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The photon-electron angular-momentum transfer is intrinsic and overwhelmingly important in light-molecule
interaction. However, the photon-nuclei angular-momentum transfer is seldom observed because of the very
large inertial moment and the very small dipole of nuclei as compared to those of the electron. Here, we report
the theoretical and experimental observation of the transfer of the spin angular momentum of the photon into the
nuclear orbital angular momentum of a molecule. This spin angular-momentum transfer is revealed by carefully
examining the emission direction of the ejected proton from the breaking H, molecule, which deviates from the
initial orientation of the molecular axis. The deviation of the emission direction of the nuclear fragments from
the molecular axis depends on its kinetic energy and the ellipticity of the driving laser field, which is confirmed
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in our numerical simulations.
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I. INTRODUCTION

A photon is a massless spin-1 particle, whose helicity
and energy govern the most fundamental light-atom and
light-molecule interactions. For instance, the polarization is
key for producing ultraviolet coherent light [1] and attosecond
bursts [2] by switching on or off the electron rescattering;
the photon energy is important for triggering photon-induced
chemical dynamics of molecules, e.g., reforming and breaking
of molecules [3]; and the intrinsic spin angular momentum
(SAM) rules the selective photon-induced electron transitions
in atoms and molecules.

A photon carrying the SAM of £/ is expressed as left-
or right-hand circularly polarized light pulses in classical
electrodynamics. The SAM of the photons may be transferred
to various targets on nano- or atomic scales. For instance,
the SAM of the photon can be transferred to its own
orbital angular momentum, i.e., a helical vortex wavefront
with a phase singularity, via the spin-orbit interaction in
artificial topological nanostructures [4] leading to structured
optical waves. The SAM transfer (SAMT) can also drive a
magnetization dynamics in ferromagnetic nanostructures [5]
known as optical spin transfer torque [6]. The SAMT from
intense laser fields to atoms is the basis for the generation of
SAM-controlled circularly polarized attosecond
pulses [7-10]. The angular-momentum transfer in atoms
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can be probed by M-state-resolved spectroscopy [11,12] via
a two-photon process. Recently, pioneering theoretical [13]
and experimental [14,15] works observed a field-helicity-
dependent photoelectron emission, i.e., spinning photoelec-
tron owing to the strong coupling of the angular momentum
of the photons and electrons in strong-field ionization of
atoms. As compared to atoms, molecules with additional
nuclear freedoms are much more interesting; for instance, the
chiral molecule shows a strong circular dichroism [16—18].
However, the coupling of photon helicity and nuclear angular
momentum, one of the most fundamental processes in the
light-molecule interaction [19-23], is still cryptic.

Here, we demonstrate the SAMT from photons to the
nuclear wave packet of a breaking molecule driven by strong
laser fields. We create the Ho™ by singly ionizing a neutral
H; molecule using a pump pulse, which is afterwards broken
by a latterly arrived probe pulse. The distinct momentum
distributions of the coincidently measured electron and ion
fragments ejected from a molecule allow us to identify the
pump-ionization and probe-dissociation events. The SAM of
the photon is coupled to the nuclear wave packet via the
route of the photon-electron transfer followed by the electron-
nuclei transfer, which is revealed by observing a kinetic-
energy-dependent emission direction of the ejected proton
from the breaking H,*. Our results demonstrate that not only
the electrons but also the nuclei of the molecule will acquire
the photon SAM.

The paper is organized as follows. In Secs. II and III, we
introduce the experiment methods for the measurement and
the numerical models dealing with the dissociative ionization
of H,. The results are shown in Sec. IV. The paper ends with
a conclusion in Sec. V.

©2019 American Physical Society
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FIG. 1. Schematic diagram of SAMT of left-hand circularly po-
larized laser pulse with spin angular momentum o = -1(S, = -h)
via the single-photon absorption from the 1lso, to 2po, states in
H,*. The inset plot shows the scaled kinetic energy release of H*
generated in 790 nm (red line) and 395 nm (blue), respectively.

II. EXPERIMENT METHODS

An elliptically polarized laser field with the ellipticity &
and frequency w can be expressed as two counter-rotating
circularly polarized laser fields; i.e.,

coswié; +esinwréy = 3(1+e)6 " +3(1—e)d . (1)

Here 6~ =coswté,—sinwré, and &7=coswté,+ sin wré,
stand for the right- and left-hand circular polarization, and
S, = %h is the spin angular momentum along the laser propa-
gation direction. Exposed to the laser field, H, may be singly
ionized by absorbing multiple photons, yielding a photoelec-
tron and a molecular cation H,*. As illustrated in Fig. 1,
the newborn H, ™ in the 1so, state may absorb extra photons
and populate the repulsive 2po, state when a time-delayed
probe pulse is introduced. These two successive processes are
expressed as

H2 +nha) — H2+ +€,
H," + mhw — H" + H,

where n and m are integers. In the first step, the released
photoelectron takes almost all photon angular momenta, and
the newborn H, ™" is a spectator in this SAMT. In the second
step, the SAM of the probe pulse is deposited into the valence
electron of H,* via laser-electron coupling, and afterwards
transferred to the ejected protons since the electron attaches
on one of the protons.

To examine the SAMT from the photon to the nuclei,
we conceive a laser-ellipticity-dependent measurement in the
photon-induced dissociation of H,* by completely measuring
the three-dimensional momenta of ejected electrons and ions
in coincidence, which allows us to unambiguously identify
the pump-ionization and probe-dissociation events [24] as
illustrated in Fig. 2(a). To prepare the H,™ ion source, we
use an elliptically polarized ultraviolet femtosecond laser
pulse centered at 395-nm to strip one electron from Hj. A
subsequent 790-nm probe pulse is employed to dissociate
the H,™ that was prepared in the first step. To ensure an
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FIG. 2. (a) Sketch of the electron- and proton-momentum mea-
surement from the dissociative ionization of H, by a pump pulse
(395 nm, blue areas) and a 300-fs time delayed probe pulse (790 nm,
red areas). (b) Experimentally measured electron-momentum distri-
bution under the photoionization of pump and probe pulses. The
regions enclosed by the gray dashed lines present the independent
photoionization from the pump pulse (395 nm). (c¢) The emission-
angle-resolved KER of H*. The dissociative fragments induced by
the pump pulse and probe pulse are located in the upper and lower
half spaces divided by the gray dashed line.

ensemble of randomly orientated H," for the dissociation by
the probe pulse, the pump-probe time delay is set to be 300 fs
by avoiding the rotational periods of both H, and H,™ [25,26].

The experiment was performed in an ultrahigh vacuum
reaction microscope of cold target recoil ion momentum
spectroscopy (COLTRIMS) [27,28] as illustrated in Fig. 2(a).
An ultraviolet 395-nm pump laser pulse was produced by
frequency doubling a near-infrared femtosecond laser pulse
from a Ti:sapphire multipass amplifier (790 nm, 25 fs, 10 kHz)
using a 150-um-thick S-barium borate (8-BBO) crystal. The
collinearly propagating pump and probe pulses were tightly
focused onto a supersonic gas jet of Hy by a concave silver
mirror (f = 7.5 cm) inside the COLTRIMS. The peak inten-
sities [29,30] and ellipticity of pump and probe laser pulses
in the interaction region were measured to be Iz9sp, ~ 1.0 X
10"W /cm?, e3950m = 0.4 and Irgopm ~ 0.85 x 1014W /cm?,
&790nm = 0.6, respectively. The major polarization axes of the
pump and probe pulses are along the x and y axes, respec-
tively. The rotating sense of the probe pulse can be tuned
from left hand to right hand as desired. The photoionization-
created ions and electrons were accelerated and guided by a
weak homogeneous static electric field and magnetic field.
The times of flight of photoelectrons and positions of the
impacts were detected by two time- and position-sensitive
microchannel plate detectors at the opposite ends of the spec-
trometer, from which the three-dimensional momenta of the
ions and electrons were reconstructed. The electron spectrum
is calibrated by examining the discrete photon-energy spaced

063407-2



OBSERVATION OF PHOTON-NUCLEUS ...

PHYSICAL REVIEW A 99, 063407 (2019)

photoelectron energy spectrum driven by a single 395-nm
laser field in the multiphoton ionization region, and the nu-
clear spectrum is calibrated using the observed kinetic energy
release (KER) value of Coulomb exploded doubly ionized
Arz.

As shown in Fig. 2(b), the pump ionization creates a typi-
cal photon-energy spaced discrete photoelectron-momentum
distribution (PMD) [31] correlated to the H,™, while the
elliptically polarized near-infrared (790-nm) ultrashort laser
pulse manifests the photoelectron momentum as two moon-
like distributions in the x-y plane [32]. According to the
different PMDs, we are able to spatially select the ion-
ization events from the pump pulse [24] by choosing the
regions enclosed by the dashed lines. Besides the distinct
PMDs, the ejected HT dissociated by the 395-nm pump and
790-nm probe pulses also ends with distinct kinetic energies.
As shown in the inset of Fig. 1, the measured H' in the energy
range of Ey+ < 0.8 eV mainly originates from the one-photon
dissociation pathway driven by the 790-nm pump pulse,
while the high-energy range with Ey+ > 0.8eV is mainly
produced by the one-photon dissociation of H,™ driven by the
395-nm probe pulse. As shown in Fig. 2(c), by using pump
and probe pulses of the orthogonal major polarization axis, the

J
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where the Volkov state |k(ts, t")) represents the photoelectron
born at ¢'. | Xg/u(t/)) are the 1so,- and 2po,-associated nuclear
wave packets of Ho™ at ¢/, and are given by the Frank-
Condon approximation. Uy;s(tf, '), the propagator governing

the dissociation of H, ™, is written as
I K,+V, E-D
Udis(tf,l‘,) =T exp —if dt” ’1 _)g ,
1% E-D K,+V,
3)

where T represents the time ordering operator in the coor-

. . 92 .
dinate representation, K, = — ﬁ 3"? is the operator of the
nuclear kinetic energy, u is the reduced mass for two protons,

V, and V, are the energy curves of the 1so, and 2po, states,
and D is the dipole coupling matrix between lso, and
2po, states. The dissociated nuclear-momentum distribution
is obtained by integrating [ d>k[|W,(pr)I* + [Wur(Pr)I*],
where Woor . k(Pr) = (Pr | Weoruk) and pr is the nuclear mo-
mentum. Note that the correlation of the ionization of H, and
the dissociation of H,™ is preserved in this model.

With the dissociative molecular wave packet W in hand, the
angular momentum of the ejected nuclear fragments along the
laser propagation is calculated via (M ) = (V|L,| V) where L,
is the nuclear orbital angular-momentum operator. The pump
and probe pulses are expressed as

Epump(t) = Epump(t)(cos wté; + epump Sin @t éy), 4

Eprobe @)= Eprobe (t)(gprobe cos wté, = sin wté)r)v @)

H* from the dissociation by the pump and probe pulses flies
to different directions and thus allows us to further spatially
disentangle them. Therefore, by properly gating the measured
photoelectron and H' along different emission directions and
kinetic energies, we are able to select the right events induced
by the pump ionization and probe dissociation.

III. NUMERICAL MODELS

Theoretically, we use a hybrid numerical model to simu-
late the dissociative ionization of Hj, called strong-field ap-
proximation, plus Born-Oppenheimer approximation (SBOA)
quantum simulation in the following. The single ionization
of H, is described by the strong-field approximation, and
the dissociation of H," is modeled by the two-state (1so,
and 2po,) time-dependent Schrodinger equation [33]. In this
model, the nuclear dynamics is confined in the laser polariza-
tion plane. The dissociative ionized molecular wave packet
W after the conclusion of the laser pulse is the product of
the freed electron in superimposed Volkov states and the
associated H," in superposed lso, and 2po, states. At the
terminal time 77, the molecular wave packet can be explicitly
written as

D)@ (O HIRE)
X 00)) ke ® (x| Hi 1) (@) )

(

with the major axis along the x and y directions, respectively,
where &pump and &prope denote the ellipticity of the pump and
probe pulses. The laser fields used in simulations are same as
those used in the experiment.

IV. RESULTS AND DISCUSSIONS

Since the right- and left-hand polarized probe pulse should
deposit opposite angular momenta into the molecule, one may
expect that the probe pulses with different helicity will induce
different proton-momentum distributions. Figure 3(a) shows
the calculated proton-momentum distribution for the laser
ellipticity of gprope = 0.6. The emission direction of the proton
slightly deviates from the major axis (along the y axis) of the
driving laser pulse. To highlight the deviation, we defined a
differentially normalized asymmetric momentum distribution,

_ Weu(px, Py) — Wru (P, py)
Win(px, py) + Wru(px, py)

B(x, py) (6)

Here Win(py, py) and Wru(py, py) are the yields of the one-
photon dissociation of H, ™ induced by the left- and right-hand
elliptically polarized laser fields, respectively. We use 56y to
denote the deviation angle of the emitted nuclear fragments
from the major axis of the elliptically polarized laser field.
Figure 3(b) presents the simulated B(px, py) for gprobe = 0.6
where a clear left-right asymmetry is observed. As shown
in Fig. 3(c), after absorbing one photon and jumping from
the 1so, state to the 2po, state, the dissociated nuclear wave
packet acquires the angular momentum from the driving laser
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FIG. 3. (a) Numerically simulated momentum distribution of
emitted protons driven by a left-hand elliptically polarized laser
field with ellipticity of 0.6. (b) Differentially normalized momentum
distribution B(p,, p,) of protons driven by left- and right-hand ellip-
tically polarized laser fields with ellipticity of £0.6. (c) Calculated
angular momentum (M), and deviation angle 80y, of H' as a

4

function of laser ellipticity.

field and 86y+ increases gradually with the increasing of the
ellipticity of the probe pulse.

For the one-photon transition, as shown in Eq. (3),
the laser-H,t coupling Hamiltonian is proportional to
(1463 -D+(1—g)dt-D, and the Wigner-Eckart
theorem implies that the one-photon dissociation wave
function could be perturbatively represented by |¥)
(1+¢e)m=+1)+ (1 —¢g)|m = —1), where m is the mag-
netic quantum number. Therefore, the expected angular
momentum along the laser propagation is given by m, =

% = % with M, being the longitudinal component
of the angular-momentum operator. Such a perturbative cal-
culation is comparable with the SBOA quantum simulation,
as shown in Fig. 3(c). This intrinsic angular momentum is
encoded into the deviation angle §0y+. Though protons with
different energies have different 66y+ due to the motion of
nuclei, comparing 66g+ at a fixed energy with ellipticity
Eprobe = 0.6 and &p0he = 0.4 makes it possible to infer the
intrinsic spin angular momentum.

Furthermore, the deviation angle §6y+ can be estimated
by constructing a model of the classical rotor. Assuming that
H,™" starts to dissociate at Ry where the one-photon resonant

coupling between 1so, and 2po,, occurs, one may deduce

M
dR
Ry IW

80+ = dR, 7)

where [ = 2uR*> and M =1 f’i—f are the rotational inertia and

angular momentum of the molecular ion. Here % is the repul-
sive velocity, which can be obtained by assuming a classical
particle propagates on the 2po, potential curve from R, by
numerically solving the Newtonian equation. Such a classical
estimation gives the similar 66g+ as shown in Fig. 3(c) (cyan
diamonds). The calculated §0y+ is independent of the laser
intensity and the molecular orientation, which contradicts the
well-accepted scenario of the electric kick and supports the
SAMT.

Figure 4(a) displays the experimentally measured proton-
momentum distribution induced by one-photon dissociation
of Hy% in the y-z plane driven by the probe pulse with
ellipticity of &pope = 0.6. The corresponding differentially
normalized distribution is shown in Fig. 4(c). Figures 4(b)
and 4(d) display the measured proton-momentum distribution
and its differential normalization when the ellipticity of the
probe pulse varies from 0.6 to 0.4. A smaller ellipticity leads
to a smaller 66y+. As shown in Fig. 5(a), the emission angle
of the ejected nuclear fragments increases with the decreasing
of the proton energy. Here the one-photon dissociation of H, ™
can be understood as the absorption of a left-hand photon and
a right-hand photon of various strength ratios depending on
the ellipticity of the probe pulse. A maximum emission angle
of ¢y+ =94 £ 1°(92 +2°) is observed at Ey+ = 0.15¢eV,
corresponding to §6y+ = 4 £ 1°(2 £ 2°) with respect to the
major axis of probe pulse for epope = 0.6(0.4). The error
bar is calculated by using Gauss’s error propagation law
based on the uncertainty of the normalized differences, i.e.,

A(LH,RH) =2 %, where LH and RH contain ab-
\ @CH+RH)

solute numbers of counts. Our numerical simulation mainly
reveals the KER-dependent deviation in high-KER regions.
As shown in Fig. 3(c), the average deviation angle of 3°
(2°) for eprope = 0.6(0.4) indicates an average nuclei angular-
momentum variation (M ). = 0.87(0.70) through the SAMT.
The deviation angle §0y+ gradually decreases to 1° with
increasing Ey+ up to 0.6 eV, as shown in Figs. 5(a) and 5(b).
The deviation between simulation and experiment in the
KER region of Ey+ < 0.3 eV might originate from the Frank-
Condon approximation for the description of the nuclear
wave packet. The numerically simulated kinetic energy in the
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FIG. 4. (a,b) Experimentally measured proton emission direction ¢y, as a function of Ey in the x-y plane under the clockwise elliptically
polarized probe laser field with ellipticity of (a) &prope = 0.6 and (b) &probe = 0.4, respectively. (c,d) The same as in (a,b) but for differential

normalization B(py, py).

low-energy regime is smaller than that observed in the exper-
iment. Besides that, the Coulomb action on the photoelectron
is also neglected in the simulation, which further modifies the
coherence of Hy™ produced at a different time. Compared
to the classical or the quantum calculations without con-
sidering the single ionization of H,, this SBOA model can
reproduce the experimental measurement qualitatively. The
acceptable agreement supports the SAMT principle: The pho-
ton SAM is transferred to the bound electron during the
photon-coupled transition from the lso, state to the 2po,
state of H,™, and afterwards the electron angular-momentum
deposits onto the heavy nuclei during the stretching of the
molecular bond via the electron-nuclei Coulomb interaction.
The more energetic protons have smaller §6y+, which can
be understood intuitively based on Eq. (7). The dissociation
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initiated at the shorter internuclear distance will experience a
faster motion of nuclei (dR/dt) and quickly increasing rotary
inertia /, and thus lead to a smaller deviation angle.

V. CONCLUSION

We experimentally and theoretically demonstrated the
SAMT from photon to nuclei in the prototype system of
one-photon-coupled dissociation of H, ™. Driven by an ellipti-
cally polarized laser pulse, the spinning of the nuclear wave
packet [34] during dissociation must be taken into account
in order to precisely analyze ultrafast processes, such as
the attoclock [32] molecular tunneling ionization, and circu-
lar dichroisms in angular distribution [17] or in molecular
frame [19,35]. The SAMT can provide an extra dimension
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FIG. 5. Experimentally measured and theoretically simulated proton emission angle as a function of the kinetic energy of the proton (Ep. )
for different ellipticities of (a) eprope = 0.6 and (b) gprope = 0.4, where ¢y and dby, indicate the directly measured emission angle in the
x-y plane and the deviation angle from the major axis of the dissociation laser field, respectively. The gray dashed lines and green and orange
solid lines are extracted from classical rotor model and SBOA quantum simulation, respectively.
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to probe and control the spin-related photoemission dynamics
and may open a new route to understanding electron-nuclear
correlation and rearrangement of molecules in strong laser
fields.
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