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ABSTRACT: Highly vibrationally and rotationally excited hydrogen molecules are of immense
interest for understanding and modeling the physics and chemistry of the cold interstellar
medium. Using a sequence of two Stark-induced adiabatic Raman passages, we demonstrate the
preparation of rotationally excited D, molecules in the fourth excited vibrational level within its
ground electronic state. The nearly complete population transfer to the target state is confirmed by
observing both the threshold behavior as a function of the laser power and the depletion of the
intermediate level. The vibrational excitation reported here opens new possibilities in the study of
the much debated four-center reaction between a pair of hydrogen molecules. Additionally, these
rovibrationally excited molecules could be potentially used to generate the high-intensity D™ ion
beams considered essential for D—T thermonuclear fusion by enhancing the cross section for
dissociative electron attachment by S orders of magnitude compared to that of the ground state.
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he collision dynamics of highly vibrationally excited H, adiabatic Raman passage (SARP).'® SARP is an off-resonant

molecules are immensely important to the physics and Raman excitation that consists of a pair of delayed but partially
chemistry of the cold interstellar medium.' ™3 Additionally, overlapping nanosecond laser pulses of unequal intensities.
low-energy scattering of H, molecules is an ideal experimental The dynamic Stark shift from the stronger laser pulse creates
test bed for fundamental quantum collision theory, as the crossings of the light-induced adiabatic dressed states, and
theoretical tractability of H, allows for direct comparison with population transfer is achieved when one of the crossings
calculations."™ In  these low-energy collisions, vibrational becomes avoided. A comprehensive description of the SARP
excitation is an excellent tool for interrogating the long-range process is given in the Supporting Information as well as in our
van der Waals forces because these forces are sensitive to the earlier publications.'”*® Using SARP, we have demonstrated
molecular bond length. In cold chemistry, highly vibrationally the preparation of a variety of vibrationally excited (v = 1,2, 4,
excited states provide the energy to overcome the barrier to and 7) states of molecular hydrogen and its isotopologues in
reaction. To obtain a good signal-to-noise ratio in an various specific rotational states (j = 0, 1, 2, and 3), where v
experiment involving cold collisions, which might have a and j represent the quantum numbers of vibrational and
small collision cross section, we need to prepare a large rotational energy levels, respectively.'”~** Here, we use (v, j)

population in a targeted highly vibrationally excited state.
Additionally, the weak long-range molecular forces are
anisotropic, so collisions at low energies are highly sensitive
to the relative orientations of the colliding species. Therefore,
selecting a specific rotational state and its projection on a
space-fixed axis, which defines the orientation of the quantum
object, is another essential criterion for experiments studying
cold collisions.

Many methods for preparing quantum states of molecular
systems have been developed.'’~"” However, the preparation
of H, molecules in a highly vibrationally and rotationally
(rovibrational) excited quantum state is particularly challeng-
ing. This is because the homonuclear symmetry forbids dipole-
allowed infrared excitation, and the weak two-photon Raman Received:  April 22, 2022 i <
coupling between the initial and target vibrational states Accepted: May 19, 2022 :
requires large optical powers that dynamically shift the Raman Published: May 23, 2022
resonance. This dynamic Stark shift severely limits the
efficiency of traditional Raman pumping. To overcome this
limitation, we developed a technique called Stark-induced

to label rovibrational eigenstates, although in the language of
spectroscopy they would be called levels.

However, the problems of a large dynamic Stark shift and
weak coupling become more problematic for SARP to
overcome for larger steps up the vibrational ladder. As
illustrated in Figure 1A, when the vibrational quantum number
v, of the target state is very different from that of the initial
state, overlap of the initial and target vibrational wave functions
is reduced, resulting in a smaller transition probability. The
two-photon transition rate is determined by the Raman
coupling, which is given by the relationship Q o yu, 4,
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Figure 1. Two-step SARP process. (A) Raman excitation schematic,
showing the wave functions of the initial and final states connected via
an electronically excited vibronic state. Panel A shows a resonant
Raman transition for ease of illustration, but the SARP processes in
this work involve off-resonant Raman transitions with virtual
electronically excited vibronic states. The overlap between the initial
and final vibrational levels decreases with an increase in the change in
the vibrational quantum number. (B) Schematic of the two-step
SARP process described in this paper. D, molecules are excited from
the (v = 0) ground state to the (v = 4) target state using a sequence of
two SARP processes that drives population through a real
intermediate (v = 2) state. The inset shows the temporal pulse
sequence, with a stronger Stokes pulse (green) partially overlapping
with two weaker pump pulses (orange and red). (C) Experimental
arrangement for the combination of the three laser pulses. The two
pump pulses are combined using a polarizing cube, requiring that
their polarizations be perpendicular to one another. As shown in the
schematic, this produces the (m = +1) state. (D) Theoretical
simulation of the two-step SARP process shows the possibility of
transferring the complete population to the final state, with no
population left stranded in the intermediate state.

where u,, and p,, are the transition dipole moments

connecting the initial v, and target v, states via the
electronically excited vibronic state v'. Additionally, Stark
detuning A, determined by the difference in the polarizabilities
of the initial and target states, increases as the difference
between v, and v, becomes larger, making dynamic detuning
stronger. To achieve successful population transfer, the
sweeping rate of the Stark-induced detuning must be
sufficiently slow as defined by the Landau—Zener condition
of adiabaticity: dA/dt < 4Q2.192% Ag such, for transitions in
which the difference in vibrational quantum numbers between
the initial and target state is large, a single SARP step is very
limited in its capability to transfer population. We have seen
this concretely in our work on preparing the (v = 7) vibrational
state where SARP’s adiabaticity condition can be maintained
over only a very small volume, resulting in a small target size
that we found entirely impractical to use in our cold scattering
experiments. Additionally, it was impossible to prepare any
rotationally excited levels in either of the highly vibrationally
excited states we have prepared previously (v = 4 or 7) because
the large dynamic Stark shift of the rotationally aligned
molecule breaks the adiabaticity condition.

What appears to be impossible to achieve using a single
adiabatic transition, however, can be accomplished using
multiple steps of adiabatic processes, each fulfilling the
condition of adiabaticity to achieve a large target population.
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Using the multistep SARP process” with a strong Stokes pulse
partially overlapping with a set of weaker pump pulses (Figure
1B), we have theoretically shown the possibility of preparing a
scattering sensitive population in a highly excited vibrational
state close to dissociation. For each smaller Av SARP step, the
adiabaticity condition is easily fulfilled because of the strong
Raman coupling that results from the superior overlap of the
vibrational wave functions. We have shown theoretically that
two- and three-step SARP processes can prepare very highly
vibrationally excited states of H,. As illustrated in the
simulation of two-step SARP in Figure 1D, at the end of
excitation complete population of the initial state (v;) is
transferred to the target state (v3), leaving no population in the
intermediate SARP state (v,). To experimentally demonstrate
the idea, we carried out a two-step SARP process preparing
two rovibrationally excited states D, (v=4,j=2) and (v=14, j
= 4). The two sequential SARP steps are connected via the
intermediate (v = 2, j = 2) SARP state. The nearly complete
population transfer from the initial (v = 0, j = 0) state to either
of the target states is demonstrated by the threshold behavior
of the measured target population against the fluence of the
pump lasers, which is a hallmark of adiabatic passage. The
complete population transfer is further supported by measuring
the depletion of the population in the intermediate (v = 2)
state. Additionally, we demonstrate the correlation between the
saturation of the SARP population transfer to the target state
and the nearly complete depletion of the initial state.

We estimate that a total population of ~10' deuterium
molecules was prepared in the rovibrationally excited target
states. The preparation of a dense sample of highly
vibrationally excited and rotationally aligned D, molecules
has important applications in solving long-standing problems
in chemistry and physics. First, this preparation opens the
possibility of investigating poorly understood four-center
reactions like HD + HD — H, + D,.>**” Excitation of the
reactants to the (v = 4) level will help overcome the reaction
barrier so that the reaction products can be probed at very low
collision energies, which will give us better insight into their
fundamental dynamics. Additionally, the high density of highly
rovibrationally excited D, molecules could have important
applications in D—T nuclear fusion. It has previously been
shown that rotationally excited D, molecules at the (v = 4)
level resonantly enhance the cross section for the resonant
capture of a low-energy electron to generate D™ ions by at least
5 orders of magnitude.””” As such, the preparation of a high
density of highly excited D, molecules might be an important
step toward generating bright D™ beams, which are considered
essential for igniting and sustaining thermonuclear fusion.

We demonstrate here the preparation of highly rovibration-
ally excited states of D, molecules that have been expanded
and collimated into a supersonic beam. Specifically, we use the
two-step SARP process to transfer nearly the complete (v = 0,
= 0) ground state population of the D, molecular beam to the
desired D, (v=4,j=2) or D, (v =4, j = 4) target state. To
create this two-step SARP, we combine a strong Stokes pulse
(1064 nm, 10 ns) with a pair of weaker and delayed pump
pulses (655 and 660—680 nm, S ns) as illustrated in Figure 1B.
The single-mode pump pulses are derived from two seeded
pulsed dye amplifiers (Sirah PulsAmp SX-N), and the 1064 nm
Stokes pulse is derived from an injection-seeded Nd**:YAG
laser (Spectra Physics PRO 290). With respect to the Stokes
pulse, the first pump pulse delay is controlled electronically
while the second pump pulse delay is controlled using an

https://doi.org/10.1021/acs.jpclett.2c01209
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optical delay line because the amplifier that produces it is
pumped by the same YAG laser that generates the Stokes
pulse. The laser beams are introduced into the molecular beam
vacuum chamber and intersect the molecular beam trans-
versely. The pump laser wavelength for the first SARP step is
set to 655 nm to connect the (v = 0, j = 0) ground state to the
(v =2, j = 2) intermediate state, while the wavelength of the
pump pulse for the second step is tuned to the Raman
resonance connecting the intermediate to the target state: 660
nm for (v = 4, j = 2) and 676 nm for (v = 4, j = 4). Figure 1B
shows the excitation schematic of the three-color double SARP
used in our experiment to prepare the (v = 4) state.

The polarizations of the two pump laser beams must be
crossed (Figure 1C) because they can be combined only using
a polarizing beam splitter due to the relatively small difference
in their wavelengths. The 1064 nm Stokes polarization can be
parallel to either of the pump pulses because the pump pulses
are combined with the Stokes pulse on a chromatic beam
combiner that retains the polarizations of all three beams.
SARP is most efficient when the transition being pumped has a
small Stark shift and a strong Raman coupling. To that end, we
have chosen to minimize the dynamic Stark shift of the second
SARP transition by setting the polarization of the second pump
to be parallel to the Stokes pulse, meaning that the first pump
polarization is perpendicular to both. With this choice of pump
and Stokes polarizations, the double SARP moves through
intermediate state D, (v = 2, j = 2, m = %1), where the m
quantum number gives the projection of the internal angular
momentum on a chosen quantization axis. We choose the
polarization direction of the Stokes pulse as the quantization Z-
axis for the projection quantum number.

Following beam combination, the pulses are focused onto
the molecular beam using a 50 cm focal length lens. The
focused spot of the Stokes laser has a diameter of 60 pm,
whereas the focused diameters of the first and second pump
lasers are 30 and 40 um, respectively. Collimators placed in
each beam path enabled us to bring the focus spots of all three
laser beams within the molecular beam and optimize the
overlap among the different laser beams. The D, molecules in
the supersonic beam are moving at a speed of 2 um/ns.
Following the first SARP step, the vibrationally excited D, (v =
2) molecules will drift along the molecular beam before they
are excited to the (v = 4) target state by the second SARP step.
Therefore, to optimize the second SARP step, we needed to
slightly spatially displace (by ~10 ym) the first and second
pump lasers. The Stokes spot size was set larger than the two
pump beams to enable this displacement while overlapping
both pump beams with the Stokes laser. The populations in the
intermediate (v = 2) and target (v = 4) states were detected
state-selectively using (2+1) resonance-enhanced multiphoton
ionization (REMPI). The REMPI signals from the inter-
mediate and target states, which were generated by two
independent ultraviolet (UV) laser sources, are proportional to
the population of the ionized state.

Successful preparation of a large number of molecules in the
highly vibrationally excited state requires efficient transfer from
the ground state to the D, (v = 2, j = 2) intermediate state via
the first SARP step. We have previously studied the SARP
preparation of D, (v = 2, j = 2, m = 0) at length,** but here the
intermediate state is D, (v = 2, j = 2, m = %1); therefore, we
have briefly revisited the optimization of this transition. Figure
2 shows the REMPI signal from the D, (v =2, =2, m = +1)
intermediate state as a function of the Raman detuning at
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Figure 2. Spectra of the first SARP step D, (v=0,j=0) = D, (v =2,
j =2, m==+l) as a function of the delay between the first pump and
Stokes pulse with the power of both pulses held constant.
Experimental data clearly show that the population transfer is most
efficient at a longer pump-to-Stokes delay of S—6 ns. As the delay
approaches zero, population transfer becomes less efficient because of
the presence of multiple avoided crossings, resulting in coherent
return and population oscillations. A detailed explanation of this
behavior is given in the Supporting Information.

various pump-to-Stokes delays. The asymmetry in the
observed spectra arises because of the dynamic Stark effect,
which red shifts the Raman transition. Figure 2 clearly shows
that SARP population transfer to the (v = 2) state is minimum
at zero delay and increases at larger delays, which is
counterintuitive and is a hallmark of SARP. As we detail in
the Supporting Information, more than one crossing becomes
avoided close to zero delay in the presence of a non-zero two-
photon Rabi frequency. As a result, population that is
transferred at the first crossing is returned at the second
crossing. At very large delays, the two-photon Rabi frequency
becomes too weak to maintain adiabaticity. Figure 2 shows
that the optimum population transfer to the intermediate state
is obtained at a pump-to-Stokes delay between 5 and 7 ns. As
such, for the rest of the experimental data presented herein, the
pump-to-Stokes delay of both SARP steps was held at 6 ns.

Figure 3A shows the (2+1) REMPI signal from the final (v =
4,j =2, m = =+1) target state as the Raman detuning of the
second SARP step is varied while the fluence of the second
pump laser near 676 nm is held fixed at several values. For this
measurement, the fluence of the Stokes and first pump lasers
and the Raman detuning of the first SARP step were held at
the values corresponding to the maximum of the REMPI signal
from the intermediate (v = 2) level shown in Figure 2. Figure
3A shows the frequency shift and saturation of the maximum
population transfer against the fluence of the second pump.
The saturation occurs because SARP is a threshold
phenomenon where adiabatic population transfer requires a
minimum value of the two-photon Rabi frequency to satisfy
the Landau—Zener condition. Figure 3A also shows the
broadening of the spectrum with an increase in laser power.
With an increase in laser fluence, adiabaticity is fulfilled over a
broader range of the initial detuning, effectively shifting and
widening the SARP spectrum.

Figure 3B shows the change in the REMPI signal from the
intermediate D, (v =2, j =2, m = +1) state as a function of the
(v=2) > (v = 4) Raman detuning at the various fluences of
the second pump laser. Figure 3B shows a measurement of
~90% reduction of the intermediate state at the highest second
pump laser fluence. This reduction represents nearly complete
depletion of the intermediate state population as it is
transferred to the final target state. This is a very significant
achievement given the sensitivity of our measurement to the
overlap of four separate pulsed laser beams at the micrometer
scale. Thus, this confirms that we have achieved nearly

https://doi.org/10.1021/acs.jpclett.2c01209
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Figure 3. Spectra of the second SARP step D, (v=2,j =2, m = +1)
— D, (v=4,j =2, m=+1) as a function of the second pump laser
fluence. The fluence and frequency of the first pump are held constant
at the values corresponding to the maximum population transfer
shown in Figure 2. (A) Measured D, (v = 4, j = 2) target state REMPI
signal. The saturation behavior of the signal with an increase in pump
fluence shows the threshold characteristic of the SARP process,
demonstrating that the complete population transfer is achieved as
long as the two-photon coupling is sufficiently strong to satisfy the
adiabatic condition. (B) Depletion of the REMPI signal from the D,
(v = 2, j = 2) intermediate state confirms complete population
transfer. Approximately 90% of the intermediate state molecules are
pumped into the excited state within the measured REMPI volume.

complete population transfer to the (v = 4,j = 2, m = +1)
target state. Additionally, if we compare the spectra in Figure
3B to those in Figure 3A, we can see that the depletion mirrors
the saturation of the (v = 4, j = 2, m = £1) target state. This
measurement thus proves that the characteristic saturation
behavior of the SARP process indicates complete population
transfer.

Figure 4 shows the (2+1) REMPI signal from the final (v =

4,j =4, m = %1) target state at various fluences of the second
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Figure 4. Spectra of the second SARP step D, (v =2,j=2, m = 1)
— D, (v=4,j =4, m=%1) as a function of the second pump laser
fluence. The fluence and frequency of the first pump are held constant
at the values corresponding to the maximum population transfer
shown in Figure 2. As in Figure 3, the saturation behavior
demonstrates that complete population transfer is achieved within
the REMPI volume. As we note in the text, the dynamic Stark shift
from this transition is larger than the transitionto D, (v=4,j=2,m =
+1), so the adiabatic condition can be satisfied only within a smaller
volume. As a result, we were unable to measure the depletion of the
intermediate state for this transition.

pump laser. For this measurement, the Stokes and the first
pump lasers were set to maximize the transfer to the
intermediate (v = 2) state as in Figure 3. The saturation of
the peak REMPI signal against the laser fluence again shows
the characteristic threshold behavior, demonstrating nearly
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complete population transfer to the target state. However, we
were unable to capture depletion of the intermediate (v =2,j =
2) state for the preparation of this target state. We believe the
failure to capture depletion is caused by the difficulty in
aligning the second pump and REMPI UV laser relative to the
first pump and Stokes lasers within the somewhat smaller
volume prepared in this transition as compared to the (v = 4, j
= 2) target state. We note that the dynamic Stark shift of the
second SARP transition to the (v = 4, j = 4) state via the
intermediate (v = 2, j = 2) state is appreciably larger than that
experienced during preparation of the (v = 4, j = 2) target state
via the same intermediate state. As a result, the adiabatic
condition for the SARP transition to the (v = 4, j = 4) state is
likely satisfied within a somewhat smaller volume, making it
more difficult to locate. From a careful comparison of the
REMPI signal generated by the (v=4,j=4) and (v=4,j=2)
states using the same UV laser fluence, we estimate that the
excited volume of the (v = 4, j = 4) target state is reduced to
30—40% of the volume of the (v = 4, j = 2) target state.

We note that the weaker pump pulses are placed
symmetrically having positive and negative delays of 6 ns
with respect to the center of the stronger pulse. This
arrangement requires the lifetime of the intermediate (v = 2)
state to be longer than the operation time of multistep SARP
(~20 ns). This method can therefore be applied to excite
states having a minimum lifetime of a few tens of nanoseconds.
Although we have conducted these experiments in a supersonic
beam, this multistep SARP process is equally applicable in a
gas cell or even in the condensed phase as long as it meets this
condition. Our earlier theoretical work suggested that
multistep SARP also works with the weaker pulses added
together on the same side as that of the stronger pulse.”” We
have explored this possibility experimentally. However, we
found that the Stark shift from the overlapping weaker pulses
changed too substantially the crossing of the adiabatic states,
making it difficult to achieve consistent population transfer in
both SARP steps.

We have demonstrated the preparation of two distinct
rovibronic (v = 4, j = 2) and (v = 4, j = 4) states of the D,
molecule using a two-step SARP process involving a single
Stokes pulse partially overlapping with two weaker and delayed
pump laser pulses. These rotationally aligned, highly stretched
molecules open new avenues to study anisotropic interactions
and the formation of resonant complexes in cold collisions in a
completely field-free environment. We have previously
prepared H,/D,/HD molecules in (j = 2) rotational states
within the (v = 1) and (v = 2) vibrational levels and used them
in cold scattering experiments to interrogate the anisotropic
van der Waals forces that influence dynamic resonances.’’ >
Because the molecular axis distribution in the highly spinning
(j = 4) state is more sharply defined, it provides a higher level
of precision in the control of the collision geometry. The
double-SARP process described here is not limited to
molecular hydrogen or its isotopologues. The method applies
to the vibrational excitations of other molecules such as N,,
CO,, C,H,, CH, etc, as long as the lifetime of the
intermediate SARP state is longer than the SARP operation
time (~20 ns). Additionally, by adding more than two SARP
steps, we can reach vibrationally excited states close to the
dissociation limit, thereby creating a pair of entangled atoms
and opening the possibility of probing fundamental quantum
effects in reactions. State preparation is an essential
experimental tool for further understanding the fundamental

https://doi.org/10.1021/acs.jpclett.2c01209
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mechanisms that govern chemical reaction processes. In
particular, the preparation of the (v = 4) state may help
enable fundamental studies of the long studied and poorly
understood four-center reaction, HD (v=4) + HD (v = 4) —
H, + D,, which continues to draw interest among
experimentalists and theoreticians alike. Excitation to the (v
= 4) state could provide the energy necessary to overcome the
reaction barrier, and appropriate alignment of the reagents
could control the barrier height, thus opening many new
possibilities for exploring this interaction in the cold collision
regime.

In addition, the D, (v = 4, j = 4) molecules can be used to
generate high-intensity D™ beams via resonant collision with a
low-energy electron beam. The theoretical work of Wadhera
and Bardsley,”® and others™ > suggested that the non-
adiabatic crossings of the two interaction potentials D(1s) +
D(1s) + e and D™(1s?) + D(1s) can be utilized to resonantly
capture a low-energy electron, which then dissociates
producing D7, a process known as dissociative electron
attachment (DEA). The theoretical calculations were verified
by the ex}gerimental work of Allan and Wong using both H,
and D,.””*° The combined experimental and theoretical work
confirms that the DEA cross section for D, increases by nearly
S orders of magnitude when the D, molecule is excited from
the (v = 0) state to the (v = 4) state and also demonstrates that
it is further enhanced by rotational excitation. High-intensity
D~ ion beams are considered essential for igniting and heating
a D—T thermonuclear fusion reaction (ITER).”**

To apply this in an actual fusion reactor requires a flux of
~10*! 57! vibrationally excited D,.*” To show the applicability
of SARP to this real-world problem, we suggest a method by
which our production could be scaled up to approximately the
rate required. The required laser fluence for SARP (~25 J/
mm?) could be realized using a laser beam diameter of ~1 cm
for a laser output power of ~2 kJ/pulse, which can be easily
achieved using current laser technology. High-density (~10"
molecules cm™*) molecular beams with path lengths of a few
centimeters have already been realized.””*" In this collision-
free ambience, SARP could utilize longer single-mode laser
pulses, making the higher powers more achievable and SARP
more efficient. Combining these already-existing technologies
would allow the generation of vibrationally excited (v = 4) pure
D, molecules at a rate of >10** molecules s™". Thus, we suggest
that the SARP preparation of highly vibrationally and
rotationally excited D, molecules might have practical
importance.
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