere. This phenomenon resem-
bles strongly the YDSE interference except that the ultrafast
dissociation brings the Doppler labels for the right and left
counterpropagating atomic slits. The opposite Doppler shifts
for dissociating atoms provide the which-path information.

We computed the which-path information, the interference,
and their sum as functions of the angle of ejection of the Auger
electron as well as their dependence on the kinetic energy
of the Auger electron. In an agreement with Bohr’s comple-
mentarity, this sum is smaller or equal to 1 for fixed-in-space
molecules. The orientational dephasing in the case of the
RAS with the randomly oriented molecular ensemble makes
the sum smaller than 1. In an agreement with the comple-
mentarity principle the path information and the interference
display opposite dependencies, the larger the which-path in-
formation the smaller the interference and vice versa. We did
also the comparison of our quantitative formulation of the
complementarity with the alternative formulation made earlier
by Greenberger and Yasin [13]. Our and GY’s formulations
of the complementarity give qualitatively the same results
for oriented molecules in contrast to the YDSE experiment
with the randomly oriented molecules where the GY’s path
information is identically equal to zero in spite of the path
information being available due to the Doppler labeling of the
atomic slits.
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