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Photon-Momentum-Induced Molecular Dynamics in Photoionization of N, at hv =40 keV
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We investigate K-shell ionization of N, at 40 keV photon energy. Using a cold target recoil ion
momentum spectroscopy reaction microscope, we determine the vector momenta of the photoelectron, the
Auger electron, and both N* fragments. These fully differential data show that the dissociation process of

the N3 ion is significantly modified not only by the recoil momentum of the photoelectron but also by the
photon momentum and the momentum of the emitted Auger electron. We find that the recoil energy
introduced by the photon and the photoelectron momentum is partitioned with a ratio of approximately
30:70 between the Auger electron and fragment ion kinetic energies, respectively. We also observe that the
photon momentum induces an additional rotation of the molecular ion.
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The linear momentum of the photon is one of its few
fundamental properties. It is at the heart of many elemen-
tary effects of light-matter interaction. Prominent examples
are ionization by Compton scattering and laser cooling. In
the case of photoionization, however, it is the role of the
photon’s energy which is typically considered predomi-
nantly, and the effects caused by the photon’s momentum
are, to a large extent, neglected. Nonetheless, the photon
momentum influences photoionization in two ways: First,
momentum conservation dictates that, in every individual
photoionization event, the photon momentum is transferred
to the center of mass of the photofragments, i.e., the
electron(s) and the ion(s). Owing to the mass ratio, the
photon momentum is effectively transferred to the ion(s)
[1,2]. Second, on the statistical level over many events, the
angular distribution of the fragments is altered. This
manifests itself in deviations from the predictions made
within the dipole approximation.

In this Letter, we focus on the often neglected first effect—
namely, the role of photon momentum transfer to the frag-
ment ion(s). As already introduced in 1978 by Domcke and
Cederbaum [3], the photoelectron exerts a recoil momentum
onits parent ion and, as we will demonstrate in this Letter, the
photon momentum adds to that photoelectron recoil, as
predicted in Ref. [4]. Among the effects driven by this recoil
are rotational [5,6] and vibrational [7,8] excitation. It
manifests in high-resolution photoelectron spectra [9] and
Auger electron spectra [6], and it can alter the electronic
decay of excited states [10,11].
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In our experiment, we study K-shell ionization of N, at
40 keV photon energy:

hv(40 keV) + Ny = N (1s71) + epnoro
- N* + N* + €photo + € Auger+ (1)

Here, the photon momentum is ky = 10.7 a.u., the relativ-
istic photoelectron momentum is k., = 54.9 a.u., and the
Auger electron momentum is k,4, = 5.0 a.u.

The experiment has been performed at beam line ID31 of
the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France, using a cold target recoil ion momentum
spectroscopy reaction microscope [1,12]. A supersonic N,
gas jet was crossed with the photon beam yielding a
localized interaction region of 0.4 x 0.1 x 1.0 mm?.
The photon energy was selected using a pinhole mono-
chromator [13], yielding a flux of 8.4 x 10'* photons/s
at AE/E = 1.1%. The sychrotron machine operated in 16-
bunch mode, i.e., 5.68 MHz bunch rate, with a bunch
length of 50 ps (rms). The electrons and ions were guided
by a 51.7 V/cm electric field and a parallel 20.6 G
magnetic field toward two position-sensitive microchannel
plate detectors with a delay-line anode [14]. This yields a
47 collection solid angle for the emitted N ions and the
Auger electron, which were measured in coincidence. From
the positions of impact and the times of flight, the
momentum vectors of the detected particles are obtained.
At 40 keV, ionization occurs via two processes, K-shell
photoabsorption and Compton scattering. We distinguish
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FIG. 1. Kinetic energy release of fragmentation of N3" into

N* + NT after photoabsorption. The graph for K-shell photo-
ionization at 419 eV photon energy is taken from Ref. [17]. (Red
line) This Letter. N3© produced by Compton scattering at
hv = 40 keV. (Blue line) This Letter. N%* produced by K-shell
photoionization with photons of hv = 40 keV. The data are all
normalized to the highest peak.

these processes by inspecting the sum momentum of the
ions [2,15]. As photoionization occurs, the momentum of
the ions’ center of mass is given by the sum of the photon
momentum, the recoil of the photoelectron and of the

Auger electron kcm = k ke » ke 4> Which gives a mini-
mum value of 39.4 a.u. in the present experiment. For
Compton scattering, by contrast, the reaction is a binary
encounter of the photon and the electron. The ionic core has
to balance only the initial momentum of the bound electron
[16] since the momentum of the ejected electron is bal-
anced by the momentum change between the incoming and
the scattered photon. For those events identified as photo-
ionization, we obtain the momentum vector of the fast
photoelectron utilizing momentum conservation.

Figure 1 shows the measured kinetic energy release
(KER) of the N™/N* fragments for Compton scattering
and photoabsorption taken separately. We emphasize that
both distributions are measured simultaneously. For com-
parison, we also show the KER for K-shell ionization at
hv = 419 eV taken from the literature [17]. The different
processes populating the dicationic states cause the differ-
ence between the distributions shown in black and red. For
innershell photoionization, the doubly charged ion is
created by Auger decay while Compton scattering has
an additional contribution from direct valence shell double
ionization, which is expected to yield a similar KER
spectrum as electron impact double ionization [18]. In
all cases, the KER is obtained in the center of mass system
of the two N ions:

I
1k+—k+
KER_ZM’ )

where kN+b are the momenta of the ions a and b in the

laboratory system and y is the reduced mass. We observe
a significant shift of the peak centered around 10.6 eV
in the KER spectrum by about 0.5 eV. This peak results
from Auger decay into the (2¢,)”'(1z,)~" 'M,, (1z,)>
£+ and (30,)7!(20,)7"' T, states of N3* [17]. The last
state is responsible for the narrow peaks visible in the
Compton-scattering-induced KER distribution. Ionization
by Compton scattering, or K-shell ionization close to the
threshold, populates mainly the ground and lowest vibra-
tional states of the N3 (1s~!) molecular ion [19]. The nuclei
have little kinetic energy, and after the Auger decay, the
final kinetic energy is mainly determined by the potential
energy of the respective state within the Franck-Condon
region.

For the case of K-shell photoionization at 40 keV photon
energy on the contrary, the photoelectron momentum is
transferred locally to one of the atoms. For a homonuclear
diatomic molecule, thus, half of the momentum is imparted
to the relative motion between the nuclei [3,4], where it
leads to rotational and vibrational excitation. In the present
case, k., =54.9 a.u. corresponds to a vibrational and
rotational kinetic energy of 0.78 eV deposited into the
internal motion of the N (1s~!) molecular ion. This explains
the significant increase of the KER visible in Fig. 1. The
observed increase of the KER is therefore the counterpart to
the decrease of the photoelectron energy due to vibrational
and rotational excitation by the recoil effect [3,5-9].

In the next step, we demonstrate qualitatively that the
observed increase of the KER is not caused by the photo-
electron recoil alone but is in part due to the photon
momentum. Additionally, we show how the Auger electron
momentum contributes. To experimentally prove the role of
the photon momentum, we inspect the KER as a function of

the angle 9, ,, between the photon direction k, and the

momentum vector of the photoelectron 1_56 » [Fig. 2(a)]. The
data show a linear dependence on cos(9, ,,). Figure 2(a)
shows that the photon momentum changes the KER by
about 0.4 eV depending on whether the photon momentum
points parallel or antiparallel to the photoelectron.

To model this situation, we follow Ref. [4], assuming
that (k, —k,,)/2 is deposited into vibrational and rota-
tional degrees of freedom of the N3 (1s~!) molecular ion.
By energy conservation, the corresponding energy is
distributed after the Auger decay among the ions (as
additional KER) and the Auger electron. The maximum
increase AKER,,,,, occurring if the Auger electron energy
was not influenced by the photon and photoelectron recoil
momentum, is then given by

k,—k
AKER,, — K —Ferl”
4mN
K2+ k2, kk
_ 7 ep _ “rep 9 , 3
) ()
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FIG. 2. Position of the maximum in the KER distribution
between 10 and 12 eV for Compton scattering and K-shell
photoionization of N, at hv =40 keV as a function of cosd,
where § is the angle (a) Sk(,p,kr or (b) 9, k.- See the text for an
explanation (including of the shaded area). Black lines, the KER
peak position for Compton scattering (KER); magenta points,
measured data for the KER peak position for K-shell photoioni-
zation; red lines, expectation for AKER + KER,,, where AKER is
taken from (a) Eq. (3) or (b) Eq. (4); blue line, 0.7 x AKER +
KER [expectation from Eq. (3), assuming that only 70% of the
maximum recoil energy is imparted on the ionic fragments].

where my is the mass of a nitrogen atom. The full red line
in Fig. 2(a) shows this upper bound for a shift of the KER.
The blue line shows that about 70% of the maximum value is
transferred to the kinetic energy release, implying that the
remaining 30% of the recoil-induced energy transfer is taken
up by the Auger electron. This is in the range of what one can
expect from the following simplified consideration: For
diatomics, 2/3 of the internal energy leads to rotational
excitation. This does not couple to the Auger electron. The
component of the momentum transfer along the bond,
however, can lead to contributions to the Auger decay
occurring at nonequilibrium internuclear distances, com-
pressed or stretched compared to the monocation. In this
case, the Auger energy can be significantly increased
depending on the shape of the Auger initial and final states.
Neglecting the photon momentum would lead to a horizontal
line in the figure; thus the nicely reproduced slope of angular
dependence shows that the photon momentum adds to the
momentum-induced energy transfer as predicted [4].

Up to now, we have investigated the KER integrated over
all emission directions of the Auger electron. Figure 2(b)
shows that the recoil momentum of the Auger electron

—126 4 also influences the KER. Again, a linear dependence
of the KER on cos(8y , «, ) is found, where &,  , is the
angle between the Auger electron and the momentum sum
of the photoelectron recoil and photon momentum. We
have selected events where the photoelectron was emitted
to an angle of 45+ 10 deg with respect to the photon
direction, indicated by the shaded region in Fig. 2(a). The
corresponding recoil-induced kinetic energy change from
the photoabsorption step ¢ x AKER,.., with the above
empirical value of ¢ = 0.7, corresponds to an effective
momentum of k. of 33.5 a.u. The recoil momentum
imparted by the Auger electron adds to this momentum in
full, leading to a total increase of the KER by

ke Koy keirkea
mN 2mN

AKER = cos(, k.. ) (4)

which is indicated by the red line in Fig. 2(b). From Eq. (4)
and Fig. 2(b), it follows that in the present case, the recoil of
the Auger electron modifies the KER by about 0.2 eV,
depending on whether the Auger electron is emitted parallel
or antiparallel to the sum momentum of the photoelectron
and photon. This functional dependence indicates that for
N,, the momentum transfer of photon and photoelectron are
contributing only partially to the KER, while the recoil of
the Auger electron is fully contributing. While it seems
plausible that the photon momentum and the photoelectron
recoil act on the same atom and thus that these momenta
add up, the situation may be different with respect to the
Auger electron momentum. The Auger decay is not always
linked to the same center as the photoemission because the
vacancy can migrate across the molecule [20]. For a
homonuclear diatomic molecule, the hopping time is given
by the energy splitting of the g/u hole states [19,21,22].
In N,, the splitting is approximately 100 meV, which
corresponds to a time for the hopping from one to the other
atom of ~20 fs. This time is long compared to the ~7 fs
lifetime of the hole states, so in most cases the Auger decay
takes place before the hole changes sites. A very good
agreement of the present data in Fig. 2(b) with the classical
estimation via Eq. (4) suggests that the Auger electron
recoil acts on the same site as the photoelectron recoil.
In addition to modifying the KER, the photon momentum
also induces a rotational motion of the N3 (1s~!) molecular
ion. This is evidenced in Fig. 3, which shows the distribution

of the relative momentum p,. = (I;N; - iéN,*) /2 of the two

fragment ions. The two rings in the figure correspond to the
two peaks in the KER spectrum (see Fig. 1). In the individual
panels of Fig. 3, we have selected subsets of events where the
photoelectron is emitted in different directions, as indicated
by the gray lines. We find distinct maxima in the angular
distributions which are not located at the angle of the
photoelectron recoil, but at the angle of the sum momentum
of photon momentum and photoelectron recoil. The mole-
cules are initially randomly oriented in the gas jet, and the

193001-3



PHYSICAL REVIEW LETTERS 123, 193001 (2019)

Intensity (arb. units)

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 O. 1.0
Dret,z (100 a.u.)

FIG. 3. Fragmentation of N, by K-shell photoionization.
Displayed are the components x and y of the relative momentum
Drel (see the text). (a)—(d) Different emission directions of the
photoelectron (gray lines). The red arrows indicate the photo-
electron recoil, the blue arrows the sum of photoelectron recoil
and the photon momentum.

photoionization probability at these high photon energies
does not depend on the orientation of the molecule at the
instant of absorption. Naively, one would therefore expect an
isotropic angular distribution of the fragmentation, which is
strikingly not the case in Fig. 3. This observed alignment of
the fragmentation is produced by rotation of the N3 (1s7!)
molecular ion between ionization and Auger decay. The
momentum transfer initializes a rotational wave packet at the
time of photoemission. This wave packet of the originally
isotropic sample evolves in time and is quenched by the
Auger decay. Without this quenching, it would show revivals
as they are known from nonadiabatic alignment of molecules
in a strong nonresonant laser pulse [23]. From these laser-
based experiments, the revival time for N, is known to be
58.462 ps [24], i.e., much longer than the Auger lifetime. The
laser-based experiments show abrupt alignment briefly after
the laser pulse. It is this initial alignment which is seen in
Fig. 3. A more classical perspective on the rotation already
accounts for such a transient alignment along the direction of
momentum transfer shortly after the kick. Qualitatively,
those molecules which are oriented along the kick experience
a compression or stretch, but no rotation is induced. Those
molecules, however, which are aligned perpendicular to the
kick receive the maximum angular momentum and hence
rotate the fastest. This depletes the breakup directions
perpendicular to the momentum transfer.

In the current context, the key message of Fig. 3 is that
the fragmentation maximizes along the direction of the sum
momentum vectors of the photoelectron recoil and the
photon momentum. The influence of the photon momentum

is most strikingly seen by comparing Figs. 3(b) and 3(d).
In both panels, the photoelectron recoil is vertical, but it
points up in Fig. 3(b) and down in Fig. 3(d). The preferred
breakup is, however, tilted by the photon recoil clockwise or
counterclockwise, a tilt purely induced by the photon
momentum.

In conclusion, we have shown that in molecular photo-
ionization the photon momentum induces rotational and
vibrational motion of the molecular ion. For a homonuclear
diatomic molecular, this connects to the question of core
hole localization, as it shows that the photon transfers its
momentum locally to one or the other of two equivalent
atoms. The observation clearly supports the prediction in
Ref. [4] and rules out a scenario where the photon
momentum is split between the centers or transferred only
to the center of mass of the molecule. The situation is
analogous to momentum transfer to a molecule by
Rutherford scattering [25], where also the momentum
transfer yields a coherent superposition of vibrational states
of a molecule which are created by the full local momentum
being transferred coherently to one and the other center.
The photon momentum plays a fully equivalent role to
the recoil momentum of the photoelectron. The decisive
quantity for the molecule is the sum of all momentum
transfers. Following Ref. [26], one might envision that this
momentum transfer could be used to modify the KER not
only as in the diatomic case but also for larger molecules to
steer molecular dissociation pathways, e.g., through conical
intersections.
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