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Observation of the geometric phase
effect in the H + HD — H, + D reaction
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Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation

in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD — H, + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state-resolved differential cross sections in the forward scattering
direction for H, products at specific rovibrational levels. The experimental results

agree with adiabatic quantum dynamical calculations only when the GP effect is included.

n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),

a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling

the CI for the system to be treated properly

in the adiabatic quantum mechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (7) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP on mate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantum Hall effects has become clear (4¢-6).
The concept of GP is now essential for a coherent
understanding of many basic phenomena in physics.
CIs appear in the PESs of many molecular
systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules
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such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).

The most important chemical reaction for the
study of the GP effect is the hydrogen exchange
reaction, H + H, — H, + H, because it has a well-
defined CI and can be treated most accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of Dg},
symmetry. In pioneering work on the role of GP

H,(v'=1,j'=9 & v'=2, ['=3)

in the H + H, — H, + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (72). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on the H + H, reaction using the multivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17-19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22-25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).

Over the past two decades, high-resolution
crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27-30), including the H + D, and
H + HD reactions at various collision energies
(20, 21, 31-83). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution

Fig. 1. Experimental images of the D atom product from the H + HD — H, + D reaction at a

collision energy of 2.77 eV. The crossing angle of the two beams is 160°. F and B denote the forward

(0°) and the backward scattering direction (180°) for the H, coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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of the experimental method was limited. More
recently, the PHOTOLOC (photoinitiated reaction
analyzed by the law of cosines) technique has
been applied to this search but with a similarly
negative outcome (34-36).

We have developed a high-resolution time-
sliced velocity map ion imaging (VMI) apparatus
for H(D) atom product detection using the thresh-
old ionization technique for crossed beams scat-
tering studies (37). The VMI technique has proven
to be a powerful technique for accurately mea-
suring angular distributions of scattering prod-
ucts (38). The application of the threshold
ionization scheme in this apparatus for D atom
product detection in the H + HD — H, + D re-
action substantially reduced the recoil of the elec-
trons and consequently improved the velocity
resolution for the D atom product significantly.
Because of the high angular and velocity resolu-
tion, fast forward angular oscillations in this re-
action at the collision energy of 1.35 eV have been
observed and were attributed to corona scat-
terings in the reaction (37). At this collision
energy, the reaction appears to occur with a
simple direct abstraction mechanism. Through
this study, we concluded that the GP effect
plays a negligible role in the dynamics of this
reaction at this collision energy, which is far
below the CI total energy of 2.75 eV (2.53 eV in
collision energy).

Here, we report a high-resolution crossed
beams study on the H + HD — H, + D reaction at
a collision energy of 2.77 eV, corresponding to
2.99 eV in total energy relative to the equilibrium
energy of an H, molecule, or 0.24 eV above the
CI. In addition, we have carried out accurate
adiabatic quantum mechanical calculations with
and without considering the GP effect, as well as
diabatic quantum dynamics calculations, to in-
vestigate the GP effect on this reaction.

In this experiment, the H atom beam was
generated by 193-nm laser photolysis of HI mole-
cules in a pure HI beam at the nozzle tip. The fast
H atom beam produced from the H + I(2P3/2)
channel was selected to react with HD. The HD
beam was produced by supersonic expansion
through a second pulsed valve (Even Lavie valve).
The HD gas sample was cooled to liquid nitrogen
temperature before expanding to the source
chamber vacuum by means of a pulsed nozzle.
About 97% of the HD molecules in the beam
were in the ground vibrational and rotational
level (v = 0, j = 0). Both the pulsed H atom beam
and the HD beam were collimated by skimmers
before entering the scattering chamber. The two
beams were spatially and temporally overlapped.
Differential pumping was used to reduce the re-
sidual HI background in the scattering chamber.
The D atom product was ionized by means of a
two-color [vacuum ultraviolet (VUV) + ultraviolet]
threshold ionization scheme and subsequently
detected using a VMI detector. During the ex-
periment, the VUV laser wavelength was scanned
back and forth to cover the entire Doppler profile
of the D atom product to achieve uniform de-
tection efficiency for the D atom products with
different velocities. For more details about the
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Fig. 2. Comparisons of the experimental (EXP) and theoretical product angular distributions
of the H; product from the H + HD (v = 0, j = 0) — H, + D reaction at a collision energy

of 2.77 eV. (A and C) Product rovibrational state is v/ = 0, j' = 7. (B and D) Product rovibrational
statesare v =1, =9 and v' = 2, ' = 3, which appear in the measured image as a merged ring.
The theoretical results (dark blue lines) do not include the GP (NGP) in panels A and B but do include
it (GP) in panels C and D. arb., arbitrary; deg, degree.

experimental setup, refer to the materials and
methods in the supplementary materials (SM).

The experimental velocity map image of the
D atom product from the H + HD — H, + D
reaction at the collision energy of 2.77 eV (Fig. 1)
shows rings that are well resolved in the for-
ward scattering direction. These ring structures
correspond to different rovibrational state struc-
tures of the H, product and are assignable (see
fig. S4). Certain ring structures arise from a
single rovibrational state, whereas most encom-
pass combined rovibrational states of H,. For
each ring, there are fine oscillations in the angu-
lar distribution in the forward direction as ob-
served in the study at the collision energy of
1.35 eV. We then acquired the experimental
angular distributions for the H, product at the
rovibrational level (v' = 0, j/ = 7) and at the
combined levels (v' = 1,7 =9 and v’ = 2,7 = 3)
in the forward scattering direction by extracting
the signals at a set of different scattering angles
(in 1° intervals) for the corresponding rings (Fig. 2,
A and B).

To ascertain whether the GP effect markedly
influenced this reaction at this high collision en-
ergy, we first carried out adiabatic quantum dy-
namics calculations on the accurate adiabatic
Boothroyd-Keogh-Martin-Peterson-2 (BKMP2) PES
with the GP effect not included (Fig. 2, A and B).
The angular distribution patterns from the cal-
culations with no GP (NGP) are not in agreement
with the corresponding experimental results:
The oscillation patterns in the calculated NGP
DCS are almost completely out of phase with
the experimental results, with theoretical peaks
located at the experimental valley positions. In
particular, the experimental angular distribution
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for the Hy, (v’ = 0, 7' = 7) product state shows a
pronounced peak in the exact forward direction
(0°), whereas the theoretically calculated NGP
distribution exhibits a deep valley there. The
same calculations have also been performed on
the complete configuration interaction (CCI) PES,
which is considered the most accurate adiabatic
PES for the reaction system (39). The calculated
results on the CCI PES are essentially the same
as those obtained on the BKMP2 PES (see fig.
S5), indicating that the disagreement between
the experiment and the NGP calculation is not
due to inaccuracies associated with a particular
adiabatic PES. Similar comparisons were made
for additional H, product rovibrational states
(see fig. S6), and the NGP-calculated angular
distributions similarly disagreed with the exper-
imental results.

We then carried out time-dependent adiabatic
quantum dynamics calculations for the reaction
on the BKMP2 PES with inclusion of the GP as a
vector potential, as Althorpe and co-workers had
done for the H + H, reaction (23). The applica-
tion of the vector potential for the H + HD re-
action is slightly more complicated than for the
H + H, reaction because of the asymmetric
masses. In the present calculations, this vector
potential was first derived in the mass-scaled
hyperspherical coordinates and then was ex-
pressed in the reactant Jacobi coordinates for
the subsequent quantum reactive scattering cal-
culations. For more details about the reactive
scattering theory including the GP in reactant
Jacobi coordinates (40), refer to section VI in the
SM. The calculated angular distributions with
the GP effect included are shown in Fig. 2, C
and D. In marked contrast to the NGP results,
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Fig. 3. Comparison between diabatic and
adiabatic with GP calculations for H,
product in specific quantum states. (A) H, (v' =
0,j'=7);B)H, (v'=1,j'=9andv'=2,j" = 3).

the theoretical angular distributions obtained
with the GP effect included agree well with the
experimental results, with the calculated angular
oscillations exactly in phase with the experimen-
tal results. This agreement suggests strongly that
the GP effect can be seen in the adiabatic picture
for this benchmark reaction at this high collision
energy. Similar comparisons were made for ad-
ditional H, product levels (fig. S6), and results
were consistent with the above conclusion.
Because the collision energy of this experi-
ment is 0.24 eV above the CI, the question arises
whether the adiabatic excited state (or the upper
cone of the CI) has a significant effect on the
reaction dynamics. We therefore developed ac-
curate diabatic PESs for the Hjz system and
used them to carry out state-to-state quantum
dynamics calculations. To construct the diabatic
PESs, we obtained the derivative coupling be-
tween the two lowest 2A’ states by performing
MR-CISD (multireference configuration interac-
tion, with all single and double excitations) cal-
culations using the COLUMBUS program (4I)
with active space comprising three electrons
distributed in nine @’ and two a” orbitals and
basis of standard aug-cc-pVQZ (42). The deriv-
ative couplings were then fitted using an arti-
ficial neural network method (43). The ground
adiabatic PES of H; was taken as the well-known
BKMP2 PES, but the energy difference between
the ground and excited states was calculated
using the MOLPRO package (44) and fitted using
the artificial neural network method. See the SM
for more details. The DCSs for the title reaction
were then calculated using the diabatic PESs for
the products Hy (v'=0,j'=7)and H, (v'=1,7'=9
and v' = 2, j' = 3) and are compared with the
corresponding adiabatic GP results in Fig. 3.
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Fig. 4. A cut view through the H + HD PES. The positions of the three H + HD geometric
arrangements, transition states (T), and CI (x) are shown. On the surface, representative one—
transition state (path 1) and two—transition state (path 2) reaction paths are shown. The cut was
calculated using hyperspherical coordinates (45) at a given overall separation p of 3.60 bohr without
consideration of the mass difference between H and D atoms.

The calculated DCS using the adiabatic ground-
state PES including the GP effect agrees well with
the DCS calculated using the diabatic coupled
PESs, and the calculated diabatic DCS is also in
good agreement with the experimental result,
demonstrating that the dynamics of the reac-
tion can be accurately described using the diabatic
theory without considering the GP effect, as ex-
pected. Therefore, the GP effect associated with
the CI in a molecular system exists only in the
adiabatic picture. The present results also verify
that the adiabatic theory including the GP can be
used to describe the detailed dynamics of this
chemical reaction at this collision energy as pre-
cisely as the diabatic theory does. This, we be-
lieve, has important implications for dynamics
studies of complicated quantum systems with
CIs using adiabatic theory when diabatic treat-
ment is very difficult or not possible.

There are some small differences in the for-
ward scattering peak between the diabatic and
the adiabatic GP results for the H, product (v’ =
Lj' =9 and o' = 2, ;' = 3) (Fig. 3B), implying that
the excited state might play some small role at
this collision energy. To assess quantitatively
the effect of the excited state, we have calculated
the time-dependent population of the adiabatic
ground (V;) and excited (V,) states for H + HD
at the collision energy of 2.77 eV for differential
partial waves J = 0, 10, 20, 30, and 40. The
calculated results show that the J = 0 popula-
tion on the adiabatic excited state V, reaches its
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maximum at ~46 fs, which is still less than 0.09%
of that on the adiabatic ground state (see fig.
S7A). In addition, we have also computed the
time-independent wave function as a function
of hyperradius p in hyperspherical coordinates
for J = 0 with the two hyperangular coordinates
integrated out (45). The results show that the
wave function of the adiabatic excited V, is dis-
tributed in a very narrow region around the CI,
with peak value less than 1% of that on the adia-
batic ground state V; (see fig. S7B). By integrating
the |\u|2 distribution in fig. S7B, we estimated
that the population on the excited state is only
about 0.053% of that on the ground state for the
J = 0 partial wave. For partial waves with larger
J value, the excited-state contribution becomes even
smaller. The excited-state dynamics are different
from those on the ground state, thus likely causing
the small difference between the adiabatic + GP
and the diabatic calculations. These quantitative
analyses confirm that the excited state plays a very
minor role in the H + HD — H, + D reaction at the
collision energy of 2.77 eV, suggesting the reaction
process occurs predominantly on the ground state
and thus ensuring that the reaction at this col-
lision energy can be adequately treated using adia-
batic calculations on the ground state PES with GP.

It is intriguing that the GP effect on the H +
HD — H, + D reaction can be seen so clearly in
the forward scattering direction. According to
the topological argument proposed by Althorpe
and co-workers (19, 23) for the H + H, reaction,
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the GP effect should not be important for a re-
action that occurs through a single pathway, be-
cause the GP only introduces a constant phase
change to the wave functions of the pathway and
thus will not influence the dynamics. In that con-
text, there should be a second reaction pathway
at this high collision energy that is markedly dif-
ferent from the normal reaction pathway. Using
the topological argument, the GP effect can then
change the DCS through interference between
the two reaction pathways. By quasi-classical tra-
jectory analysis, Althorpe and co-workers posited
that one of the two pathways of the reaction pro-
ceeds through a single transition state (path 1),
whereas the other proceeds through two transi-
tion states (path 2) (19). In the case of H + HD —
H, + D, the GP effect is expected to manifest
through the same interference between the two
analogous reaction pathways (Fig. 4, and such an
effect is more pronounced in the forward scat-
tering direction of certain specific product
quantum states at this collision energy.

Althorpe and co-workers also developed an
approach to extract the contributions of the
two reaction pathways on the basis of the topo-
logical argument (19, 23, 24, 26). In this ap-
proach, the nuclear wave functions for path 1 and
path 2 can be calculated by y; = (yygp + Wap)/
V2 and v, = (Ve — Vap)/ V2, respectively,
where yygp and ygp are the calculated wave
functions without and with the GP effect, respec-
tively. The scattering amplitudes from path 1 and
path 2 can be expressed as fi(8) = [fxar(0)+
for(8)]/V2 and £(8) = [fvar (0)— fur(0)]/V2
respectively. The square moduli of f;(6) and
£(9), |A(8)]” and | £(6)*, give the angular dis-
tributions of the product, i.e., the DCSs, for the
individual paths. The total product DCS for the
whole reaction can be described as

o(6) = [/i(6) +£(0)]° = |A(O)]* + A (0)+
£ (0)£2(0) +£(0)f5 (6)

whereas the interference between two pathways
comes from the last two crossing terms. If the GPs
introduced are different for the two pathways,
then a difference in the DCS ensues. This ex-
plains the GP effect in the present case. The in-
tegral cross sections (ICSs) for the reaction via
path 1 and path 2 can thus be calculated by in-
tegrating the corresponding DCS for all reaction
product states.

Using this approach, we computed the total
ICS for the reaction via path 1 and path 2 for
collision energy up to 4 eV (Fig. 5A). At collision
energies below 1.5 ¢V, the H + HD — H, + D
reaction proceeds almost completely through
path 1, which is the typical abstraction reaction
pathway. As a result, the interference between
products from path 1 and path 2 is negligible at
low collision energy, and thus, the GP does not
influence the dynamics of the reaction. However,
as shown in Fig. 5A, at collision energies above
1.5 eV, the contribution from path 2 becomes in-
creasingly important as the collision energy in-
creases, even though the overall contribution
from path 2 is still small at the collision energy
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Fig. 5. Relative ICSs and DCSs from path

1 and path 2. (A) Calculated reactive ICSs

as a function of collision energy for the

H + HD — H, + D reaction proceeding through
either path 1 or path 2; the ICS of path 2 is
only 2.3% of that of path 1 at a collision energy
of 2.77 eV. (B) Calculated DCS for the H, (v' =0,
j' =7) product at a collision energy of 2.77 eV
from path 1 and path 2. In the forward scattering
direction, the DCSs from path 1 and 2 have
comparable amplitudes, thus causing strong
interference between the two paths.

of 2.77 eV, accounting for only ~2.3% of the
total product.

To explore why the GP effect is so pronounced
in the forward scattering direction, we calculated
the DCS for the H, (v’ = 0, j' = 7) product from
path 1and path 2 at the collision energy of 2.77 eV.
The calculations show that the two reaction paths
exhibit very different angular distributions (Fig.
5B), as in the H + H, reaction (23). Path 1leads to
predominantly sideways-scattered products with
relatively small amplitude in the forward and
backward scattering directions, whereas path 2
leads mainly to forward scattering. Coinciden-
tally, the forward scattering amplitude for the
two paths of this reaction are comparable (see
Fig. 5B). With different phases introduced by
the GP effect to the two paths, their comparable
scattering amplitudes make the GP effect more
pronounced in the forward scattering direction.
In the backward and sideways scattering direc-
tion, it would be much harder to see the GP effect
because of the dominance of path 1 over path 2.
The detailed mechanism of path 2 through two
transition states should be very similar to that of
the H + H, — H, + H reaction (46). Here, we
want to emphasize that the GP is introduced
theoretically for accurate treatment of the mole-
cular system in the adiabatic picture; thus, the
GP effect on the dynamics and its observation
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should be discussed strictly in the context of the
adiabatic theory.

This work demonstrates that fine angularly
resolved scattering structure in the forward di-
rection for reaction products in specific quantum
states is an extremely sensitive probe of the GP
effect in quantum dynamics of chemical reac-
tions in the adiabatic picture.
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Pinpointing the role of geometric phase

During chemical reactions, electrons usually rearrange more quickly than nuclei. Thus, theorists often adopt an
adiabatic framework that considers vibrational and rotational dynamics within single electronic states. Near the regime
where two electronic states intersect, the dynamics get more complicated, and a geometric phase factor is introduced to
maintain the simplifying power of the adiabatic treatment. Yuan et al. conducted precise experimental measurements
that validate this approach. They studied the elementary H + HD reaction at energies just above the intersection of
electronic states and observed angular oscillations in the product-state cross sections that are well reproduced by
simulations that include the geometric phase.
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