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We experimentally observe the bond stretching time of one-photon and net-two-photon dissociation
pathways of singly ionized H, molecules driven by a polarization-skewed femtosecond laser pulse. By
measuring the angular distributions of the ejected photoelectron and nuclear fragments in coincidence, the
cycle-changing polarization of the laser field enables us to clock the photon-ionization starting time and
photon-dissociation stopping time, analogous to a stopwatch. After the single ionization of H,, our results show
that the produced HJ takes almost the same time in the one-photon and net-two-photon dissociation pathways
to stretch to the internuclear distance of the one-photon coupled dipole-transition between the ground and
excited electronic states. The spatiotemporal mapping character of the polarization-skewed laser field provides
us a straightforward route to clock the ultrafast dynamics of molecules with sub-optical-cycle time resolution.
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As the simplest molecule in nature, H, serves as a
prototype for exploring numerous fundamental phenomena
in strong-field physics, which stands as the cornerstone for
understanding the breakage of molecular bonds [1-3], the
intramolecular electron localization [4—10], the charge
resonance enhanced ionization of molecules [11-16], the
absorption and deposition of the photon energy in mole-
cules [17-20], the Rydberg state excitation of breaking
molecules [21,22], and the Young’s double-slit interference
of electron wave packet [23,24]. In particular, the dis-
sociative single ionization of H, plays the role of initiator in
most of the above-mentioned strong-field phenomena,
where one of the two valence electrons may be stripped
off and the newborn Hj will dissociate by absorbing extra
photons from the remaining laser field, i.e., H, + nhw —
H" + H + e, denoted as the H,(1,0) channel.

As illustrated in Fig. 1(a), H, is ionized at the equilib-
rium internuclear distance R.q,. The produced HJ may
afterward dissociate via either the one-photon (labeled as
w) or the net-two-photon [labeled as (3—1)w] dissociation
pathway, which brings different kinetic energy releases
(KERs) of the ejected nuclear fragments [25-28]. In the
one-photon pathway, H; is resonantly excited to the 2po,}
state from the 1so, state by absorbing one photon at the
internuclear distance of R, followed by dissociation on
the 2po;l curve, as guided by the red arrows in Fig. 1(a).
The situation becomes complicated when it undergoes the
net-two-photon dissociation pathway. As guided by the
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blue arrows, Hj may transit to the 2po, state at the
internuclear distance of R, by absorbing three photons
followed by propagation on the 2ps; curve until reaching
R,,, where the Hj is dumped back to the lsoj state by
emitting one photon and finally dissociates on the 1so;
curve. Although these two dissociation pathways have been
intensively investigated, the temporal evolution of these
ultrafast processes is yet unclear. A natural question would
be whether it is possible to track in real time the dissoci-
ation process, for instance, answering in which pathway Hy
will reach R, faster after the photoionization of H, at Re.
Timing the dissociation process will allow us to figure out
precisely the phase accumulation of different pathways
during the bond stretching process, which governs various
interesting scenarios in molecular systems such as the
interference of electronic and nuclear wave packets [19].

The pump-probe scheme of ultrashort laser pulses
[29-32] is generally used to time the ultrafast processes,
but in that scheme, the time resolution is limited by the
pulse duration which is usually several optical cycles. On
the other hand, the angular streaking technique [2,33-35]
using a circularly or elliptically polarized laser pulse can
provide attosecond time resolution, but with this technique,
it is hard to distinguish events from neighboring optical
cycles of the multicycle laser pulse. In this Letter, we
construct a stopwatch experimentally using a polarization-
skewed femtosecond laser pulse with sub-optical-cycle
time resolution and use it to observe the bond stretching
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FIG. 1. (a) The lso, and 2po; potential energy curves of Hy .
The red and blue arrows illustrate the one-photon and net-two-
photon dissociation pathways, respectively. The dashed horizon-
tal lines indicate the vibrational states of v = 3 and v = 9 on the
Iso) potential energy curve. The inset (green curve) shows
the measured KER spectrum of the H,(1,0) channel, where the
highlighted red and blue areas correspond to the one-photon and
net-two-photon dissociation pathways, respectively. (b) The time-
dependent internuclear distance of the stretching Hi simulated by
our classical model for the one-photon (red curve) and net-two-
photon (blue curve) dissociation pathways.

time of different dissociative ionization pathways of H,.
Our results show that the H] wave packet launched by
photoionization spends the same time stretching from the
internuclear distances of Ry, t0 R, in the one-photon and
net-two-photon dissociation pathways. Further measure-
ments in the isotope D, confirm our findings, again, the
bond stretching time is found to be the same for the two
dissociative ionization pathways of D but scaled up by a

factor of v/2 as compared to that of H; .

To acquire an intuitive picture of the timing of the two
dissociation pathways of H; , we use a classical mechanics
to model the propagation of the nuclear wave packets
on the related potential energy curves by solving the
Newtonian equations. In order to match the ultimate
KER of the nuclear fragments measured in the experiment,
the initial kinetic energies of 1.19 and 0.12 eV are assigned
for the one-photon and net-two-photon dissociation

pathways, which corresponds to the nuclear wave packets
launched around Ry, and composed of vibrational states
centered at v =9 and v = 3 [indicated by the dashed
horizontal lines in Fig. 1(a)]. As shown in Fig. 1(b), the
nuclear wave packets of the one-photon and net-two-photon
pathways take 7,7 = 12.1 and 7(3_y),z = 12.6 fs to reach
R, from Ry, respectively. Although starting with a lower
speed at Ry, the bond stretching of the net-two-photon
pathway speeds up after absorbing three photons at R3,, and
catches up the one-photon pathway at R,,,.

We performed the experimental measurement in an
ultrahigh vacuum chamber using the COLd Target
Recoil Ton Momentum Spectrometer (COLTRIMS) tech-
nique [36,37], where the photoelectrons and ions produced
from the strong-field dissociative ionization of H, /D, were
detected in coincidence by two position-sensitive micro-
channel plate detectors at the opposite ends of the spec-
trometer. By measuring the time of flight and positions
of the charged particle impacts, the three-dimensional
momenta and kinetic energies of the photoelectrons and
ions were reconstructed event-by-event during the offline
analysis. The polarization-skewed laser pulse (rotating red
curve) is sketched in Fig. 2(a). The polarization of the
electric field E(t) slowly rotates from ¢z = 90° (—90°) to
¢z =0° (—180° as the time ¢ increases [38,39] (see
Supplemental Material [40] on the implementation of the
polarization-skewed laser pulse). Here ¢ represents
the polarization direction of the electric laser field (all
the angles are defined with respect to the horizontal y axis,
and the lab frame is used throughout this Letter). The vector
potential A(r) = — [* E(¢')df shares a similar profile
with E(7). Interestingly, for the slowly varying envelope
approximation, the A(f) points to the same or opposite
direction as that of the E(t), i.e..p,(t) = ¢pp(t)(or+
180°) = arctan{exp[—4In2(At/7*)(r — 1 Ar)]}. The laser
field can be treated as linear polarization within each
optical cycle, but the overall polarization direction rotates
by 90° from the leading edge to the tail of the pulse. The
unique mapping between the cycle-changing polarization
direction ¢z () [or ¢h, ()] and its evolution time 7 makes the
polarization-skewed laser pulse a stopwatch to clock the
dissociative ionization process (see the mapping curve in
Fig. S1 in the Supplemental Material [40]).

Figures 2(b) and 2(c) display the measured momentum
distributions of the photoelectrons and the correlated
nuclear fragments H" of the H,(1,0) channel. As shown
in Fig. 2(c), two sets of nuclear fragments H* correspond-
ing to the one-photon and net-two-photon pathways are
distinct in their KERs and emission angles ¢;,,. The
corresponding KER spectrum is sketched in the inset of
Fig. 1(a). We first investigate the one-photon dissociation
pathway by selecting the events within 0.6 eV < KER <
0.75 eV [highlighted in red in the inset of Fig. 1(a), or the
inner red ring in Fig. 2(c)]. As indicated by the arc-shaped
black arrow in Fig. 2(a), once the H, is oriented along
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FIG. 2. (a) The sketch of the stopwatch using a polarization-
skewed laser pulse (red rotating curve). The yellow curve in the
“electrons” inset illustrates the trajectory of the photoelectron
emitted from H, at ionization instant #;. Driven by the remaining
laser field after #;, the ultimate momentum of the photoelectron is
given by the vector potential A(7;) at the ionization instant, i.e.,
Peie = Pa + 180°. As illustrated in the “protons” inset, the
stretched Hj transits to the excited state at instant ; + 7.,
where the dipole-transition rate depends on the strength and
orientation of the instantaneous laser field E(t; + 7,y) with
respect to the molecular orientation ¢,,;. The ¢, is read from
the measured emission direction of the ejected HT, ie.,
Dol = Pion- (b),(c) Measured momentum distributions of the
photoelectrons and correlated nuclear fragments H* produced
from the H, (1, 0) channel. The events within the dashed red and
blue rings in (c) are selected to observe the bond stretching time
of the one-photon and net-two-photon dissociation pathways.

the ¢ direction, and it is ionized at ¢;, the stopwatch is
triggered. As the Hy bond stretches to R,, at #; + 7y,
the dipole-transition happens, and the stopwatch stops.
The probability of observing a dissociative ionization
event can be expressed as Pig(t;, dmo1) = Pi(ti, Pmot) Pwd
(ti + TwH: d)mol)’ where Pi(tia d)mol) and Pmd(ti +
Tt Pmot) stand for the ionization rate of H, at 7; and
the one-photon dipole-transition rate at t; + 7y, respec-
tively. Driven by a Gaussian-shaped laser pulse, for
molecules oriented along ¢, the envelope of P;(¢),
P,u(1), and P;y(r) can be modeled by Gaussian distribu-
tions of ~exp|—(t — t,)?/c?] centered at ; with a width
of o,. Here the (¢, o,) stands for (¢, 64;), (t;0ds Oswa)> and
(tg4> 04q) of the Gaussian profiles of P;(z), P,4(t), and
P;4(1), respectively. By expressing the Gaussian-shaped

Pi4(t;) with the product of P;(#;) and P,,(t; + 7,5), the
bond stretching time 7,5 of the one-photon pathway can
be extracted as

2
(o2
tsid)s—é}d- (1)

si

TwH — (tswd - tsid) + (tsi -

(see the Supplemental Material [40] for details).

The dashed green circle on top of the #; time in Fig. 2(a)
shows the corresponding electron trajectory. The photo-
electron released at ¢; is drifted by the remaining laser field,
and its final momentum is p.. = —A(#;) if the Coulomb
interaction is negligible. Therefore, the emission direction
of the photoelectron can be approximated as ¢, = ¢4 +
180°, which allows us to read the ionization instant from the
ejected photoelectron by mapping its emission direction to
t; according to the spatiotemporal property of the polari-
zation-skewed laser pulse (see the mapping curve in Fig. S1
in the Supplemental Material [40]). On the other hand, the
dashed purple circle on top of the ¢; + 7,5 in Fig. 2(a)
shows that the dissociative protons emitted along o1
direction for the one-photon dipole transition at ¢; 4+ z,,y.
We can read the molecular orientation (¢b,,) from the
measured emission direction of H™ (¢hio,), 1.€., @rmol = Pions
since the rotation of the molecule is negligible within the
ultrafast dissociation process on the femtosecond timescale.

In the following, we select the molecules oriented within
25° < (pmo1 < 45° to observe and compare the bond stretch-
ing time of the one-photon and net-two-photon dissociation
pathways directly. In this angle range, these two pathways
both have sufficient yields, and our stopwatch has a good
time resolution (see the Supplemental Material [40] for
more details). As an example, Figs. 3(a) and 3(b) display
the photoelectron momentum and angular distributions of
the one-photon dissociation pathway for molecules ori-
ented along the direction ¢,,,,; = 40° by selecting the events
within 39° < ¢;,, < 41°. The yield of the correlatively
measured photoelectrons corresponds to the observed
probability of the dissociative single ionization process,
which is the product of the photoionization and dipole-
transition rates. By relating the ¢ to the ionization instant
t;, the angular distribution of photoelectrons in Fig. 3(b) is
transformed into the distribution of the time-dependent
probability Pi4(t;), as plotted in Fig. 3(c) (red circles). The
measured P;4(;) can be fitted to a Gaussian function (solid
red curve), where we obtain 7y ~ 5.8 fs. The ionization
rate P;(t) of H, is calculated using the molecular
Ammosov-Delone-Krainov (MO-ADK) theory [42,43],
where the cycle-changing polarization of the polariza-
tion-skewed laser field is adopted. The MO-ADK calcu-
lation shows a weak dependence on the molecular
orientation [44]. The one-photon dipole-transition rate at
R, is obtained according to P,,(t) « [D(R,)E(t)]*
E%(1)cos?[pp(t)—dmol] [45,46], where D is the coupling
matrix of the dipole transition. For a molecule oriented
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FIG. 3. (a) The photoelectron momentum distribution of the

one-photon dissociative ionization pathway of H, correlated with
molecules oriented along ¢, = 40°. (b) The angular distribu-
tions of photoelectrons emitted from molecules oriented along
Pmol = 40° (red curve) and 30° (blue curve). The pink arrow
indicates the rotating direction of the polarization of the laser
field. (c) The corresponding dissociative ionization probabilities
Pi4(t;) deduced from the photoelectron angular distributions in
(b) by relating ¢ to the ionization instant ¢;. (b) Shares the same
vertical axis as (c), which represents the yield of photoelectrons
as labeled in the right of (c). (d)—(f) The same as (a)—(c) but for
the net-two-photon dissociative ionization pathway of H,.

along ¢, the ionization and dipole-transition rates can be
calculated individually according to the specific spatiotem-
poral profile of the laser field used in the experiment. For
instance for ¢, = 40° fitting numerically the time-
dependent distributions of P;(t) and P,,(f) with
Gaussian functions, we obtain f; ~ 12.1, o, ~25.3,
tywa ~ 13.5, and 6, ~ 22.2 fs. By putting all these param-
eters into Eq. (1), the bond stretching time of the one-
photon dissociation pathway is found to be 7,5 = 12.5 fs
(see the Supplemental Material [40] for more details).
Similarly, by selecting the events in the range of 29° <
¢Pion < 31°, the corresponding photoelectron angular dis-
tribution and Pj4(t;) are plotted in Figs. 3(b) and 3(c) (blue
curves and squares), from which the bond stretching time
is found to be 7,; = 13.4 fs.

The pink arrow in Fig. 3(b) marks the rotation direction
of the polarization-skewed laser field. The blue curve is
slightly shifted along the direction of the arrow as com-
pared to the red one, which indicates that the angular
distribution of the correlated photoelectrons rotates as the
molecular orientation changes (see the animated movies in
the Supplemental Material [40]). For molecules oriented
along different directions, the ionization and dipole-
transition times may shift along the time axis of the laser
pulse. As the polarization direction ¢(¢) of our laser field
does not vary linearly with the evolution time ¢ (see the
mapping curve in Fig. S1 in the Supplemental Material
[40]), the cross angle between the photoelectron emission
direction and the ion emission direction also varies for

time (fs)

4 T
25 35 45

¢mol (O)

FIG. 4. Experimentally extracted bond stretching time of
different dissociation pathways of H, as a function of the
molecular orientation ¢,,,. The curve with red circles shows
7,5 Of the one-photon pathway of H,. The blue solid and open
circle curves are the effective bond stretching times of z.¢ and
7(3-1)on Of the net-two-photon pathway of H,, respectively.

molecules oriented along different angles. However, the
bond stretching time is an inherent property of the ultrafast
dissociation process and does not change for different
molecular orientations. As plotted in Fig. 4 (solid red
circles), the extracted bond stretching time remains the
same for molecules oriented along various directions with
an averaged time of 7,y = 12.8 0.6 fs, which agrees
well with the predicted 12.1 fs in our classical simulation.

For the net-two-photon dissociation pathway, the H,
oriented along ¢, is ionized at ¢;, after which the newborn
H;r takes 73,y to stretch from Ry, to Rz, and absorbs three
photons at #; + 73,4, followed by emitting one photon at
R, at t; + 73_1),n- The three-photon up-transition rate
at Ry, is given by Ps,,(t) < [D(R3,) E(1)]® « ES(1)
08 [ g (t)—moi], While the one-photon down-transition
rate at R, is P, (t)x[D(R,)-E(t)]> x E*(t)cos*[¢p(t)—
Do) [45,46]. Comparing the expressions of P3,4(f) and
P,,(1), one can find that P3,,(7) can also be modeled by a
Gaussian distribution with f3,; =t and O34 =

V/36,,4/3. The overall dipole-transition rate is weighted
by the product of these two rates, i.e., P3,q(t; + T30m)
Pt + T<3_1)wH) [45,46]. Similar to the one-photon path-
way, the overall dipole-transition rate of the net-two-photon
pathway can also be expressed using an effective rate
Of  Puerr(t; + Tetr) = eXp[—(1; + Tefr — tswa)’/Ooegs)s from
which we deduce 7.y =0.7573,5 +0.257(3_1),p and Oy =
0.50,,4- Here the 7. can be regarded as the effective bond
stretching time of the net-two-photon pathway normalized
by the number of photons (see the Supplemental Material
[40] for details). Thus the probability of the net-two-photon
dissociative ionization pathway is given by P (t;) o
P;(#;)Pgesr(t; + 7ofr ), Which has a similar formalism with
the one-photon dissociation pathway, and the derived 7. is
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For the net-two-photon dissociation pathway, we exper-
imentally select the events of 1.2 eV < KER < 1.35 eV
[highlighted in blue in the inset of Fig. 1(a), or the outer
blue ring in Fig. 2(c)]. The measured momentum and
angular distributions of the photoelectrons of the net-two-
photon pathway are shown in Figs. 3(d)-3(f) for molecules
oriented along ¢,,,; = 30° and 40°. The solid blue circles
in Fig. 4 display the effective bond stretching time for
various molecular orientations with an average value of
Teip = 9.0 £ 0.2 fs, which is in good agreement with the
classical effective bond stretching time of 9.2 fs, affirming
the reliability of our classical model. By considering the
ratio y = 73,5/7(3-1yon = 0.64 obtained from the classical
model, the deduced 7(3_;),y 1s shown in Fig. 4 (open blue
circles) with an average value of 7(3_),; = 12.3 £ 0.3 fs.
Our measurements indicate that the one-photon and net-
two-photon dissociation pathways take almost the same
time to stretch to R, after the photoionization.

The similar bond stretching time for the one-photon and
net-two-photon pathways is further confirmed in the dis-
sociative ionization of D,. Our results show that the Dy
has a bond stretching time of z,p, = 17.4 £0.6 fs and
T3-1jop = 18.8 £ 0.2 fs in the same measurement using
a 1:1 gas mixture of H, and D, (see the Supplemental
Material [40] for details), which is slightly different from
the numerically predicted values of z,p, =17.2 and
T(3-1jep = 17.8 fs. Such a difference might be due to
the relatively long bond stretching time of D3 as compared
to that of H} . As aresult, either the ionization or the dipole-
transition between lso; and 2po)) states of D3 will occur
at the rising or falling edges of the laser pulse, where the
polarization direction ¢, (1) is less sensitive to the change
of the evolution time ¢ and thus may introduce relatively
large errors in the experiment. For the same photon-
resolved dissociation pathway, the bond stretching time
of D2+ is v/2 times of that of HY, which is indeed expected
since the nuclear mass of D, is twice that of H,. The
extracted data from the D, experiment confirm the robust-
ness and capability of the ultrafast stopwatch method.

In conclusion, we experimentally clock the bond stretch-
ing process of the dissociative ionization of hydrogen
molecules using a stopwatch of a polarization-skewed
femtosecond laser pulse. By reading the photoionization
and dipole-transition instants from the angular distributions
of the ejected photoelectrons and nuclear fragments, we
find that the bond stretching time of the one-photon and
net-two-photon pathways are almost equal. The ultrafast
stopwatch strategy using a polarization-skewed laser pulse
provides a straightforward and robust tool to probe the
ultrafast dynamics with ultrahigh time resolution, which
opens new possibilities to explore ultrafast processes in
molecules.
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