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A large ensemble of ∼109 H2 (v ¼ 7, j ¼ 0) molecules is prepared in the collision-free environment of a
supersonic beam by transferring nearly the entire H2 (v ¼ 0, j ¼ 0) ground-state population, where v and j
are the vibrational and rotational quantum numbers, respectively. This is accomplished by controlling the
crossing of the optically dressed adiabatic states using a pair of phase coherent laser pulses. The preparation
of highly vibrationally excited H2 molecules opens new opportunities to test fundamental physical
principles using two loosely bound yet entangled H atoms.
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Highly vibrationally excited diatomic molecules are
intrinsically interesting quantum systems with two increas-
ingly loosely bound yet nonetheless entangled atoms [1,2].
There is a longstanding interest to produce such highly
delocalized systems, which have many useful applications
from testing fundamental principles of quantum physics [3]
to studying cold chemical reactions with a pair of nearly
dissociated atoms [4–7]. Full understanding of quantum
phenomena, such as tunneling resonances, is only possible
when we eliminate macroscopic averaging by selecting a
single rovibrational quantum state. Here we describe the
optical preparation of a highly vibrationally excited single
quantum state of the hydrogen molecule.
Theoretical studies show that high vibrational excitation

in H2 molecules plays an important role in overcoming the
activation barriers of cold chemical reactions, including
those in interstellar gas clouds [8–10]. This work leads us to
question at what level of vibrational stretch do the atoms in
a H2 molecule become reactive in a collision with another
partner? Prior experimental [11] and theoretical [12,13]
work on the controversial four center reaction H2 þ D2 →
2 HD indicates that the 7th vibrationally excited level of H2

may be energetic enough to overcome the activation barrier.
Preparation of this level would allow us to experimentally
study the quantum dynamics of this reaction at low
collision energies. Additionally, high-lying vibrational
levels of H2 are considered essential to the efficient
generation of H− beams by dissociative attachment of
electrons, which has important applications in fusion
devices [14,15].
In spite of longstanding interest, it remains difficult to

optically prepare highly vibrationally excited quantum
states of fundamental molecules like H2. This is because
of the reduced overlap (small Franck-Condon factor)
between the ground and excited vibrational wave functions.
In molecules with optically accessible intermediate

resonances, stimulated Raman adiabatic passage (STIRAP)
[16–18], among other coherent techniques [19,20], has
been shown to achieve population transfer to highly
vibrationally excited states [21–23]. However, molecules
with widely separated electronic states such as H2, N2, HCl,
and CO require an excitation technique that does not
make use of a resonant intermediate state. In these systems,
two-photon excitation becomes inefficient with increasing
vibrational quantum number of the target state [24–27] to
the point that it appears nearly impossible to transfer any
population directly to high vibrational states. Is it possible
to use intense laser fields to compensate for the weak two-
photon coupling, while simultaneously creating an avoided
crossing of the optically dressed states that will transfer
population to a highly vibrationally excited state? In this
work, we explore this question through our effort to
produce a high concentration of H2 molecules in the
seventh vibrational level, which has never before been
achieved.
The technique employed in this work to control the

crossing of adiabatic states is known as Stark-induced
adiabatic Raman passage (SARP) [27]. SARP manipulates
the adiabatic crossings using the Stark shift induced by a
pair of phase coherent laser pulses. The efficiency of
adiabatic population transfer relies on a slow sweeping
rate of the Stark-induced detuning and a strong two-photon
Rabi frequency to lift the degeneracy of the adiabatic states
at the crossing [26,28]. The two-photon H2 ðv ¼ 0; j ¼
0Þ → ðv ¼ 7; j ¼ 0Þ transition studied here has a very
weak Rabi frequency accompanied by a large dynamic
Stark shift. Here, v and j refer to the vibrational and
rotational quantum numbers, respectively. In contrast to our
earlier work on SARP populating lower v states [28–30],
the unfavorable material parameters in this transition
create completely different crossing dynamics of the
adiabatic potentials that challenge SARP population
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transfer. By carefully tuning the optical field parameters,
we demonstrate complete population transfer to the ðv ¼ 7Þ
vibrational level. The case of a very weakly coupled two-
photon system gives us the opportunity to examine exper-
imentally the subtle character of adiabatic curve crossing
and its critical dependence on the external fields in
unprecedented depth. We thus present an instructive model
system that elucidates the fundamental dynamics of adia-
batic curve crossings. Similar curve crossing dynamics play
a major role in systems ranging from coherent optical
interactions [31,32] to collision dynamics [33].
The adiabatic eigenstates of the optically dressed

Hamiltonian are expressed as follows: jþi ¼ sin θj1i þ
cos θj2i and j−i ¼ cos θj1i − sin θj2i, where j1i and j2i
refer to the initial and the final bare states, respectively. The

mixing angle θ is defined by cos θ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΩ̃þ ΔÞ=2Ω̃
q

and

sin θ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΩ̃ − ΔÞ=2Ω̃
q

where Ω̃ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δ2 þ 4Ω2
R

p

[34].

Here, ΩR is the two-photon Rabi frequency, and Δ is the
dynamic Stark-induced two-photon detuning. The crossing
of the adiabatic states with energies E� ¼ �Ω̃=2 is avoided
at resonance when the two-photon Rabi frequency ΩR is
nonzero. As Δ sweeps through resonance ðΔ ¼ 0Þ from a
large positive to a large negative value, the adiabatic
eigenstate j−i, which initially coincides with the ground
state j1i, rotates by 90°, aligning parallel to the target state
j2i at the end of excitation [28]. To transfer population, the
adiabatic states must remain decoupled throughout the
excitation process so that the population remains trapped
within j−i. This condition requires a slow rotation of the
adiabatic states defined by [28,34–36]

dθ=dt ≪ jE�j: ð1Þ

Large scanning rates dθ=dt will introduce nonadiabatic
transitions between the adiabatic states causing Rabi
oscillations and inconsistent population transfer. At reso-
nance, Eq. (1) reduces to dΔ=dt ≪ 4Ω2

R, which shows that
SARP requires a minimum Rabi frequency to create a
strongly avoided crossing that prevents mixing of the
adiabatic states [28].
Figure 1 shows the temporal dynamics of SARP pop-

ulation transfer from H2 ðv ¼ 0; j ¼ 0Þ → ðv ¼ 7; j ¼ 0Þ,
using a sequence of a strong pump pulse followed by a
weaker Stokes pulse. This pulse sequence creates two
resonance crossings: an entirely unavoided ðΩR ¼ 0Þ first
crossing and a strongly avoided second crossing where near
complete population transfer occurs [28]. The numerical
simulation in Fig. 1 suggests that a strongly avoided
crossing can be achieved even with weak two-photon
coupling and large Stark shift such that the population
remains almost completely trapped within one of the
adiabatic states.
The two-photon Rabi frequency (ΩR) and Stark-induced

detuning (Δ) that control the condition of adiabatic curve

crossing in Eq. (1) are produced by the optical fields. ΩR ¼
r0vEPES=ℏ and Δ ¼ Δ0 − α0vðjEPj2 þ jESj2Þ=ℏ [27],
where, EP and ES give the time-dependent optical field
amplitudes of the pump and Stokes pulses, respectively. For
the 0 → v transition, r0v is the Raman coupling [37], and
α0v is the difference optical polarizability defined by α0v ¼
αðvÞ − αðv ¼ 0Þ: Δ0 is the field-free detuning. The
H2 ðv ¼ 0; j ¼ 0Þ → ðv ¼ 7; j ¼ 0Þ transition pushes
these material parameters to their limiting values [28] with
r07 only ∼4% of r01, while α07 is ∼15 times larger than α01
[27,37]. The decreasing of r0v and simultaneous increasing
of α0v with increasing vibrational quantum number v of the
target state makes it increasingly difficult to achieve a
strongly avoided crossing, promoting nonadiabatic transi-
tions. We chose the ðj ¼ 0Þ → ðj ¼ 0Þ transition to min-
imize α07, thus reducing the Stark shift. In the remainder of

FIG. 1. Two-photon Stark-induced adiabatic Raman
passage transferring population from H2 ðv ¼ 0Þ → ðv ¼ 7Þ:
The calculation solves the time-dependent Schrödinger equation
using a Gaussian temporal profile for the pump EP (red dashed)
and weaker Stokes ES (green dashed) optical fields with 1=e
width of 8 and 4 ns, respectively. The overlap region of the pump
and Stokes is expanded to illustrate the two-photon Rabi
frequency ΩR (purple solid line), the dynamic Stark shift Δ
(blue), the adiabatic energies Eþ (orange) and E− (brown), and
fractional population transfer (black) at the avoided crossing. The
black arrows on the E− curve indicate that population is carried
via the adiabatic state j−i. The inset showing the wave functions
for the involved vibrational state was adapted from a prior
publication [24].
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the Letter, we omit the rotational quantum number for
brevity.
The SARP experimental setup has been detailed else-

where [28]. Briefly, following an optical delay line, a
Stokes pulse (671 nm, ∼10 J=mm2) is combined with a
stronger pump pulse (1064 nm, 100 J=mm2). The two
SARP pulses are then focused on to a skimmed super-
sonically expanded beam of H2 molecules. The vibration-
ally excited H2 ðv ¼ 7; j ¼ 0Þ molecules are detected
state-selectively using (2þ 1) resonance enhanced multi-
photon ionization (REMPI) through the ðv0 ¼ 6; j0 ¼ 0Þ
level of the E,F 1Σþ

g electronic state with a VUV pulse at
252.297 nm (vac). The (2þ 1) REMPI signal is directly
proportional to the population transfer to the ðv ¼ 7Þ level.
The population transfer is determined by comparing the
experimentally measured REMPI signal as a function of
laser fluence and frequency with theory [28].
We measure the H2 ðv ¼ 7Þ REMPI signal as the two-

photon field-free detuning is scanned for fixed pump and
Stokes fluences. The field-free detuning is defined as Δ0 ¼
ωP þ ωS − ω70;where ωP and ωS are the frequencies of the
pump and Stokes optical fields, and ω70 is the frequency for
ðv ¼ 0Þ → ðv ¼ 7Þ transition in the absence of light. We
measure ω70 to be 728.129 THz, which agrees with a
previously calculated value [38] within ∼4 GHz. From the
REMPI signal as a function of field-free detuning, which
we will refer to as the SARP spectrum, we are able to
quantify the Stark shift and extract the two important
material parameters r07 and α07.

We collected a series of SARP spectra for six different
Stokes fluences from 2 to 10 J=mm2 and three different
pump-to-Stokes delays, while the pump fluence was kept
fixed at 100 J=mm2. Figure 2(a) shows the SARP spectra
for two specific Stokes fluences of 5 and 10 J=mm2 at
pump-to-Stokes delays of 3, 6, and 8 ns. The negative
detuning shows that the two-photon transition is redshifted,
mainly by the intensity of the stronger 1064 nm pulse. The
large magnitude of the Stark shift is caused by the large
polarizability of the ðv ¼ 7Þ level. The solid curve in each
plot represents the theoretically calculated population trans-
fer, which is determined by solving the time-dependent
Schrödinger equation as in Fig. 1 for each detuning. The laser
fluences have been estimated using a beam camera that was
carefully positioned to reflect the laser beam sizes on the
molecular beam.
The values for r07 and α07 were found by maximizing the

correspondence between the theoretically calculated and
experimentally measured SARP spectra for all six Stokes
fluences for the delay of 8 ns. We find the two-photon cou-
pling coefficient r07 ¼ 0.13 × 10−41 Cm=ðV=mÞ and the
difference polarizability α07 ¼ 5.3 × 10−41 Cm=ðV=mÞ.
These values were then used to calculate the theoretical
SARP spectra shown by the black curves in Fig. 2(a). The
6 ns delay in Fig. 2(a) also shows good agreement between
theory and experiment, confirming thatwe haveobtained the
correct values of the material parameters. The theoretical
6 ns SARP spectrum in Fig. 2(a) shows population oscil-
lations for large field-free detuning. These oscillations are

(a) (b)

FIG. 2. Comparison of our experimental data and theoretical calculations for the H2 ðv ¼ 0Þ → ðv ¼ 7Þ transition. The dots show
scaled experimental data for three delays: 3 (green), 6 (blue), and 8 ns (red). See text for a description of how the REMPI signal is scaled
to represent the population transfer. The solid black curves show corresponding simulations, as in Fig. 1 with an 8 ns Gaussian pump
pulse, a 4 ns Gaussian Stokes pulse, and a fixed pump fluence of 100 J=mm2. (a) SARP spectra at Stokes fluences of 5 and 10 J=mm2.
Each experimental data point is found by averaging the H2 ðv ¼ 7Þ REMPI signal over 128 laser pulses. The gray dashed lines for the
10 J=mm2 plots show 90% transfer. The light gray curve in the 3 ns 5 J=mm2 plot was obtained by scaling down the theoretical curve to
illustrate that the shape of the experimental spectrum is reproduced. (b) SARP saturation as a function of the Stokes fluence. Each
experimental data point is determined by averaging over the peak of the SARP spectrum at the given Stokes fluence. For the 8 ns delay,
we show two additional theoretical curves calculated by setting the Raman coupling to twice (purple dashed) and half (orange dashed) of
the value used to generate the black curves.
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caused by nonadiabatic coupling at multiple partially
avoided crossings, and should not be confused with the
temporal oscillations shown in Fig. 1. These oscillations are
even stronger for the 3 ns delay, but nonetheless the
theoretically calculated SARP spectrum matches fairly well
with experiment for 10 J=mm2. The shape of the spectrum at
5 J=mm2 also matches, but a significant discrepancy is
observed in the magnitude of the population transfer. This
discrepancy results from the strong nonadiabatic coupling,
which causes population transfer to be sensitive to laser
intensity fluctuations.
To explain the population oscillations present in the 3

and 6 ns SARP spectra, we discuss the dynamics of
adiabatic curve crossing. SARP population transfer is
maximized when the field-free detuning is set such that
the Rabi frequency maximizes at one of the two resonance
crossings, while it becomes negligible at the other crossing.
A weakly avoided first crossing will initiate rapid Rabi
oscillations, which prevent population transfer via a single
adiabatic state at the second, strongly avoided crossing.
Because these Rabi oscillations are highly sensitive to the
field-free detuning and laser fluence, the population trans-
fer can vary wildly with small changes in laser parameters.
For the 6 ns delay at large detuning, the first crossing
becomes very weakly avoided, creating small population
oscillations. In contrast, for 3 ns delay the first resonance
crossing is weakly avoided for all field-free detunings,
explaining the strength and breadth of the fluctuations for
the 3 ns spectrum.
Figure 2(b) shows the experimentally measured

H2 ðv ¼ 7ÞREMPI signal as a function of the Stokes fluence
for the three different inter-pulse delays. Each experimental
data point represents the maximum population transfer for a
given Stokes fluence. The solid curve shows the results of
theoretical simulations using the values of r07 and α07 found
earlier. Because of our choice of a strong pump pulse and a
much weaker Stokes pulse, the adiabatic condition given in
Eq. (1) approximately reduces to a threshold condition for
the intensity or fluence of the weaker Stokes pulse [28].
Thus, a successful adiabatic passage manifests itself as the
saturation against Stokes pulse fluence seen in both theory
and experiment in Fig. 2(b). The saturation behavior at high
Stokes fluences allows us to determine a scale factor to
convert the REMPI signal to experimental population trans-
fer for each delay [28].
Figure 2(b) shows exceptional agreement between

theory and experiment for both the 6 and 8 ns delays.
For the 8 ns delay, we show two additional theoretical
curves calculated by varying the Raman coupling. Clearly,
the experimental data does not match with either of these
two curves, providing further evidence that we have
extracted the correct value for the Raman coupling. For
the 8 ns delay our measurement shows ∼90% transfer using
the maximum Stokes fluence of 10 J=mm2 available in our
experiment. For the 6 ns delay saturation is reached at a

slightly lower Stokes fluence, achieving > 90% transfer at
the Stokes fluence of 10 J=mm2. As we will demonstrate
below, Eq. (1) is best satisfied for the 6 ns delay, so the
crossing of the adiabatic energies is avoided with a large
margin (see Fig. 3) enabling SARP to achieve near
complete population transfer. Figure 2(b) shows that with
a Stokes fluence >13 J=mm2 it is possible to achieve near
complete population transfer for both 6 and 8 ns delays.
In contrast, for the 3 ns delay, Fig. 2(b) shows some

discrepancy between theory and experiment but the overall
trend is in reasonable agreement. The nonadiabatic inter-
actions at multiple avoided crossings for the 3 ns delay
make the population transfer highly sensitive to the laser
fluence. We thus attribute the discrepancy between theory
and experiment in the 3 ns case to laser pulse-to-pulse
energy fluctuations, which are not included in our theory.
The ability to ignore these pulse-to-pulse fluctuations at
larger delays is one of the most useful features of SARP as
an experimental tool.
Figure 3 examines the avoided crossing condition in

Eq. (1) by comparing the nonadiabatic coupling dθ=dtwith
the adiabatic energy at three different interpulse delays. For
each delay the temporal evolution is calculated using the
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FIG. 3. The adiabatic condition near the zero crossing of the
Stark-induced detuning for the three pump-to-Stokes delays. For
each delay the nonadiabatic coupling dθ=dt (purple curve) is
compared with the adiabatic energy jE�j (yellow curve). The
corresponding Rabi frequency (ΩR, top), detuning (Δ, top), and
population transfer (center) are shown for each delay. These
curves were calculated using a field-free detuning that corre-
sponds to the peak of the SARP spectrum [Fig. 2(a)] for the
maximum Stokes fluence of 10 J=mm2. For 3 ns, the adiabatic
condition dθ=dt < jE�j is not satisfied, explaining the incom-
plete population transfer shown.
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field-free detuning that corresponds to the peak of the
SARP spectrum shown in Fig. 2(a) at 10 J=mm2 Stokes
fluence. The top panel shows how the adiabatic condition is
influenced by dΔ=dt and ΩR. Figure 3 shows that the
adiabatic following condition, dθ=dt < jE�j, is best sat-
isfied for the 6 ns delay, as the Rabi frequency is maximized
at Δ ¼ 0 achieving >90% population transfer via nearly
perfect adiabatic passage. Although the peak of the Rabi
frequency also aligns with the crossing for the 8 ns delay,
the adiabatic condition is not as strongly satisfied. Theory
shows that at higher Stokes fluence the crossing is more
strongly avoided and complete population transfer can be
achieved.
As mentioned earlier, there are two partially avoided

crossings for the 3 ns delay for any field-free detuning,
which prevent complete population transfer. In Fig. 3, the
detuning is chosen to minimize the strength of the first
crossing, although it is still weakly avoided (top panel) as
revealed by the small Rabi oscillations shown by the green
curve at −0.5 ns. The second crossing is not strongly
avoided because dΔ=dt is large and ΩR does not maximize
at resonance. This results in mixing of the adiabatic states
and incomplete population transfer. For larger values of the
field-free detuning, one of the crossings can be made
strongly avoided. However, the population transfer is
nonetheless limited because the Rabi frequency at the
other crossing is non-negligible, which either initiates
mixing of the adiabatic states destroying the condition
for ideal adiabatic passage, or causes partial coherent
population return. This explains the saturation at 80%
population transfer.
The fact that SARP population transfer to H2 ðv ¼ 7Þ

requires a relatively large interpulse delay is counterintui-
tive because the weaker two-photon coupling would seem
to demand stronger overlap between the pump and Stokes
pulses. However, our examination of the 3 ns dynamics
demonstrates that multiple partially avoided crossings limit
population transfer at shorter delays. At larger delays it is
possible to create a single strongly avoided crossing for a
wide range of initial detunings and Stokes fluences,
achieving complete population transfer that is insensitive
to intensity and frequency fluctuations (see Supplemental
Material [39]).
Close comparison of experimental saturation data with

theory allowed us to determine the fractional population
transfer, from which we estimate that we have produced
∼109 H2 ðv ¼ 7; j ¼ 0Þ molecules. Our ability to stably
produce such large concentrations of H2 molecules in the
ðv ¼ 7; j ¼ 0Þ rovibrational level will not only allow us to
probe the much debated four-center reactions, we will also
be able to experimentally verify the theoretically predicted
rate of vibrational cooling in cold interstellar gas clouds [5].
Additionally, our success in generating the ðv ¼ 7; j ¼ 0Þ
state, in conjunction with our theoretically developed
multistep SARP process [25], shows that SARP has the

ability to prepare any H2 vibrational level. Production of
highly vibrationally excited levels of H2, which should
increasingly act as a dissociated pair of H atoms, open new
possibilities to study long-range interactions that are
important throughout physics and chemistry.
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