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We predict the recoil-induced molecular dissociation in hard-x-ray photoionization. The recoil
effect is caused by electronic and photon momentum exchange with the molecule. We show the strong
role of relativistic effects for the studied molecular fragmentation. The recoil-induced fragmentation
of the molecule is caused by elongation of the bond due to the vibrational recoil effect and because
of the centrifugal force caused by the rotational recoil. The calculations of the x-ray photoelectron
spectra of the H2 and NO molecules show that the predicted effects can be observed in high-energy
synchrotrons like SOLEIL, SPring-8, PETRA, and XFEL SACLA. The relativistic effect enhances
the recoil momentum transfer and makes it strongly sensitive to the direction of ejection of the fast
photoelectron with respect to the photon momentum.

I. INTRODUCTION

The dynamics and spectroscopy of highly excited
states of molecules is an issue of great importance to
chemical physics. The photon recoil effect is used in laser
physics for optical cooling and deflection of atoms and
molecules [1] with important applications to fundamen-
tal aspects of quantum mechanics such as Bose-Einstein
condensation and atom interferometry. It is well known
that photons [2] and photoelectrons [3] can transfer sig-
nificant linear momentum as well as angular momentum
in the course of x-ray absorption, scattering, and ion-
ization. The related recoil-induced vibrational and ro-
tational excitations have received significant attention in
x-ray photoelectron and Auger spectroscopies in the sub-
keV x-ray energy range, where electronic recoil dominates
and its role is rather weak. This generally justifies the use
of the time-honored Franck-Condon (FC) principle in the
soft-x-ray region where the momentum exchange between
the photoelectron and molecules manifests itself as small
rotational and translational Doppler broadenings as well
as a small recoil shift of the vibrational resonances due to
momentum transfer to the center-of-gravity (CG) of the
molecule. In the last decade, the interest in this field has
increased, mainly due to the available super-high spec-
tral resolution in the photoelectron energy range below
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10 keV which allowed to observeobservation of recoil-
induced vibrational excitation [4–8], translational and
rotational recoil shifts [9], the rotational Doppler effect
[10–14], as well asand recoil-induced Doppler splitting
[10, 15, 16]. The recoil shifts of the photoelectron lines
were observed also in solids such as graphite [17], the
heavy fermion material LiV2O4 [18], and Al and Au met-
als [19].

However, the already existing synchrotron sources of x-
ray radiation such as SOLEIL [20] and SPring-8 [17, 21]
deliver high brilliance synchrotron radiation up to ∼ 12
keV energies. Hard-x-ray photoelectron spectra at exci-
tation energies of 7940 eV were measured with a resolu-
tion of about 100 meV [17]. X-ray photons with an en-
ergy of 100--200 keV are available at the PETRA III syn-
chrotron [22, 23]. The x-ray free-electron facility (XFEL)
SACLA[24] generates x-ray radiation with photon ener-
gies up to 20 keV and intensity ∼ 1020 W/cm2, which
allows us to overcome low ionization cross sections in the
high-energy region. Such high-energy photons allow us to
reach rovibrational states close to the dissociation limit
and even to dissociate the molecule. One can reach the
rotational states J > 100 with an effective temperature of
105–106 K. It is important that the light creates a highly
coherent rovibrational nuclear wave packet which can be
controlled by analysinganalyzing x-ray fluorescence or
Auger spectra of core-ionized molecules [20, 25–27] as
well as optical spectroscopy [28, 29]. Exquisite control
over all the degrees of freedom of highly excited molecu-
lar cations with huge quantum numbers is a precursor for
exploring the transitions between the quantum and clas-
sical world. Perturbative approaches do not work at such
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high levels of excitation, where coupling between degrees
of freedom changes dramatically from what is observed in
the soft-x-ray region. As a result, interpreting molecular
spectra becomes increasingly difficult as the level of exci-
tation grows. Moreover, the underlying physical picture
of the recoil effect in the region above 10 keV is unknown.
Indeed, the photon recoil neglected in the sub-keV region
starts to compete with the electronic recoil when we pass
the 10-keV energy range and the photoelectron becomes
a relativistic object. Furthermore, the large recoil en-
ergy delivered to vibrations and rotations can break the
chemical bond as we show here. This makes understand-
ing x-ray spectroscopy in the energy range above 10 keV
an ongoing challenge and very timely.

II. THEORY

Before we discuss the consequences of the recoil ef-
fects, we must first pay attention to two important points
which we face in the hard-x-ray region. First of all, the
photon momentum (k, k = ω/c) starts to approach the
electron momentum p when the energy of the photon ω
approaches the rest energy of the electron mc2 ≈ 510.7
keV. The second important point is that now the speed
of the photoelectron can be comparable with the speed of
light, c = 137 a.u. (we use atomic units: m = ~ = e = 1).
This necessitatesrequires us to treat the electron as a rela-
tivistic object. Both the photon and the electron transfer
to the molecule the recoil momentum (see Fig. 1)

q = k − p. (1)

The kinetic energy of the relativistic electron E =√
p2c2 + m2c4−mc2 and the energy conservation law [30]

ω = I+E allow us to compute q =
√

k2 + p2 − 2pk cos χ:

q = k

√

(1 − β)2 + 4β sin2 χ

2
. (2)

Here β =
√

Ω(Ω + 2mc2)/ω2, Ω = ω − I, II is the
ionization potential, and χ = ∠(p,k). The recoil mo-
mentum q ≈ pNR =

√
2mΩ coincides with the momen-

tum of the nonrelativistic electron pNR when ω � mc2

and q ≈ mc[1+2
(

ω
mc2

)2
sin2 χ

2 ] in ultrarelativistic region
ω � mc2. Figure 2 shows that pNR > k in the low-energy
region while the photon momentum dominates in the
high-energy region k > pNR. In contrast, the momentum
of the relativistic photoelectron cannot be smaller than k

[p =
√

Ω
c (Ω

c + 2mc) > k] except for the tiny region near

the ionization threshold, Ω < ωk/2mc. Figure 2 shows
a strong dependence of q on the direction of ejection of
the photoelectron and very strong deviation of the dis-
persion law of q from the dispersion of the nonrelativistic
momentum of the photoelectron pNR =

√
2mΩ as well as

from the dispersion of the photon momentum k = ω/c.
We also reach the important conclusion that both the

electron and the photon contribute equally to the recoil
effect in the hard-x-ray region. Furthermore, one can see
that the recoil momentum and, hence, the recoil energy
Erec ∝ q2, increases drastically with increase of the angle
χ (Fig. 2).

The momentum exchange between the molecule and
the photoelectron and photon affects the center-of-
gravity (CG) of the molecule and internal vibrational
and rotational motions. When the x-ray photon is ab-
sorbed and the fast electron is subsequently ejected from
the atom A of a diatomic molecule AB with mass M =
MA + MB , the center-of-gravity of the molecule gains
the momentum q. This enlarges the kinetic energy of
the center-of-gravity by the recoil energy

ECG
rec = q2m/2M. (3)

The internal vibrational motion acquires the momentum
αq cos θ along the molecular axis, where θ is the angle
between q and internuclear radius vector R = RA −
RB , α = MB/M . The component of q orthogonal to R
creates recoil angular momentum J = α[R0 × q] at the
instant of the photoionization

J = J(θ) = αqR0 sin θ, (4)

which happens at the ground-state equilibrium distance
R0 (see Fig.1). Thus the vibrational and angular, or
rotational, recoils enlarge the vibrational and rotational
energies by the vibrational and rotational recoil energies
Evib

rec (θ) = Erec cos2 θ and Erot
rec(θ) = Erec sin2 θ, respec-

tively. The total recoil energy

Erec = Evib
rec (θ) + Erot

rec(θ) = α2q2m/2μ, (5)

transferred to the internal molecular motion is shared al-
most equally between vibrational and rotational degrees
of freedom. Here μ = MAMB/M is the reduced mass.
One should mention that the term “vibrational” is used
to denote both the recoil-induced vibrations and dissoci-
ation induced by the recoil momentum αq cos θ along the
molecular axis.

To include the recoil effects in the formalism one should
abandon the FC approximation and include the elec-
tronic transition dipole moment d ∝ q exp(ıq ∙ RA) =
q exp(ıαq ∙ R) of photoionization of an ss electron from
the site A into the FC amplitude between initial and final
rovibronic nuclear states characterized by the vibrational
and rotational quantum numbers

F0,νJ = 〈ψ0|e
ıαqR cos θ|ψν,J〉. (6)

Following the standard procedure [25], one can write
the expression for the ionization cross section with the
FC amplitude (6)[AU: In equations, math variables are
typically single letters with subscript descriptors. So
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d2σ

dOdE
= σel(BEEB , ω, χ)P (BEEB , ω, χ),

P (BEEB , ω, χ) =

π∫

0

dθ sin θ P (BEEB , ω, χ, θ), (7)

P (BEEB , ω, χ, θ) =
1
π

Re

∞∫

0

dte[ı(BEEB−I−ECG
rec +ε0)−Γ]tσ(t, θ),

Hi = −
1
2μ

∂2

∂R2
+

Ĵ2

2μR2
+ Vi(R).

We use the time-dependent representation deliberately
to describe on the same footing the bound and disso-
ciative nuclear states. Here |ψ(0)〉 = e−ıαqR cos θ|ψ0〉,
|ψ(t)〉 = e−ıHit|ψ(0)〉, BEEB = ω − E is the bind-
ing energy, ε0 = ω0/2 is the zero-point energy of the
ground state, P =

∑
|F0ν |2Δ(BEEB − I − (εν − ε0), Γ)

with Δ(E, Γ) = Γ/π(E2 + Γ2),
∫

PdE = 1, and
Vi(R) is the potential energy of the ionized state with
Vi(R))min = 0[Vi(R)]min = 0. The photoelectron spec-
trum for angle θ is given by the half-Fourier transform of
the autocorrelation function σ(t, θ) =

∫∞
0

dR ψ∗(0)ψ(t).
The electronic cross section σel of 1ss ionization for a
hydrogen-like atom can be computed using eEq. (57.8)
from Ref. [30]. Here, we neglected the thermal rota-
tional and translation motions in the ground state whose
effect is rather small because we study rovibrational ex-
citations with an effective temperature >∼ 104 K, except,
the translational and rotational Doppler broadenings [11]
which we will discuss below.

In view of the fact that the recoil-induced angular mo-
mentum J in the ionized state is large, one can replace
the operator Ĵ2 in the Hamiltonian by the square of the
classical momentum J2(θ) (4) according to the corre-
spondence principle. This allows us to write down the
semiclassical Hamiltonian

Hi ≈ −
1
2μ

∂2

∂R2
+ Vi(R, θ), (8)

Vi(R, θ) = Vi(R) + Erec

(
R0

R

)2

sin2 θ,

where the rotational kinetic energy is included in the ef-
fective potential Vi(R, θ) = Vi(R) + J2(θ)/(2μR2) (see
Fig. 3). The semiclassical approximation simplifies sig-
nificantly the simulations and gives deep insight into the
physics of vibrational and rotational dissociation.

III. BOND BREAKING IN H2 AND NO
MOLECULES

− We applied the developed theory to two showcase
molecules: H2 and NO. In the simulations we used the
Morse potential Vi(R) = Di(1 − e−ζi(R−R

(i)
0 ))2 with the

parameters (R(i)
0 , ω

(i)
0 , Di, ζi = ω

(i)
0

√
μ/2Di) extracted

from experimental data. H2X
1Σ+

g (H+
2 X2Σ+

g ) [31, 32]:
R0 = 1.40189 a.u. (2.00378 a.u.), ω0 = 544.9 meV (284.8
meV), D = 4.747 eV [32] (2.648 eV), I = I1σg = 15.427
eV, Γ = 0.05 eV. NO X2Π (NO+(1s−1

O )): R0 = 2.1754
a.u. [31] (2.2495 a.u. [33]), ω0 = 236 meV [31] (218 meV
[33]), D = 6.6 eV [31] (5.4303 eV [34]), I = IO1s ≈ 543.5
eV [35], Γ = 0.085 eV [33]. The values of (R(i)

0 , ω
(i)
0 , Di)

in brackets are for the ionized state. The large Γ = 0.05
eV used for H2 does not affect the results due to the
larger Doppler broadening. We used in the simulations
χ = 145◦, which is a possible setup in photoelectron spec-
troscopy and also because the recoil effect is enhanced for
this angle with respect to χ = 90◦ (see Fig. 2 and the
discussion below). However, as we see below, due to the
large Doppler broadening the best way to observe the
discussed effect is the detection of the fragment of recoil-
induced dissociation. In this case we should integrate
the cross section over all angles χ of ejection of the pho-
toelectron with respect to the photon momentum. This
integration is not important for hydrogen molecules (Fig.
4) because the χ dependence becomes significant only for
ω >∼ 10 keV (see Fig. 2).

The semiclassical Hamiltonian (8) allows to sheds light
on the qualitatively different vibrational and rotational
recoil-induced dissociations. Although Eq. (7) shows
that when the angle θ is arbitrary one cannot separate
the vibrational and rotational recoil effects, deeper in-
sight can be reached by considering two representative
angles, θ = 0◦ and θ = 90◦. In the first case we have
a pure vibrational dissociation while in the second one,
rotational dissociation. Both vibrational and rotational
recoil effects lead to the dissociation for intermediate an-
gles θ.

First, consider the role of the recoil effect in the ioniza-
tion profile of the hydrogen molecule. The formal reason
for the difference between vibrational and rotational re-
coil effects is the recoil factor exp(ıαqR cos θ) in the FC
amplitude (6). This factor being equal to exp(ıαqR) for
the purely vibrational recoil effect (θ = 0◦) experiences
fast oscillations which are compensated by the fast os-
cillations of the nuclear wave function resulting in the
nuclear momentum −αq and rather high nuclear kinetic
energy Ekin = Evib

rec (θ = 0◦) ≈ 3.2 eV in the point of
vertical transition [Fig. 3(a)]. As a result, the molecule
starts almost instantaneously to dissociate. In contrast,
the recoil factor exp(ıαqR cos θ) = 1 for the purely ro-
tational recoil effect (θ = 90◦). Thus, now we have the
ordinary FC amplitude where the vertical transition ends
up in the classical turning point with zero nuclear velocity
[Fig. 3(b)]. But contrary to the former case this vertical
transition occurs in the effective potential Vi(R, θ = 90◦),
which is strongly lifted up by the centrifugal potential
[Fig. 3(b)]. Now the molecule starts the dissociation
slowly from velocity u = 0. Due to the centrifugal force
the molecule is accelerated along the interatomic coordi-
nate causing the bond to break [Fig. 3(b)]. The spectral
shape of the probability of ionization is shown in Fig. 4.
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In spite of the different physics behind the vibrational
and rotational recoil effects, the profiles for θ = 0◦ and
90◦ are very similar [Fig. 4(a)]. One should notice that
in the energy range ω ≤ 5 keV the electronic recoil ef-
fect dominates and the role of relativistic effects is weak
contrary to the region ω >∼ 10 keV [Fig. 4(b)] where the
nonrelativistic approximation is not valid anymore. One
can see that the recoil-induced dissociation starts to take
place from rather low photon energy (ω >∼ 5 keV). The
reason for this is the small mass of the hydrogen and the
low dissociation energy in the ionized state, Di = 2.648
eV. One should mention that in the simulations we have
neglected the coherent ejection of the photoelectron from
both hydrogen atoms of H2 which results in the Cohen-
Fano interference [5–7, 14, 36, 37]. This is legitimate
since this interference is quenched for the case studied
here of hard-x-ray photon energies [5, 36].

It is interesting to notice that the peak position of
the rotational cross section (θ = 90◦) is red shifted
in comparison with the case θ = 0◦ [see Fig. 4(a)],
The reason for this shift is that the maximum of the
FC factor for bound-continuum transition is shifted by
δ = Fiai with respect to the vertical transition [38]. Here
Fi = ∂Vi(R, π/2)/∂R|R=R0 and ai = (2μFi)−1/3. For
example δ = 1.7 eV for ω = 30 keV in good agreement
with observed shift in Fig. 4(a). The spectra obtained
with the commonly used experimental detection angle of
χ = 90◦ are compared with the spectra for χ = 145◦ in
Fig. 4(c). One can see that there is a red shift of the
maximum of the probability for χ = 90◦ with respect to
χ = 145◦, which reflects the larger momentum q trans-
ferred to the molecule for χ = 145◦, as previously shown
in Fig. 2.

The picture changes drastically in the case of the
O1s1s photoionization of the NO molecule. Here, the
recoil-induced dissociation starts to occur from the en-
ergy ω = 200 keV (Fig. 5) which is rather close to the
rest energy of the photoelectron (see Fig. 2). This makes
both photon and electron recoils important as well as the
relativistic effects (Fig. 5). Due to the higher dissocia-
tion energy Di for NO than for H2, the effective potential
Vi(R, θ) for θ = 90◦ has a strong barrier which shifts up
the dissociation energy Di(90◦) [Fig. 3(c)]. Therefore
the rotational recoil effect needs larger Erec to overcome
Di(90◦). This results in a blue shift of the dissociation
threshold for θ = 90◦ in comparison with θ = 0◦ [Fig.
3(d)].

The FC amplitude (6) can be computed analytically
for a harmonic oscillator for fixed angle θ and ω0 = ω

(i)
0

to find the probability P0ν(θ) = |F0ν |2 of vibrational ex-
citation

P0ν(θ) = e−S(θ) Sν(θ)
ν!

. (9)

The two qualitatively different contributions to the
Huang-Rhys (HR) parameter S(θ) = Sshift + Svib

rec (θ) al-
low us to identify two sources of the vibrational excita-
tion. The first one Sshift = x2

0/2a2 = ΔEvert/ω0 is due

to the shift x0 = R
(i)
0 − R0 of the minima position R

(i)
0

of the potential Vi(R) of core-ionized state with respect
to R0, where ΔEvert is the energy of the vertical transi-
tion with respect to (Vi(R))min = 0[Vi(R)]min = 0. The
second reason is the vibrational recoil along the molec-
ular axis Svib

rec (θ) = (qαa cos θ)2/2 = Evib
rec (θ)/ω0. Here

a = 1/
√

μω0 and ω0 is the vibrational frequency. This
explains the increase of the intensity of higher vibrational
levels with increase of ω (see insert in Fig. 5). Taking
into account that the total recoil energy Erec is the sum of
the energies of vibrational and rotational recoils (5) one
can include the rotational recoil effect in the probability
P0ν by simple replacement

S(θ) → S =
ΔEvert + Erec

ω0
. (10)

This equation explains the physical meaning of the HR
parameter S which is the effective quantum number of
vibrational level which is mostly populated in the course
of photoionization. In spite of this crude approximation,
Eq. (10) gives a simple semiquantitative description of
the studied rovibrational excitation. One should notice
that contrary to the Poisson distribution (9) which is
valid only for a harmonic potential, its asymptote P0ν ≈
(2πS)−1/2 exp[−(ν − S)2/2S] for S � 1 is valid for any
potential shape [39]. The Gaussian distribution allows us
to write down the energy-normalized probability of the
photoionization as

P (BEEB) ≈
1

Δ
√

π
exp

(

−
(BEEB − I − Emax)2

Δ2

)

,

(11)
where Emax = ΔEvert + Erec + ECG

rec is the peak position
and ΔFWHM = Δ

√
4 ln 2 = ω0

√
8S ln 2 is the full width at

half maximum. Equation (11) says that the molecule will
dissociate whenever the recoil energy is high enough that
Emax exceeds the dissociation energy Di of the ionized
molecule: ΔEvert + Erec > Di. It is interesting to notice
that the peak position given by this equation BEEB −
ECG

rec = I + Emax ≈ I + Erec nicely coincides with the ab
initio calculation of the peak position of P (BEEB , ω, χ)
calculated using Eq. (7). For example I + Erec = 26.398,
22.342, and 18.643 eV for H2 is very close to the peak
position of P (BEEB , ω, χ) (7) 26.16, 22.29, and 18,8 eV
for ω = 30, 20, and 10 keV, respectively [see Fig. 4(b)].

One should notice that the translational and rotational
Doppler broadening Ddop = Dtr

dop + Drot
dop ≈ qv(1 +

2MB/3MA) [11] is significant for ambient conditions in
the high-energy region. For example Ddop ≈ 1.2 eV
(0.96 eV) for the NO (H2) molecule at T=300T = 300 K,
ω = 150 keV (10 keV), and χ = 145◦ (v =

√
2kBT/M).

Large broadening caused by the Doppler effect does not
allow us to resolve the vibrational structure. This washes
out the boundary between bound-bound and bound-
continuum transitions (Fig. 4) which immediately evi-
dences the dissociation. This hinders the direct observa-
tion of the recoil-induced dissociation in the photoelec-
tron spectrum. Figure 5 shows the recoil-induced blue
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shift of the maximum of the photoelectron line with the
increase of ω. However, the recoil-induced dissociation
starts only when this shift exceeds the dissociation en-
ergy of the core-ionized state Di (Fig. 5). Thus, we need
to know Di to evidence the recoil-induced dissociation.
Nevertheless, there is an alternative and direct way to
observe this dissociation. One can measure directly the
fragments of the recoil-induced dissociation in the time-
of-flight mode. The fingerprint of the recoil-induced frag-
mentation in this case is given by the ω dependence of
the kinetic energy of the fragment of dissociation.

IV. CONCLUSION

The discussed effect can be observed directly for the
H2 molecule by measuring the high-energy photoelec-
tron spectra of the H2 molecule (Di = 2.648 eV) at
the SOLEIL synchrotron [20] and SACLA XFEL [24]
or by detecting the ω dependence of the velocity of H+

ions using time-of-flight spectroscopy. In the case of the
NO molecule the recoil-induced dissociation can be ob-
served at the PETRA synchrotron using time-of-flight
spectroscopy for dissociation ions as well by detecting the
atomic peak in fluorescence [40] or in Auger spectra [41]
or optical fluorescence similarlyas in to Refs. [28, 29]. It
is appropriate to notice that the recoil-induced dissocia-
tion can be studied also using the recoil-induced Doppler
splitting of the resonance in the Auger decay process [16].
Furthermore, our preliminary analysis shows that the ef-
fect can be observed also in hard-x-ray F1ss ionization
of CF4, PF5, SF6, and MoF6 molecules. According to
Ref. [42] the F1s1s ionization results in the dissociation
of these molecules. The discussed recoil effect increases
the kinetic energy of fragments of dissociation. We sug-
gest to investigate the role of the recoil effect by mea-
suring the growth of the kinetic energy of the fragments
of dissociation with the increase of ω. It is important to
notice that there is a threshold for the recoil-induced dis-
sociation when the core-ionized state is bound (see Fig.
3): Erec

>∼ Di. However, this effect does not have a
threshold for the discussed molecules because the core-
ionized state is dissociative. Preliminary estimations for
the CF4 molecule show that the recoil-induced increase of
the kinetic energy of the dissociation fragment could be
detected for photon energies below 100 keV. One should
point out also that in the case of polyatomic molecules
the recoil energy will be distributed between different nu-
clear degrees of freedom.

The discussed mechanism of dissociation can be ob-
served also for surface adsorbed molecules or for surface
atoms. In spite that the main part of the hard-x-ray pho-
tons will be absorbed by the bulk atoms, some part of
the surface atoms will be also ionized. To increase the

amount of signal from the surface one can use the low
grazing angle set-up. This direction of investigation can
be important for surface sciences which need information
about the strength of the chemical bond on the surface
layer.
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FIG. 1: Orientation of the momenta of the photon k, the
photoelectron p, and q = k − p with respect to the initial
internuclear radius vector R0.

FIG. 2: The dependence of the recoil momentum q on ω and
χ = ∠(p,k) in comparisoncompared with the dispersion of
the nonrelativistic momentum of the photoelectron pNR and
the dispersion of the photon momentum k. The vertical line
ω = mc2 = 510.7 keV separates very approximately the non-
relativistic and ultrarelativistic regions. The insert shows the
recoil energy for the H2 molecule. One can see that the rela-
tivistic effect becomes important for H2 starting from ω = 10
keV.

FIG. 3: Physical picture of the vibrational (θ = 0◦) and ro-
tational (θ = 90◦) recoil-induced dissociation in the course
of the 1σg ionization of the H2 molecule and O1s1s ioniza-
tion of the NO molecule. Di(θ) is the dissociation energy of
the effective potential Vi(R, θ) [Eq. (8)]. For better visibility
the total probability P (BEEB , ω, χ) (shown by black line) is
lifted up. χ = 145◦.
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FIG. 4: Photoelectron spectra of the H2 molecule. (a) The semiclassical probability (7) P (BEEB , ω, χ, θ) for θ = 0◦ (vibrational
recoil) and 90◦ (rotational recoil), θ = ∠(q,R). The dashed vertical line shows the dissociation limit, and the solid vertical
lines show the peak positions of the probabilities. For better visibility, all probabilities P for θ = 90◦ in l (a) are scaled by a
factor of 0.5. (b) The total probability P (BEEB , ω, χ) computed using the relativistic equation (2) for the recoil momentum q

and the nonrelativistic one q ≈
√

2mΩ marked as (R) and (NR), respectively. One can see that the relativistic effects become
important starting from ω ≈ 10 keV. (c) The total probabilities P (BEEB , ω, χ) for χ = 90◦ and χ = 145◦ computed using the
relativistic equation (2).

FIG. 5: Total semiclassical probabilities (7) P (BEEB , ω, χ)
of O1s1s ionization of NO molecule. The vertical line shows
the dissociation limit. θ = ∠(q,R). The insert shows the
recoil-induced vibrational excitation for ω below dissociation
threshold. χ = 145◦.
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F. Gel’mukhanov, G. Prümper, T. Lischke, T. Tanaka,
M. Hoshino, H. Tanaka, and K. Ueda, J. Phys. B: At.
Mol. Opt. Phys. 39, 4801 (2006). [Issn: 0953-4075; Co-
den: JPAPEH] [DOI: 10.1088/0953-4075/39/23/001]

[6] K. Ueda, X.-J. Liu, G. Prümper, T. Lischke, T.
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hira, T. Hattori, S. Södergren, B. Wannberg, and K.
Kobayashi, Nucl. Instrum. Methods Phys. Res. A 547,
50 (2005). [Issn: 0168-9002; Coden: NIMAER] [DOI:
10.1016/j.nima.2005.05.011]

[22] H. Franz, O. Leupold, R. Röhlsberger, S. V. Roth, O.
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Viefhaus, E. Meckert, and T. Wroblewski, Synchrotron
Rad. News 19, 25 (2006). [Issn: 0894-0886; [DOI:
10.1080/08940880601064984]

[23] A. Burkhardt, T. Pakendorf, B. Reime, J. Meyer, P. Fis-
cher, N. Stübe, S. Panneerselvam, O. Lorbeer, K. Stach-
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