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Abstract. Interest in van der Waals complexes of oxygen with xenon is due to the alleged participation of such
complexes in providing anesthetic action of xenon in medicine The work is devoted to the measurement of the
intermolecular binding energy in van der Waals complexes of oxygen with xenon in Xe -O,. Van der Waals com-
plexes of oxygen with xenon were generated in a pulsed molecular beam. The velocity map imaging technique
was used to measure the energy distribution and the angular distribution anisotropy over the recoil directions of
oxygen atoms arising in the photodissociation of these complexes in the Xe -O,+hv— Xe +0O+0 process. The an-
gular distribution over the recoil directions of oxygen atoms with respect to the direction of the polarization of the
exciting radiation indicates the dominant contribution of T-shaped complexes, in which xenon atoms are oriented
perpendicular to the axis of the O, molecule. At a low xenon content in the expanding gas mixture, the dominant
contribution is provided by T-shaped Xe-O, complexes with van der Waals binding energy of 156 + 11 cm™.
With an increase in the xenon concentration, the T-shaped complexes with higher binding energy appear. It is con-
cluded that these complexes have structure Xe,-O,. This assignment is confirmed by the measured velocity map
of Xe" ions which indicates the presence of dimers Xe, in molecular beam at these conditions. The energy of the
van der Waals binding of O, with Xe, in Xe,-O, complex was determined to be 314 = 30 cm™!, and the structure

of these complexes was also proposed.
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1. INTRODUCTION

The van der Waals complexes of xenon with oxygen are of
interest due to the anesthetic action of xenon discovered in
the middle of the last century [1]. Xenon is used in modern
anesthesia because its use does not lead to side effects, but so
far this action of xenon has not been explained. It should be
noted that xenon is a noble gas, which allows us to exclude
a chemical mechanism of xenon action. Several hypotheses
have been proposed in the literature to explain the anesthetic
effect of xenon by the formation of van der Waals complex-
es with it [2—5]. The authors of [4] found a difference in
the anesthetic effect of different xenon isotopes, which was
explained by the influence of the nuclear spin of xenon at-
oms on the radical pairs recombination. To explain this ef-
fect, the mechanism of xenon action was proposed in [5],
which includes the participation of van der Waals complexes

of oxygen with xenon. Thereby, it is important to study the
structure and binding energy in such complexes.

Several works [6—8] have been devoted to the study of
the structure and binding energy in the simplest xenon-
oxygen complexes Xe-O,. Aquilanti et al. studied oxygen
molecules scattering on Xe atoms in molecular beams [6].
As a result of these measurements, the authors concluded
that the most stable configuration of the Xe-O, complex is
a T-shaped complex in which the xenon atom is located op-
posite the center of mass of the O, molecule at a distance of
3.87 A. The obtained van der Waals binding energy in this
complex was 144 cm™ [6]. In the same work, Aquilanti et al.
also determined the potential parameters of a less stable lin-
ear complex of Xe-O,. Wu et al. determined the equilibrium
geometry of the Xe-O, complex by measuring the kinetic en-
ergy of photoions resulting from the Coulomb explosion of
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Fig. 1. The photodissociation scheme of the T-shaped

complex X—0 5 : d,- — dipole moment of the excited

transition ({ — f ), v — angle between the recoil di-
rection of oxygen atoms and the symmetry axis of the
complex.

the complex after simultaneous photoionization of both mol-
ecules in the complex by a powerful femtosecond laser pulse

[7]. The results of this work confirm the dominance of the T-
shaped complex structure, but provide a slightly larger value

of the equilibrium distance Xe-O,, equal to 4.07 A. Earlier,
Vidma et al. applied a new method for measuring the bind-
ing energy in van der Waals oxygen X-O, complexes based

on the measurement of the velocity maps of oxygen atoms

O(3Pj) arising in the X—O 5 4hv— X+0+O0 process [8]. In

[8], the measurements for complexes with different X, in-
cluding X=Xe, were carried out. For complex Xe-O, the van

der Waals binding energy of 110 = 20 cm™' was determined

which is lower than the value obtained by Aquilanti et al. The

difference in the data obtained in experiments with molecu-
lar beams may be due to the generation of complexes of dif-
ferent composition. In the present work, we have performed

experiments in a wide range of conditions for van der Waals

complexes generation, which allowed us to eliminate the

contribution of other complexes to the results of measure-
ments for Xe-O, complexes, as well as to provide the condi-
tions for measuring the binding energy in more complicated

Xe,-0, complexes, which have not yet been studied.

2. VELOCITY MAP IMAGING TECHNIQUE
AND ITS APPLICATION TO VAN DER WAALS
BINDING ENERGY MEASUREMENT IN OXYGEN
COMPLEXES

The velocity map imaging technique was used in this
work. The technique was firstly implemented by Eppink and
Parker [9], the main aspects of its application are described
in the monograph [10]. The technique makes it possible to
measure the distribution of photofragments in kinetic energy
and in recoil directions with respect to the polarization of
the excitation laser radiation. The measurements are realized
in a molecular beam. The fragments formed as a result of
photodissociation are further photoionized by laser radiation.
Since the mass of electrons is very small, the distribution of
velocities and directions of the flight of positively charged
photoions coincides with the distribution for precursor neu-
tral photo-fragments with good accuracy. A system of open
electrodes is used to accelerate and focuse the photoions
onto a two-dimensional detector that measures the arrival
point of each ion. This focusing results in all ions of the same
mass, having the same magnitude and direction of velocity,
are focused to a single point on the detector, regardless of
where the photoion is born. In this way, a two-dimensional
projection of the 3-dimensional velocity distribution of pho-
toions is measured. The 3-dimensional velocity distribution
is reconstructed using the inverse Abel transform.

Earlier in the work by Vidma et al. it was shown that this
technique can be used to measure the binding energy in the
van der Waals complexes of oxygen with other molecules
X-0, [8]. At the photon energy sufficient for photodissocia-
tion, the complex decays with the breaking of both the O-O

Accelerating electrodes

Detector
Skimmer

<

\Molecula.r beam|

=

<

Pumping out

Expanding ion cloud

=)

=

\ . Camera

N

Pumping out

Second harmonic

A Laser Nd:YAG

crystal
°l 355 nm 451,312 nm —— 225,656 nm
BBO

Fig. 2. The experimental setup.
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bond and the van der Waals bond X-O, (in our experiments
X:XCH)

X — 0, 0CP) +0CP) + X. (1)

Therefore, oxygen atoms from the complexes fly out with
lower energy than in the photodissociation of unbound O,
by radiation with the same wavelength. This difference in
energy and angular anisotropy in the flight direction of the
photofragments from the complex allows us to determine its
binding energy.

Fig. 1 shows the kinematics of photofragment recoil upon
excitation of T-shaped X-O, complexes. Excitation of X-O,
complexes in the Hertzberg continuum region leads to the
oxygen Hertzberg I1I state (3 A,) excitation [11]. This transi-
tion (32§ -3 A,) is forbidden by orbital symmetry, but it
becomes partially allowed in the complex due to the admix-
ture of the charge transfer state of the complex [11,12]. As a
consequence, the transition dipole moment is directed from
the center of the oxygen molecule to the particle X, as shown
in Fig. 1.

The distribution over the oxygen atoms recoil directions
is described by the expression

1+ BP(cosB)

10 = 4n

(2
where B = 3C052Y —1 is the anisotropy parameter,
P(x)= (3x2 —1) / 2 is a Lejandre polynomial of the sec-
ond degree, 0 is the angle between the recoil direction and
the polarization direction of the excitation laser radiation [8].
The angle vy is determined by the ratio of excess energy local-
ized on the O-O bond and the X-0, bond in the excited state.
Therewith, the anisotropy parameter 3 >-1, where the equal-
ity B = —1 takes place in the situation corresponding to the
localization of total excitation on the O-O bond. The van der
Waals energy of the X-O, bond can be derived from the mea-
sured values of the kinetic energy of oxygen atoms formed
during free oxygen (T,) and complexes (T,) photodissocia-
tion, as well as the anisotropy parameter (f) for the oxygen
atoms angular distribution over the recoil directions [8]

D(X — 0,) = 2T, —2T1[1 +§(1 +BIOl ()

X

where mg / my is the atoms O and X mass ratio.

3. EXPERIMENTAL TECHNIQUE
The experimental setup described elsewhere [13] is shown
in Fig. 2. A pulsed molecular beam (gas pulse duration of
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Intensity

Fig. 3. Velocity maps of oxygen atoms formed during
photodissociation: a)-oxygen molecules (composition of
0, (1%)+He mixture, P=2 bar); b)-oxygen molecules and
xenon complexes with oxygen (O, (1%)+Xe(1%)+He,
P=2 bar); c)-xenon complexes with oxygen, the map was
obtained by subtracting image (a) from image (b). The ar-
row on the right shows the direction of laser radiation
polarization.

about 250 us) was generated with an electrodynamic pulse
valve, the design of which is described in [14], during super-
sonic expansion of gas into vacuum through a nozzle with a
diameter of 500 um.

To generate Xe,-O, and Xe, complexes, the valve was
filled with a gas mixture of different composition: O, (from
0to 7.5%) + Xe (from 0 to 4%) + He (balance) at a backing
pressure varied from 1 to 4 bar. The central part of the beam
formed by supersonic gas expansion into the vacuum cham-
ber was extracted by a skimmer with a 2 mm hole located
6 cm from the nozzle so generated molecular beam entered
the photoexcitation zone through an 8§ mm diameter hole
in the first electrode (repeller). The laser radiation was fo-
cused by a lens with a focal length of 17 cm onto molecular
beam at a right angle. Laser radiation with a wavelength of
225.656 nm was used. It was obtained by doubling the radia-
tion frequency of a pulsed dye laser (Coumarin-47) pumped
by the 3rd harmonic of the Nd: YAG laser (LS-2137U, Lotis
TII). The choice of such a wavelength is due to the fact that
the energy of one photon of this radiation is sufficient for
photodissociation of the oxygen molecule in a free state and
in the complexes Xe -O,. Moreover, at this wavelength the
resonance-enhanced multiphoton ionization REMPI [2+1]
of oxygen atoms in the ground *P, state formed during pho-
todissociation takes place. The formed ions are pulled by the
electrodes into the free drift zone, where they fly away from
the beam axis with velocities corresponding to those of the
oxygen atoms formed by photodissociation. The open elec-
trode system used focuses ions having the same magnitude
and direction of velocity into a single point on the detec-
tor. A two-dimensional detector consisting of an assembly of
F225—21P microchannel plates (Hamamatsu) captures the
arrival point of each ion. To detect O or Xe™ photoions, the
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Fig. 4. Angular distribution over the recoil directions of oxygen atoms formed during photodissociation of an oxygen mol-
ecule (left) and xenon-oxygen complexes (right) with respect to the direction of excitation radiation polarization is shown.
The values of the anisotropy parameter 3 obtained by fitting the angular distribution by expression (2) are shown in the figures.

detector is opened at the arrival time of the corresponding
ions.

4. RESULTS

4.1 Oxygen atoms O(°P,) velocity maps
Fig. 3 shows the obtained 2-dimensional images of ox-
ygen atoms velocity maps, which we will hereafter call im-
ages. Fig. 3a shows the image of oxygen atoms formed by
the photodissociation of unbound oxygen, Fig. 3b — by the
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Fig. 5. Kinetic energy distribution for oxygen atoms
O(’P,) resulting from the photodissociation of unbound
oxygen O, (O, (0.4%)+He, black line) and complexes xe-
non -oxygen (O, (0.4%)+Xe(0.2%)+He, red line), cor-
responding to the inner ring of images similar to those
shown in Fig. 3p.

photodissociation of the mixture of oxygen and xenon com-
plexes with oxygen, and Fig. 3c is the result of subtracting

image 3a from image 3b, which corresponds to the image of
oxygen atoms formed from xenon-oxygen complexes. Images

with similar shape were also observed at the other O, and Xe

contents in the initial mixture. In Fig. 4 there are the results

of the inversion of images of oxygen atoms O(*P,) formed by

single-photon excitation (inner ring in Fig. 3) of unbound

oxygen and oxygen-xenon complexes. These results show the

angular distribution over the directions of recoil with respect

to the direction of polarization of the laser radiation, respec-
tively. It is seen that the sign of the angular anisotropy pa-
rameter 3 changes for xenon-oxygen complexes.

Fig. 5 shows the result of the image inversion for oxygen
atoms arising from the single-photon photodissociation of
unbound oxygen, as well as from xenon — oxygen complexes.
It can be seen that the kinetic energy peak for oxygen at-
oms arising from photodissociation of the complexes shifts
to lower energy values.

4.2 Velocity maps of xenon atoms

Fig. 6 shows images for Xe™ photoions produced by fo-
cusing laser radiation A = 225.656 nm , v = 5.494 ¢V into
a molecular beam formed by the expansion of O,+Xe+He
gas mixtures of different compositions.

All images show an intense signal of cold photoions in
the center of the image, which arise from the non-resonant
3-photon ionization of free Xe atoms (ionization potential
IP=12.13 eV [15]) in the beam. In addition, rings corre-
sponding to photoions from xenon atoms with non-zero ki-
netic energy, which are formed by the decay of Xe complexes

JETP, Vol. 165, No. 1, 2024
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Fig. 6. Velocity maps of xenon atoms produced by fo-
cusing laser radiation (A=225.656 nm) into the molecu-
lar beam formed by the expansion of gas mixtures (P=2
bar): a) 0,(1%)+Xe(1%)+He, b) Xe(1%)+He, and
¢) Xe(4%)+He. The contrast in case b) is increased for
better visibility of the rings.

present in the gas mixture, are observed in all images. Since
the observed rings are also present in the absence of oxygen
(images 6b and 6c), it can be concluded that these are Xe,
complexes. Fig. 7 shows the photoion velocity distribution
obtained from the inversion of the images presented in Fig. 6.

5. DISCUSSIONS

5.1 Photodissociation of O,

The velocity maps for oxygen atoms formed from pho-
todissociation of the O, molecule by radiation of the Herz-
berg continuum spectral range were analyzed by Buijsse et al
[18]. The image in Fig. 3a contains two rings. The inner ring
corresponds to O(*P,) atoms formed during the one-photon
dissociation of O, molecule with the total kinetic energy of
O atoms equal to 0.377 eV=3041 cm"!, which corresponds to
the difference between the photon energy hv=>5.494 ¢V and
the O-0 bond breaking energy (5.117 eV, [18]). The bright
outer ring corresponds to the dissociation of O, as a result
of 2-photon excitation into the Schumann-Runge state with
decay giving rise to a pair of O(*P)+0O('D) atoms with total
kinetic energy of 3.91 eV. The value of the angular anisotropy
parameter for the inner ring measured in [18] was =0.56.
This value indicates the simultaneous contribution of two
electrodipole transitions, parallel (2%, p=2) and perpen-
dicular (2-I1, p= —1). The outer ring has a quadrupole
character of the angular dependence, which corresponds to
the two-photon transitions 2-3-T1 and 2-TI-I1, for which
the angular dependence for the distribution over the recoil
directions of oxygen atoms contains order 2 and 4 Lejandre
polynomials [18].

O(*P,) atoms velocity maps measurement for different oxy-
gen contents in the initial gas mixture at a pressure of 2 bar
showed that the inner ring diameter decreased with increas-
ing O, content up to 2.5% and more. This decrease indicates
the formation of larger size oxygen dimers and clusters, which

JETP, Vol. 165, No. 1, 2024

consumes additional energy to break the van der Waals bonds.
The formation of oxygen dimers, registered directly in the
mass spectra of a molecular beam formed using a similar de-
sign valve and close in composition to the expanding gas mix-
ture O,(3%) + He (P=2 bar), was observed in [20]. To exclude
the contribution of O,-0, dimers, the oxygen concentration in
our experiments with xenon complexes did not exceed 1% (full
pressure in the valve 2 bar) and 0.4% (4 bar).

5.2 Photodissociation of Xe — O,

Fig. 3c shows the image of O(°P,) atoms arising from
photodissociation of xenon-oxygen complexes. It is seen
that the image has negative angular anisotropy. It is con-
firmed by the results of angular distribution processing pre-
sented in Fig. 4, which shows that the decay of oxygen-xenon
complexes changes the sign of the anisotropy parameter 3
compared to the decay of free O,. The results of the velocity
map measuring for O(°P,) formed from complexes generated
at low xenon content (0.2 and 0.4%) in the initial gas mix-
ture provide similar results, which we can ascribe to Xe-O,
complexes. The negative anisotropy (f= —0.59 in Fig. 4b)
for the decay of such complexes indicates their T-shaped
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0% O, 4% Xe
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Fig. 7. Velocity distribution for Xe* photoions produced
by focusing laser radiation (A=225.656 nm, hv=5.494 ¢V)
into the molecular beam formed by the expansion of
0,+Xe+He gas mixtures with oxygen and xenon contents
indicated on the graph legend. The arrows show the ve-
locity values of Xe atoms expected for the 2-photon dis-
sociation of the xenon dimer Xe, decaying to form xenon
atoms in Rydberg states (4), with the energy of the states
given in the database [16]. To calculate the kinetic energy
of the formed Xe atoms, the Xe-Xe bonding energy in
the dimer was taken to be equal to the value of 197 cm™!
given in [17].
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structure. Figure 5 shows a decrease in the kinetic energy
of O(°P,) atoms compared to those formed during photo-
dissociation of unbound oxygen. Averaging the results of
measurements at low xenon content, taking into account the
measurement error of the anisotropy parameter (A==0.1)
and using the expression (3), gives the value of the van der
Waals binding energy in the T-shaped complex Xe-O, equal
to D(Xe-0,) = 15611 cm™'. The value of the binding energy
measured by us using photofragment velocity maps agrees
well with the result of Aquilanti et al 14447 cm™ [6] obtained
from the scattering of O, molecules on Xe atoms. The results
obtained in this work also help to explain the reasons why a
lower value was obtained in [8]. In paper [8], gas mixtures
with higher (5%) oxygen content were used. As mentioned
above in the discussion of the results on O, photodissocia-
tion, at higher O, contents (2.5% and higher), a noticeable
contribution begins to be made by O, — O, dimers disso-
ciation, whose decomposition produces oxygen atoms with
lower kinetic energy than that from free O, molecules. Using
the results of such a measurement as a reference value cor-
responding to the decomposition of unbound O, lead to the
underestimation of the determined binding energy in X-0O,
complexes.

5.3 Photodissociation of Xe, — O,

It was observed, that further xenon content increase in the
gas mixture (up to 1—-2%) leads to the oxygen atoms kinetic
energy shift to lower values T,=1339—1355 cm™!, which cor-
responds to the photodissociation of oxygen complexes with a
larger xenon atoms number. It can be assumed that during the
expansion of the gas mixture with an increased xenon content,
xenon dimers Xe, are formed as the simplest clusters, which
further recombine with oxygen to form the complex Xe,-0,.

Fig. 8. Xe,-0, complex structure (see the text).

The dimer formation under these conditions is confirmed by
the observed Xe™ photoion velocity maps, the inversion re-
sults of which are shown in Fig. 7. The position of the Xe*
photoion peaks observed in the figure corresponds well to the
velocity values expected for the atoms formed by the 2-pho-
ton dissociation of a xenon dimer Xe,, which decays to xe-
non atoms in Rydberg states Xe(Ry) with energies given in
the database [16]. The formation of Rydberg atoms Xe(Ry) is
provided by their one-photon ionization:

“4)
)

Xe, + 2hv — Xe + Xe(Ry),
Xe(Ry) 4+ hv — Xet +e.

The oxygen atom in the photodissociation of the Xe,-O,
complex is formed in the process of

Xe, — Oy + hv — O + O + Xe,. (6)

The image of oxygen atoms formed under conditions cor-
responding to the formation of Xe,-O, complexes (see Fig. 3c)
is also characterized by a negative value of the anisotropy pa-
rameter (the measured  lie in the range from —0.60 to —0.73),
indicating that the Xe,-O, complex is also T-shaped, i.e., the
center of the Xe, fragment is located perpendicular to the O,
axis. The structure of this complex can be constructed taking
into account that the van der Waals interaction of Xe atoms
with each other and of each Xe atom with the O, molecule
should be considered independently. The most stable con-
figuration with the T-shaped orientation of each Xe atom with
respect to O, is the structure shown in Fig. 8. Accordingly,
to calculate the van der Waals binding energy of Xe,-O, us-
ing expression (3), the mass is equated to twice the mass of a
Xe atom. Averaging the measurement results at higher xenon
content (1 and 2%), and taking into account the measure-
ment error of the anisotropy parameter (AB==0.1), we obtain
the value of the binding energy D(Xe,-0,) = 314430 cm™.
For the structure shown in Fig. 8, this binding energy should
be close to twice the value of the binding energy D(Xe-0,),
which is consistent with the results of our measurements. The
0O+0+Xe bond length in the complex in Fig. 8 can be as-
sumed to be R,=4.37 A for this distance in the Xe, dimer de-
termined in [17]. The distance R, in Fig. 8 should be consid-
ered close to the value of 3.87 A determined by Aquilanti et al.
in [6] for the Xe-O, complex.

6. CONCLUSION
In this work, the van der Waals binding energy in xenon-
oxygen complexes is measured using the photofragment

JETP, Vol. 165, No. 1, 2024
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velocity map imaging technique. The velocity maps allow us
to measure the photofragments distribution over their kinetic
energy and recoil directions with respect to the polarization
direction of the excitation radiation. The generation of xe-
non-oxygen complexes took place in a cold supersonic mo-
lecular beam. The complexes excitation and subsequent res-
onance-enhanced multiphoton ionization by REMPI (2+1)
of the arising oxygen atoms were performed using tunable
laser radiation.

To determine the van der Waals binding energy of oxygen
in the complexes, the velocity maps of oxygen atoms formed
from unbound oxygen molecules and from O, molecules in
complex with xenon atoms were measured. It is shown that
the sign of the angular anisotropy parameter changes in case
of the photodissociation of xenon-bounded O, molecule,
which indicates the T-shaped structure of xenon-oxygen
complexes in which the O, molecule is oriented perpen-
dicular to the direction of oxygen-xenon binding. The re-
sults of the velocity maps measuring at low xenon concen-
tration in the expanding mixture allowed us to measure the
van der Waals binding energy in Xe-O, complexes equal to
D(Xe-0,) = 156+11 cm !. With increasing xenon content
in the initial gas mixture, photogeneration of oxygen atoms
with lower kinetic energy was registered. It was ascribed to
the appearance of complexes containing two xenon atoms
Xe,-0,. This attribution is confirmed by the simultaneous
appearance of xenon dimers Xe,, which was recorded by the
appearance of translationally “hot” xenon atoms. Measured
kinetic energy of such “hot” atoms corresponds exactly to
that expected for the dimers photodissociation. The results
of the velocity maps measurement of oxygen atoms formed
from Xe,-O, complexes allowed us to determine the van der
Waals binding energy of oxygen in these complexes, equal
to D(Xe,-0,) = 314£30 cm'!. The results obtained allowed
us to propose the structure of Xe,-O, complexes. Also, the
results obtained in this work confirm the power of the pho-
tofragment velocity map technique in measuring the binding
energy in van der Waals complexes of oxygen.
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