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Abstract

Alignment, dissociation and ionization of H> molecules in the ground or the
electronically excited E,F state of the H> molecule are studied and contrasted using
the Velocity Mapping Imaging (VMI) technique. Photoelectron images from non-
resonant 7-, 8- and 9-photon radiation ionization of H, show that the intense laser
fields create ponderomotive shifts in the potential energy surfaces and distort the
velocity of the emitted electrons that are produced from ionization. Photofragment
images of H' due to the dissociation mechanism that follows the 2-photon excitation
into the (E,F; v =0, J = 0, 1) electronic state show a strong dependence on laser
intensity, which is attributed to the high polarizability of the H> (E,F) state. For
transitions from the J = 0 state, particularly, we observe marked structure in the
angular distribution, which we explain as the interference between the prepared J = 0
and Stark-mixed J = 2 rovibrational states of H», as the laser intensity increases.
Quantification of these effects allows us to extract the molecular polarizability of the
H (E,F) state, and yields a value of 103 + 37 A.U.
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1. Intoduction

Like atoms, molecules can absorb many non-resonant photons from an intense
laser radiation field and ionize; and processes such as above threshold ionization can
be observed.[1] However, molecules also possess dissociative pathways as well as
ionization pathways. Phenomena such as dissociative ionization[2] and multiphoton
ionization[3] are easily observed in most small molecules and by studying these
processes one can learn about the details of the nature of the molecular bonding,
electron distributions and couplings between different electronic states.

Molecular hydrogen is one of the most abundant materials in the universe and
despite being the simplest and most studied neutral molecule it remains a great
challenge for theory when coupled to intense laser fields.[4] Many exquisitely precise
experimental studies and extensive quantum chemical calculations have been
performed on isolated molecular H, but with the advent of more and more intense
laser sources, the interest on dissociation and ionization processes of molecular
hydrogen and deuterium has increased in the last decades.[1-33] In this study, we
utilize laser intensities between 5 x 10'® W/cm? and 2 x 10'* W/cm?.

A resonant multiphoton ionization process in molecular hydrogen that has
received much attention in the last two decades involves the two-photon excitation to
the E,F 'E," state followed by subsequent absorption of one photon to cause
ionization.[28-30] The unusual shape of the E,F electronic potential curve has two
minima resulting from the avoided crossing of the (1sc,) (256,), E state, and (2pcu)?,
F state, potential energy curves. It is expected that the double-minimum nature of this
intermediate state should manifest itself in several ways in the ionization due to the
homogeneous perturbations between vibronic levels associated with the ionic inner (E
state) and covalent outer (F state) wells and the expected large variation of the
transition moment with H-H internuclear distance.[29] The resonant 2+1 process is
conveniently employed to determine internal-state populations of H» in molecular
dynamics experiments involving gas-phase and gas-surface scattering as stated in
previous studies.[13, 28, 29, 34-37] We utilize the two-photon excitation to populate a
particular rotational state of the E,F state from which to perform 532 nm non resonant
dissociation and ionization studies.

The ion-imaging technique was first demonstrated by Chandler and Houston[38]

to record spatial distributions of photodissociation products. Higher resolution was



achieved by Eppink and Parker[39] utilizing an ion lens in the detection path, this
transformed the image from a spatial image to a velocity image (Velocity Mapping),
improving the resolution of the velocity measurement. This technique has become a
standard method in the study of molecular photodissociation and bimolecular
scattering.[40-49]

In the present study, we utilize the Velocity Mapped Imaging technique to study
the intensity dependence of the angular distributions of H' production channels
associated with either ionization of H»>(X) followed by dissociation with 532-nm laser
light, or dissociation of H2(E,F; v =0, J =0, 1) followed by ionization of the H(N = 3)
atom fragment. By quantification of the angular distributions as a function of laser
intensity, we learn about the mechanisms that generate the H" (Fig. 1) as well as
measure the molecular polarizability of the E,F state of H» for the first time.
Ponderomotive shifts in the potential energy surfaces and hence distortions in the
velocity of the emitted electrons that are produced from 7-, 8- and 9-photon ionization
caused by intense laser fields were observed from the non-resonant 532 nm laser
radiation ionization of Hz. The recorded photoelectron images are found to arise from
H," that is highly aligned with the 532-nm laser polarization. The laser does not
however align the H2(X) ground state but selects those molecules whose internuclear
axes are aligned with the laser beam polarization axis. Because of this selectivity the

photoelectron images reveal the molecular frame photoelectron spectra.

II. Experimental Method

A. Non-resonant 532-nm photodissociation of ground state H

A skimmed molecular beam of 10% H> (Matheson gas purity > 99.99%) diluted in
He, in order to minimize space-charge distortions due to producing too many ions
with a single laser shot, is crossed by a beam of 532-nm laser light (Fig. 2). The gas is
delivered through a pulsed valve (30-psi backing pressure) with a 20-ps pulse width
Amsterdam Cantilever Piezo Valve and skimmed by a 3-mm diameter skimmer
(Beam Dynamics). A 108-ps pulse length stimulated Brillouin scattering (SBS)
compressed high energy Nd:YAG laser (SL330 — EKSPLA) was used in these
experiments. The laser beam is focused with a 178 mm fused silica lens onto the
molecular beam (also shown in Fig. 2). Our ion optics was calibrated with the non-

resonant 532 nm photoelectron image of Kr.



B. 532-nm dissociation following 2-photon excitation of H, (E,F; v=0,1=0, 1)

Individual (E,F 'Z,") rovibronic levels of H, are populated by tunable, pulsed
ultraviolet laser radiation. This laser radiation is generated by propagating the visible
output of the Sirah PrecisonScan dye laser (Mix Rhodamine 610 + Rhodamine 640 in
methanol dye, A= 598 - 636 nm, bandwidth = 0.04 cm™) through a frequency-
doubling, a frequency-tripling and tracking units containing KDP and BBO crystals.
Photofragment images of H' following 532 nm irradiation of the H (E,F; v =0, J = 0)
and H, (E,F; v =10, J = 1) state were recorded. The H> (E,F; v=10,J =0, 1) levels
were populated by the 2-photon excitation of ground state H, at 201.683 nm and
201.796 nm, respectively. Two different lasers are used to perform these experiments:
a single-mode (Coherent “Infinity”) laser system having a 4 ns pulse length or a 108
ps pulse length stimulated Brillouin scattering (SBS) compressed high energy
Nd:YAG laser (SL330 — EKSPLA). The laser beams are focused with a 220 mm
fused silica lens onto the molecular beam. In these experiments a molecular beam of

neat H> (Matheson gas purity > 99.99%) is utilized.

C. The velocity-map imaging lens and the electron/fragment detection system

The photodetached electrons or H fragments are accelerated towards a position-
sensitive detector consisting of a set of 75 mm diameter micro-channel plates (MCP)
coupled to a phosphor screen (Photonis USA, Inc) and a charge-coupled device
(CCD) camera (Andor’s Zyla 5.5 sCMOS camera, 2560 x 2160 pixels). The imaging
detector is located at the end of the VMI spectrometer (Fig. 2). The VMI lens and the
entire electron flight path are enclosed within a concentric cylinder of p - metal
shielding (0.76 mm thick, 13.2 cm diameter, 84 cm length). There are four holes (3
cm diameter) equally spaced each 90 degrees around the perimeter, located 5 cm from
one end of the tube. Velocitas VMI DOUBLE PRIME ion optics are utilized in these

experiments.

II.  Theoretical Method
The effect of molecular polarizability on a molecule with no permanent dipole
moment, subject to an electric field, was studied by Friedrich and Herschbach.[50]

Intense laser fields on polarizable molecules tend to distort the electronic distribution



of the molecule, thus inducing a dipole moment. The interaction potential of this
process is governed by a cos? @ distribution. As a result, aligned pendular states are
created, which are superpositions of the field-free rotational states. For sufficiently
intense fields, the angular distribution of the molecular alignment is distorted, and the
structure that appears provides valuable information about the rotational spectroscopy
of the polarizable molecule.

An estimation of the molecular polarizability can be obtained from the low-field
data using the formula from Ref. [50], which connects { cos? 6 ) to the polarizability

anisotropy as:
(c0s?80);_g = -+ — dw
(1

1 2
(c0s?0);oq = z+ =z Aw

2
for Hz (E,F; v=0,J =0, 1), respectively; where 4w = (a — a ) f—;, ), the parallel

and perpendicular polarizability components, E,the electric field peak value and B the
rotational constant. In our experiments involving the E,F state of H> (E,F; v=10, ] =
0) the 532 nm radiation mixes the E,F state with the B and C states of H> and the

details of this mixed state dictate the difference in polarizability a; — a,.[17]

IV.  Experimental Results and Discussion

A. Non-resonant 532-nm photodissociation of ground state H»

As shown in Fig. 1, the energy of seven 532 nm photons (16.31 eV) ionizes H>
molecules (15.43 eV ionization potential) and is enough to produce H>" v in = 0 - 3.
Eight 532-nm photons (18.64 eV) contain enough energy to dissociatively ionize H»
into H'. Many nonlinear and perturbative effects in the molecule appear due to the
high laser intensities demanded for seven- and eight-photon excitation; producing
unique photophysics. Some of the effects observed are above threshold ionization
(ATI), ac-Stark shifting of energy levels, shift of the ionization potential, above-
threshold dissociation of H" and excitation of Rydberg states of the neutral
molecule.[1, 16, 19, 32]

Fig. 3 presents photoelectron images following the 532-nm ionization of Hz at two
different laser intensities. The intensity profile taken down the middle of the image,

along the laser polarization axis, is shown next to each image and shows the H," ion



yield resulting from the ejection of the electrons at various energies. Photoelectrons
with little translational energy from the photoionization process are observed at the
center of the image. On average, the more energy the electron receives from the
photoionization event the faster it is moving axially and the farther away from the
center of the detector it will strike. Several features are observed at these two
intensities. Near the center of the image (labeled as 7hv) are photoelectrons
originating from the seven-photon ionization of H,. Seven 532-nm photons have
sufficient energy to produce H»" in v =0 - 3. Having the lowest available energy,
electrons from the formation of H>" (v = 2 and 3) would be closest to the center of the
image that are not observed. However, electrons from v = 0, and 1 are observed and
labeled in Fig. 3 (a and b).

Another feature of the photoelectron images is the blurring of the photoelectrons
associated with the seven-photon ionization. As the laser intensity is increased, the
blurring affects successively higher energy electrons associated with excitation of
lower vibrational levels of H," (v = 0 and 1). This blurring effect has been reported
before by Chandler and Parker[32] for D, photoelectron spectra and Helm et al.[51]
for both H, and Xe photoelectron spectra. Helm et al. proposed several possible
phenomena to explain this effect: non-resonant ionization, tunneling ionization, and
double ionization.[51] A mechanism of neutral Rydberg state excitation followed by
either field ionization or autoionization producing “zero kinetic energy” or low kinetic
energy electrons, respectively, that are subsequently accelerated by the laser beam’s
ponderomotive potential[33] was later proposed by Chandler and Parker.[32] At high
laser field intensities the ground state of the Hx"and the first excited (dissociative)
state of the ion become coupled by the laser field, process known as “bond
softening”.[1, 16, 32] However, a close look at the photofragment images in Fig. 4,
slowly moving H" along the laser polarization can be observed which could also be
due to direct excitation to the repulsive state, dissociative ionization.[52]

At larger radii, eight-photon, above-threshold ionization (ATI) are also observed
and labeled as 8hv. The intensity is distributed over many vibrational levels (v =2 -
6) also labeled in Fig. 3, where v = 5 and 6 are the most intense features. These states
are observed presumably due to near resonance interaction of the light at the 6 photon
energy with the v = 5 - 7 states of intermediate C state. From inspection of the

photoelectron images, the ATI peak changes shape as a function of laser intensity and



has dramatic enhancement for particular vibrational levels at specific laser intensities.
At high laser intensity, the ATI peaks shift to higher energy, as lower vibrational
levels of H," are populated.

Similar to Chandler and Parker’s[32] observations on D>, at a similar laser
intensity (3.92 x 103 W/cm?), v = 0 at the seven-photon level is observed to be the
very weak photoelectron peak compared to v = 5 at the eight-photon level (see Fig.
3b), in contrast to Yang et al.[ 19] who reported it to be the most intense photoelectron
peak. On the other hand, at 1.59 x 10'* W/cm? laser intensity (Fig. 3a), v = 0 at the
seven-photon level is observed to be a strong peak almost as intense as v = 5 at the
eight-photon level in contrast to Zavriyev and Bucksbaum[33] who stated that it got
greatly diminished at a laser intensity of 1 x 10'* W/cm?.

A straight edge is also observed in both sides of the photoelectron images along
the laser polarization in Fig. 3. This is not an artifact from our experimental setup or
processing analysis. This real feature is actively being investigated.

Fig. 4 shows photofragment images of H' recorded from this process using the
same apparatus and under the same conditions as the photoelectrons images of Fig. 3.
The H>" can absorb 532-nm photons to a repulsive state and dissociate. One- and two-
photon dissociation of H>" is observed in Fig. 4 and is labeled as lhv, and 2hv,
respectively. The images show sharp structure and narrow angular distributions for
the ejected H'. The one-photon dissociation shows very prominent peaks assigned to
v =4 - 6 (taking into account the uncertainty in magnification ratio of the apparatus).
At low laser intensity, v = 5 appears as the largest peak, followed by v =6 and as the
laser intensity increases v = 4 appears and gets stronger (as shown in Fig. 4). The
dissociation energy shifts to lower vibrational levels with increasing laser intensity
indicating bond softening in the Ho. [1, 4, 6]

Additional angular distribution analysis of the rings in the photofragment images
(Fig. 4) at different 532 nm laser intensities was performed for each individual H,"
vibrational band observed (v = 4 — 6) and were fitted to a cos™ @ distribution where
1n/2 represents the number of photons absorbed (See SI Fig. 1). The strongly peaked
H" images from the 1-photon dissociation of the H," are strongly peaked with a near
cos'? angular distribution. This distribution is nearly independent of the vibrational
level that dissociates and much narrower than the dissociation of the same levels if the

originating state is the H2(E,F) state (as we show below). We interpret the sharply



peaked angular distribution that is observed to mean that the H' is mainly due to laser
selection caused by the initial non-resonant 6-photon absorption process needed to
reach the excited states of the H> molecule; and not due to either adiabatic alignment
of the ground state H> molecule or selective dissociation of the H>" caused by the
angular dependent coupling of the dissociation channels.[1, 3, 13, 32] The narrow

cos'?

angular distribution in the images reveal the molecular frame photoelectron
spectra.

B. 532-nm dissociation following 2-photon excitation of the E,F electronic state

of H> molecule

The dissociation mechanism that follows the 2-photon excitation into the E,F
electronic state can be represented by: H» (E,F; v =0,J =10, 1) + (2 x 532 nm
photons) = H(N = 0) + H* (N = 3). The inner ring featuring in the image in Fig. 5 is
assigned, by conservation of energy, to originate from 2- 532nm photon excitation
following dissociation to H(N = 0) + H*(N = 3). The H" image also shows intense
structure assigned to photoionization of v =15 and 6 of H,".

The electronic distribution of any molecule is distorted when the molecule is
exposed to an external electric field. This effect is related to the molecular
polarizability and results in an induced dipole moment.[15, 50, 53, 54] The
polarizability interaction is governed by a cos? 6 distribution where 0 is the angle
between the molecular axis and the field vector.[55] When the field is sufficiently
strong, these anisotropic interactions create directional superpositions of the field-free
rotational states in which the molecular axis oscillates about the field direction.[50]

Angular distribution analysis of the H" formed from the photodissociation of H>
(E,F; v=10,1=0, 1) state was performed as a function of laser intensity by defining
0 = 0 and 180 degrees along the laser polarization axis and 6 = 90 and 270 degrees
perpendicular to the laser polarization axis and passing through the middle of the
inner circle. Signal around an annulus drawn with width, radius, and center previously
determined for each image is integrated around the top and bottom halves of the
circle. The top and bottom halves were later averaged.

As shown in Fig. 6, the photodissociation of H2(E,F; v =0, J = 0) state shows a
strong laser intensity effects. At low intensities, the angular distribution of the H" has
a significant contribution from a sin? & component; while at higher laser intensities a

predominantly cos? 6 distribution is observed whereas in the case of the J=1 state a



strong intensity dependence of the H' is not observed (shown in Fig. 7). This
phenomenon could be associated to a mixing between the E,F state and the nearby B

and C states induced by the laser field (see Theoretical discussions below).

V. Theoretical Results and Discussions

Fig. 8 shows the fitting of the data for Ho(E,F; J = 0, 1) states. By fitting the data
to Eq.(1) for the E,F (J = 0) state, as shown in Fig. 8, we find a molecular
polarizability of 103 + 37 a.u., a value that is 93 times smaller than the one given by
the literature.[17] This discrepancy is expected, since the theoretical value is
estimated taking a static electric field into account. For a laser pulse at 532 nm, the
E,F and C electronic states do not couple as strongly as in the static case, and as such
the high value of a1 (-9600 a.u.[17]) expected for a static field is not produced. It is
also worth noting that the calculated polarizability anisotropy values 1.8753 a.u.[56]
and ~2.02 a.u.[18] found in the literature for the ground state of H> were theoretically
obtained assuming a static electric field. Even though the measured polarizability of
the Ho(E,F) state is much smaller than the theoretical value in a static field, it is still
much larger than the ground state polarizability. We observe the angular distribution
at the lowest laser powers at two different voltages for the ion optics associated with
the mass spectrometer and see no change in the angular distribution. From this
observation we conclude that the low voltages of ~1000 Volts / cm are not responsible
for any of the alignement or mixing we observe.

As the pulse energy increases, the intensity peak in the angular distribution
gradually switches from perpendicular to parallel to the laser polarization. At
intermediate field values, though, the distributions show structure that suggests the
existence of an interference term. At these values, a local maximum appears at 90
degrees, which is not expected when only one beta parameter is involved in the data.
This maximum is produced by the interference between the field-free rotational states.
Therefore, the angular distribution should be expressed using a formula that includes
all the transitions that take place with the dissociation.

When molecules are prepared at a particular rotational state [JKM), the angular

distribution is given by[22]:

10) = [d2,,(0)] (1 + B, P,[Cos(O)]} )



where [3, is the spatial anisotropy parameter, dI]<M (0) is a Wigner rotation Matrix and
P,[Cos(0)] the associated Legendre Polynomial. Therefore, a formula that would
describe the angular distributions of our experiment should be consistent with Eq. (2).
We introduce a phenomenologically derived formula, which fits the angular

distribution data. The amplitude of the angular distribution should include two terms,
one for the initially prepared rotational state |000) and one for the only allowed state,
which will mix with the |000) state via the Stark Effect, using first-order perturbation
theory, the |200) state:

4(0) = { [ay0C05(8) + a1 4Sin(8)]dSy(0)y/(T = &) + [ay,Cos(6) +

aL2Sin(8)]c d3,(6)}
3)

where q j, a, j the complex amplitudes of parallel and perpendicular transitions and ¢

is a mixing parameter. Thus the angular distribution I(0) is calculated to be even about

the laser linear polarization direction by:
1(6) = {lA(®)I* + |A(m — 0)1}/2 -.-(4)

which then yields:

160) = (1 - CZ){l + B2(00) Pz[COS(g)]} + 02{1 + Ba22) Pz[COS(g)]}[dgo(g)]z +

2¢/(1 = ¢2) {1 + By(oz) P2[Cos(0)1} d3,(6)
...(5)

where B,yare the beta parameters of the angular distribution for each contributing
term: gy for J = 0; By () for J = 2 fragments; and B¢y for the interference between
J =0 and J = 2 fragments. The p;y) interference parameter contains phase

information about the dissociation process. Thus, each term corresponds to a
particular rotational state or interference between them. For low-field measurements,
c should be very small. We note that Eq. (5) reduces to the form of Eq. (2) for ¢ =0 or
1, and that for small values of ¢, Eq. (5) agrees with Eq. (1).
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Fig. 9 shows the structure of the angular distribution of H" fragments for E, =
1012% . At low fields, the distribution is mostly perpendicular (8.~ — 0.3),

whereas at high fields it becomes mostly parallel (B;(2)~1). To fit the intermediate
field data with the pronounced bump at 90 degrees, another beta parameter is needed,
which describes a perpendicular transition: f592)~0.4. A table with the best fitting
parameters of angular distribution analysis of the H' formed from the
photodissociation of H> (E,F; v =0, J = 0, 1) states at different laser intensities can be

found in SI Table 1 while the best fitting profiles are shown in Fig. 8a for the case of
E,F (J=0).

The evolution of the angular distribution versus the electric field for the analysis
done on the E,F (J = 0) state is shown in Fig. 10. The interference bump is present in
distributions with mixing parameters ¢ from 0.1 to 0.3. For higher fields, the mixing
becomes even higher, but saturates at ~0.5. This saturation is attributed to the
domination of multi-photon transitions, which trigger photoionization rather than
dissociation, thus producing more H," and less H*. We note that, for the same reason,
the mean value of cos? 8 also saturates at ~0.55, although the electric field value

should give a high-field Aw for the calculated polarizability.

The same analysis of the data for H> molecules prepared at the E,F (J = 1) state is
done using Eql. for J=1and M =1, 0, -1 (shown in Fig. 8c). The extracted value of
the polarizability anisotropy is 101 + 30 a.u. This value agrees with the experimental
value for the E,F (J = 0) fragments. For J = 1, the angular distribution is
predominantly parallel for both low- and high-field (S, = 0.2), and thus no
interference bump is present at the data. The photofragment angular distribution again
saturates at an intermediate value (Cos?(0)) = 0.44. The evolution of the angular

distribution versus the electric field for the analysis done on the E,F (J = 1) state.

VI.  Conclusions

Utilizing Velocity Mapped Imaging we are able to measure the intensity
dependence of the angular distributions of H" production channels associated either
ionization followed by dissociation of Hx(X) with 532 nm laser light or the
dissociation followed by ionization of Hx(E,F; v =0, J =0, 1). By quantification of

the angular distributions as a function of laser intensity we learn about the
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mechanisms that generate the H" as well as measure the molecular polarizability of
the E,F state of H; for the first time.

Photoelectron images from 532 nm laser radiation ionization of H, show that the
intense laser fields create ponderomotive shifts in the potential energy surfaces and
distort the velocity of the emitted electrons that are produced from 7, 8 and 9 photon
ionization. At the 7 photon level one observes a strong blurring of the energy levels
associated with production of Hz in the v = 0 and 1 vibrational states and a complete
loss of defined signal from slower electrons associated with the production of v = 2
and 3. The 8-photon above-threshold ionization is dominated by production of H>" v
=5 and 6. These states are observed presumably due to near resonance interaction of
the light at the 6 photon energy with the v = 5 - 7 states of intermediate C state.
Photofragment images are strongly peaked with a near cos'? angular distribution.
This distribution is nearly independent of vibrational level and implies that the sharply
peaked angular distribution that is observed is mainly due to laser selection caused by
the initial non-resonant 6 photon absorption process needed to reach the excited states
of the H, molecule. The images reveal the molecular frame photoelectron spectra.
The narrow cos'? angular distribution observed as Hs is selectively ionized means that
these images reveal the molecular frame photoelectron spectra.

The angular distribution analysis of the H" formed from the photodissociation of
H> (E,F; v =0, J = 0) state shows strong laser intensity effects. At low laser intensity,
the angular distribution of the H" shows a significant contribution from a sin? 6
component, while at higher laser intensities a predominantly cos? @ distribution is
observed. In the case of the J = 1 state, no change in the distribution shape is
observed. By quantifying this data, one can extract the molecular polarizability of
H»(E,F) state when irradiated with 532 nm light to be 103 + 37 a.u. and 101 + 30 a.u.
for E,F (J =0) and E,F (J = 1), respectively. These values are almost 19 times more
polarizable than the ground state of H, [18, 56] and 96 times less than the ground state
of the Ho(E,F) state reported by Komasa[17] and exist due to mixing induced by the
laser field between the E,F state and the nearby B and C states in a pulsed laser field.
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Figure Captions.

Fig. 1. Potential energy curves and dissociation limits for the multiphoton
dissociation/ionization of Hz using non-resonant 532 nm photons (green arrows) from
H: ground state and 532 nm photons following 2-photon excitation of Hz (E,F; v =0,
J =0, 1). The ground electronic state X(''Zs) and E,F('Z,") potential energy curves for
H, are shown along with the X(*Z;") curves for Ho" and its vibrational states and the
H (N =0) + H* (N = 3) dissociation limit.

Fig. 2. Schematic diagram of the VMI apparatus (top view).

Fig. 3. Photoelectron images of H> taken using 532 nm laser light with an intensity of
1.59 x 10" W/cm? (a) and 3.92 x 10'* W/cm? (b). Black arrow indicates the laser
polarization.

Fig. 4. Photofragment images of H> taken using 532 nm laser light at different
intensities.

Fig. 5. Photofragment Image of the ionization and dissociation of Hz using velocity
mapping imaging. The dissociation mechanism follows the 2+1 REMPI of H:
throughout the E,F electronic state: H> (E,F; v=0,J=0, 1) + (2 X 532 nm photons) =
H(N = 0) + H* (N = 3) (inner ring). Outer rings correspond to the vibrational states of
H>" (v =5 - 6) due to ionization of H,. White arrow indicates the laser polarization.

Fig. 6. Strong alignment effect observed after the angular distribution analysis of the
inner ring feature in the photodissociation of H> (E,F; v = 0, J = 0) state at different
532 nm laser intensities (5.12 x 10'° W/ecm? — 1.59 x 10'* W/cm?). Black arrow
indicates the laser polarization.

Fig. 7. Strong alignment effect observed after the angular distribution analysis of the
inner ring feature in the photodissociation of H> (E,F; v = 0, J = 1) state at different
532 nm laser intensities (5.12 x 10'° W/ecm? — 1.59 x 10'* W/cm?). Black arrow
indicates the laser polarization.

Fig. 8. Experimental and theoretical analysis of the angular distribution of the inner
ring feature in the photodissociation of H» (E,F; v =0, J = 0,1) states at different 532
nm laser intensities. a) Raw data (orange dots) and fitted results (black profile) for the
J=0 case. b) cos?6 vs Aw plot after data for J=0 were fitted to Eq.1. The correct
value of the slope is produced by setting Sa = 103 A.U. ¢) cos? 6 vs Aw plot after
data for J=1 were fitted to Eq.1. The correct value of the slope is produced by setting
da = 101 A.U.

Vs
Fig. 9. Pictorial representation of the three different angular terms which produce the

w

structure of the angular distribution of H* fragments for E, = 102 —
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Fig. 10. Evolution of the mixing between the J=0 and J=2 rovibrational states of H
versus the electric field. The insets show the angular distributions of the
corresponding data points.
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Figure 2.
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Figure 4.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Supporting Information:

Multiphoton Ionization and Dissociation of H> Molecule in Intense
Laser Fields Using Velocity Mapping Imaging
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SI. Fig. 1. Additional angular distribution analysis of the rings in the photofragment images in
Fig. 5 at different 532 nm laser intensities was performed for each individual H;" vibrational

band observed (v = 4 — 6). The angular distributions were fitted to a COS™ 6 function where n/2
represents the number of photons absorbed.
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SI. Table 1. Best fit parameters at different laser intensities for J = 0 and 1.

1 (GW/cm”2) c 32(00) B2(22) 82(02) 1(GW/ecm?2) |c 82(00) B2(22) 82(02)
15.7 0.0916 -0.3099 1.0137 0.4097 646 0.1459 -0.2903 0.9920 0.3907
30.6 0.06689 -0.3074 1.0036 0.4070 1000 0.1700 -0.3097 1.0103 0.4092
35.8 0.1010 -0.2925 0.9989 0.3977 1150 0.2457 -0.3098 1.0050 0.4098
62.6 0.07798 -0.2901 0.9953 0.3904 1420 0.1863 -0.2902 0.9939 0.3904
105 0.1027 -0.3096 1.0080 0.4095 2420 0.1980 -0.2907 0.9852 0.3902
127 0.1531 -0.3003 1.0002 0.3998 3450 0.2410 -0.3098 0.9989 0.4098
170 0.1047 -0.2902 0.9935 0.3906 4800 0.3065 -0.3096 1.0146 0.4094
204 0.1270 -0.3097 1.0117 0.4093 7840 0.2974 -0.3081 0.9973 0.4078
398 0.1247 -0.3005 0.9996 0.4002 48000 0.3966 -0.2927 0.9932 0.3960
550 0.1659 -0.2920 0.9966 0.3959 106000 0.4671 -0.2902 0.9741 0.3902
624 0.1225 -0.3096 1.0156 0.4091 196000 0.5420 -0.3006 1.0287 0.3934
Appendix A

a. Derivation of (Cos?(0)) vs Aw

The interaction potential for static polarizability do=ay — a, is

vV, = —%Eg(Sa Cos?(0) + ay)

We employ perturbation theory to include the contribution of this interaction potential to the initial
field-free rotational state

100) = [00) + [00™®)

= [00W) =

(20]V,,/00)
j=0 ~ Ej=2

= [00W) = 9AT(D§ |20)

And the state becomes

Aw
00) = |00©) + — |20
100y | ) 9\/§| )

|20(®)

Aw
- (20|Cos?(8)|00) |20

Multiplying both terms with cos?0 and the ket (00| we get

= (COSZ (9)>Au)

b. Derivation of (Cos?(0)) vs c

12 et aer
T3T 1350 TA®

8505

L(A1)

(Cos?(8)) = (00 |Cos?(0)|00©@) + A—“’(zo<0>|cO52(e)|oo<O>) + A—“’2(
9\/§ 405

20©|Cos?(0)[20(®)

By introducing a mixing parameter c, the normalized coefficients of the perturbation terms become:




[00) =/ (1— c2)|00(°)) + c|00(1))
=(Cos?(0)) = (1 - c2)(00(0)|C052(9)|00(0)> +2¢/(1 - C2)(20(0)|C052(9)|00(0)> +

+c2(20|Cos?(8)[20)

= (Cos?(6)), = %(1 —c?)+ %c,/m )+ %cz (A2)

c¢. Connection between A® and ¢

At low field, c2~0, Aw? ——~0
8505

So (a.1) and (a.2) become

1 2
(COSZ(9)>A(D = § + EA(D (A.3)
1 4
(COSZ(9)>C = § + ﬁ C (A.4)

And by equating (A.3) and (A.4) we find

4
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