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Abstract

The state-to-state dynamics of high-n Rydberg H-atom scattering with para-H; at
the collision energies of 0.45 and 1.07 eV have been carried out using H-atom
Rydberg tagging time-of-flight technique. Both the inelastic scattering and reactive
scattering are observed in the experimental time-of-flight spectra. The products H, (v',
j=odd) only come from reactive scattering and present clearly forward-backward
asymmetric angular distributions, which differ from that of the corresponding
ion-molecule reaction. The products H, (v', j'=even), however, come from both
reactive scattering and inelastic scattering. Simulating the rotational distribution from
reactive scattering, we found most of H, (v, j'=even) products come from inelastic
scattering. The angular distributions of the product H, (', j’=even) are consistent with
what is predicted by the conventional textbook mechanism of inelastic scattering, and
are a little different from that of the corresponding ion-molecule inelastic scattering.
These results suggest that the effect of Rydberg electron could not be neglected in
describing the differential cross sections of H* + para-H, scattering. From the
simulation, the branching ratios of inelastic scattering channel were determined to be

66% and 79% at the collision energies of 0.45 and 1.07eV, respectively.
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1. Introduction

Collisions between Rydberg atoms (RA) and neutral molecules are a curious
type of collision, which do not follow the same dynamics as those involving ground
state or low-lying excited state species.'*”* Because the electron in a high Rydberg
state spends most of its time far from the ion core, it is often physically reasonable to
describe such collision processes theoretically by the independent-collider model,” in
which electron-target and ion core-target scattering events are treated independently.
This model of RA collisions was originally proposed by Fermi, and has been used to
interpret a wide range of Rydberg state collision phenomena.®"*?

Over the last few decades, the collision processes of highly excited RAs have
been the subject of intense study.'® To date, however, rather little work has been done
on full quantum-state resolved RA collisions. Davis and co-workers'"' first studied
vibrationally resolved inelastic scattering of H-RA with N, and O, at the collision
energy of 1.84 eV by the H-atom Rydberg tagging time-of-flight (HRTOF) technique.
Their results confirmed that the inelastic collisions of these systems resemble closely
the corresponding ion-molecule scattering. Recently, Yu ef al reinvestigated the
typical inelastic collision of H-RA with O, at two lower collision energies of 0.64 and
1.55 eV."? The striking phenomenon observed in this work was the extremely high
vibrational excitation of O, products in the backward-scattered direction, which was
explained by a double charge transfer mechanism suggested by Gianturco ef al. in an

early study of H" + O, collision.'® This finding was a further illustration that the

Fermi independent-collider model may be applied to RA inelastic collisions with
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nonpolar molecules at a fully state resolved level.

In addition to RA-molecule inelastic scattering, chemically reactive collisions
involving RAs have also attracted much attention in the past few years. Recently, the
dynamics of RA reactive scattering H*(n) + 0-D, — HD + D*(n’) has been studied
experimentally by means of the HRTOF technique by Yang et al.'*"> and by Wrede et

' respectively. In those experiments, the rotationally resolved product distribution

al.,
measured for the RA-molecule reaction at a single scattering angle reproduced the
experimental product distribution of the corresponding H™ + D, — HD + D" reaction.
A practical application of these works is that RAs may be useful for studies of
elementary ion-molecule reactions. Subsequently, motivated for this principal finding,
comparisons with theoretical results of H" + D, collision obtained in exact quantum
mechanical and quasiclassical trajectory calculations were extensively reported.”’lg’19
However, full angular, quantum-state resolved differential cross-sections (DCSs) of
the H* + 0-D, reaction obtained firstly by Yu er al?® showed that the angular
distributions of HD product rotational states presented a strong preference for forward
scattering, which were obviously different from those of corresponding ion-molecule
reactions. Such marked difference suggests that Fermi independent-collider model is
not valid in describing the DCSs of RA reactions with molecules. A similar
conclusion has also been obtained in a recent study of H*(n) + HD — D*(#»') + H;
reactive scattering by Yu e al.?' These studies remind us that, unlike RA inelastic

scattering, caution should be exercised when testing theoretical methods performed

for ionic systems with the measurements carried out in reactions with RAs.
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Although a vast amount of data is available from the collisions between H-RA
and molecules, the detailed information regarding an H-RA collision process to
produce the inelastically scattered products and reactively scattered products is still
not well understood. To our knowledge, in order to obtain a more complete picture of
the inherent dynamics of one collision system, the data of inelastic scattering and
reactive scattering are both indispensable. In the present work, the prototypic collision
of H-RA with para-H, was experimentally investigated at the collision energies of
0.45 eV and 1.07 eV using the H-atom Rydberg tagging time-of-flight technique to

characterize inelastic and reactive channels involving this scattering, simultaneously.

2. Experimental Methods

In this work, full quantum-state resolved crossed beam scattering of the highly
excited Rydberg H atom with para-H, has been carried out using the crossed
molecular beam apparatus with H-atom Rydberg “tagging” technique.?*:**-**-%
Detailed of this experimental setup used for studying inelastic and/or reactive
scattering of Rydberg H atom with neutral molecule has been described previously. *°
Briefly, two parallel molecular beams (HI and para-H,) are generated by pulsed
valves. The para-H, beam is produced by an adiabatic expansion through a nozzle
cooled to the liquid nitrogen temperature, which ensures that almost all molecules in
the beam are in the H, (v=0, j=0) state with a reduced velocity spread. The cooled
para-H, beam has a velocity of 1380 m/s with a speed ratio (v/Av) of about 25 in this

work. The H-RA beam at a high Rydberg level (n=~46) is created through pumping

the H atoms produced from photodissociation of HI molecules at 266 nm to a high-n
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Rydberg state via resonant two-photon excitation using two excitation laser beams of
121.6 and 365.8 nm wavelength at about 5 mm away from the scattering region. The
polarization direction of the 266 nm is chosen to direct the slow (or fast) H atoms
corresponding to the formation of iodine atoms in their spin orbit excited state (or
ground state). The H-RA beam with the nascent velocity of the H atom products
(11230 or 17470 m/s) then crosses perpendicularly with the para-H, beam. After
traversing a certain TOF distance, the scattered H-RAs which remain in the high-n
Rydberg states (n > 20) are readily detected by field ionization in a rotating MCP
detector. In this work, both the inelastically scattered H-RAs [H*(n=46) + H, (v=0,
j=0) — H*(n") + Hy(v', j'), eqn (1)] and reactively scattered H-RAs [H*(n=46) + H,
(v=0, j=0) — H*(n') + HH(V, j"), eqn (2)] could be recorded, but no ionizing
processes are detectable because all ion signals from the collision region are pulled
away by applying an external electric field (~20V/cm). Furthermore, in an effort to
measure complete angular distribution by the rotating MCP detector in this
experiment, a liquid nitrogen cooled copper block is installed downstream of the HI
molecular beam. This copper block could significantly eliminate the attenuation of the
scattering signals in the forward directions (O, < —40°) through absorbing the HI

beam during scattering.

3. Results and Discussions
3.1. H*(n) + Hy(v=0, j=0) — H*(n") + HH(V', j") reactive scattering

TOF spectra of the scattered H-RA products from elastic/inelastic scattering and
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reactive scattering have been measured at 17 laboratory scattering angles (from 85° to
—70° at about 10° interval) using HRTOF technique described above. The direction of
the p-H, beam is defined as 0., = 0°, while the direction of the H-RA beam is at 6,
= 90°. These TOF spectra can be converted to the velocity spectra using a standard
Jacobian transformation from the laboratory (LAB) frame to the center-of-mass (CM)
frame. Figure 1 illustrates three velocity spectra of the scattered H-RA products at the
collision energy of 0.45eV, which correspond to the forward (6L, = -50°), sideway
(BLap = 30°), and backward (6, = 85°) collision directions in the CM frame. It is
quite clear that these spectra consist of a series of sharp structures, which can be
unambiguously assigned to the different rotationally excited H, (v'=0, j'=0-7) products.
It is necessary to point out that the inelastic process (eqn (1)) and reactive process
(eqn (2)) have similar reaction enthalpy and produced species, Thus, the source of H,
products cannot be able to distinguish at once based on those velocity distributions.

However, as noted in the previous studies, 14.21,26

the ortho-para transitions are
forbidden in inelastic collisions. As for H*+p-H, collision, the odd H, rotational
levels should be not populated in the H*(n) + para-H, — H*(n") + Hy(v', j') inelastic
scattering. Therefore, the odd-j" scattered H, products should be only from the H*(n)
+ para-H, — H*(n') + HH(V', j') reactive scattering, while the even-j’ scattered H,
products come from both two scattering processes.

Figure 2 shows three velocity spectra at high collision energy of 1.07eV, which
also correspond to the forward (6L, = -50°), sideway (fLap = 30°), and backward (6.
= 85°) collision directions in the CM frame. One marked difference from that in the
0.45 eV collision is more sharp peaks are observed, which can be assigned to the

different rotational states of H, products with vibrational excitation at v=0 and 1.

Such phenomenon is consistent to the fact that more available energy will be
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deposited into the products with high (v', j') values as the collision energy increases.
The velocity spectra obtained experimentally in the LAB frame are simulated by
adjusting the relative populations of the rovibrational states of the H, products. From
these fits, relative populations of H, products at different rovibrational states were
determined at 17 LAB angles. State-resolved distributions of the H, products in the
CM frame were then determined by a polynomial fit to the above results, and from
these distributions, state-resolved DCSs were determined. By incorporating all of the
velocity distribution in the CM frame, a three-dimensional (3D) contour plot of the
DCSs was constructed. Figure 3 shows such DCSs for H-RA products from the H*(n)
+ H, (v=0, j'=0) — H*(@»') + HH(V', j'=odd) reactive scattering at the collision
energies of 0.45 and 1.07eV. The forward-scattering direction for H-RA products
from the reactive scattering is defined along the indicated arrow corresponding to the
direction for the para-H, molecular beam. The state-resolved angular distributions for
the H*(n) + H, (v'=0, j/=0)— H*(n') + HH(V', j'=odd) reactive scattering at the
collision energies of 0.45 and 1.07¢V were plotted in Figure 4. From Figure 3 and 4,
the remarkable feature is the extremely peaked character in both forward and
backward scattering directions. In particular, the ratio of DCSs between extreme
forward and sideways is more than 10, for the lowest j' values. Considering our
experimental detection method, the actual ratio of DCSs between extreme forward
and sideways would be much larger. (Due to the limited angular resolution of the
MCP detector, the signal would be average over 3~5°, which means the peak intensity
detected around 180° or 0° is much lower than the actual value.) Such features have
been observed in the corresponding ion-molecule reaction H+H, by Lezana et al®’.
This extreme polarization effects between forward/backward and sideway scattering

has only been reproduced by the QM methods. The QCT DCS, on the contrary,
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cannot reproduce the extreme forward and backward scattering. Such phenomenon
has also been found in some insertion reactions such as C('D)+H,**, S('D)+H,, and
O('D)+HD.

Another interesting feature is that the structure of the rotational resolved DCS
shows a strong dependence on the specific value of j’. For j’=1 and 3, forward
scattering is preferred, while for j’=7, backward scattering is preferred. This feature is
more pronounced for v'=0 and 1 products at high collision energy of 1.07eV. Though
the rotationally resolved DCSs for the H*(n) + H, (v'=0, j’=0)— H*(n') + HH(V',
j'=even) could not be obtained, the propensity of DCSs for HH(v', j'=even) should be
similar with that of HH(v', j’=odd), as reported in the previous studies of isotopic
variants, H* + 0-D,%, H* + HD*' collision. This means the total DCS for the H*(n) +
H, (v'=0, j'=0) — H*(n") + HH(V', j") should be forward scattered, which is different
from that reported by Lezana et al. in the corresponding ion-molecule reaction H'+H,.
They obtained the roughly forward-backward symmetric total DCS arising from the
formation of a long lived collision complex H;". The breakdown of this symmetry in
RA reactive scattering, especially favouring forward scattering, may be interpreted in
terms of the osculating complex model as a reduction of the complex lifetime below
its rotational period. Indeed, the quantum number of the Rydberg H* atom could be
changing during the exchange reaction. Thus, the Rydberg electron with different
orbit periods may affect the lifetime of the intermediate complex. Far more detailed
experimental and theoretical studies are necessary to clarify this hypothesis.

Total quantum state distributions are also determined by integrating those DCSs
over different CM angles. Figure 5 shows the H, rotational distributions for H*(n) +
para-H, — H*(n") + HH(V', j') reactive scattering at the collision energies of 0.45 and

1.07eV, respectively. From those distributions, it is difficult to separate the
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contribution from inelastic scattering and reactive scattering immediately, since the
signals from inelastic and reactive scattering overlap with each other for the H,(v',
j'=even) products. Fortunately, according to the previous studies, the total product
rotational distributions from H-RA reactive scattering should exhibit statistical-like

20,21

distribution™ ", and the total product rotational distributions from H-RA reactive

scattering are quite similar with that from the corresponding ion-molecule reaction.
Theoretical study for H + H, —» H + HH reaction also showed statistical-like
product rotational distributions*’>'. Thus, we can obtain the statistical-like artificial
rotation distributions based on the experimental odd- j' population, as shown in Figure
6. From those new distributions, it is interesting to find that the rotational distribution
for vibrationally excited Hy(v'=1) products at high collision energy is striking hot with
the intensive peak of j'=7 near its energetic limit, whereas the rotational distributions

for ground vibrational H»(v'=0) products is moderate at both two collision energies.

3.2. H*(n=46) + H,(v=0, j=0) — H*(n") + Hy(v', j/=even) inelastic
scattering

In this study, we also can obtain the H-RA inelastic scattering dynamics. As
discussed above, the even-j’ scattered H, products come from both inelastic scattering
and reactive scattering processes. From Figure 5 and 6, it is clear that the signals from
H-RA inelastic scattering are much larger than that from H-RA reactive scattering.
About 20.5% and 10.4% even-j’ H, products come from reactive channel at the
collision energies of 0.45 and 1.07eV, respectively. Subtracting the reactive

component simulated in Figure 6, We can get the rotational distributions of the Hx(v',

j'=even) products from inelastic scattering at the collision energies of 0.45 and 1.07eV.
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As can be seen from Figure 7, the relative intensity of H, (v'=0) rotational excited
states decrease monotonously as rotational energy increases at both two collision
energies, indicating that rotational excitation is quite cold. However, the vibrationally
excited H, (v'=1) products from high collision energy appear to be moderate rotational
excitation, with the peak at j=4. This is reasonable since vibrationally excited H»
products come from the collisions with small impact parameters. Such collisions
usually can transfer large angular force. Integrating the reactive scattering and the
inelastic scattering, the branching ratios of inelastic scattering channel (eqn (1)) were
determined to be 66% and 79% at the collision energies of 0.45 and 1.07eV,
respectively. During the fitting, we used an assumption that the rotational distribution
from reactive scattering is statistical. The fitting error bars are estimated to be £10%.
It seems that the contribution from inelastic scattering is relatively larger at higher
collision energy.

The 3D contour plots of the DCSs and state-resolved angular distributions for
H-RA products from H*(n) + H, (v=0, j=0) — H*(n") + H, (v', j'=even) at the collision
energies of 0.45 and 1.07 eV are displayed in Figure 8 and 9, respectively. Based on
the analysis above, these results cannot exactly present the dynamics of H, (v', j/=even)
products from H-RA inelastic scattering, but would be quite similar with the real
results. It is interesting that the distributions show a strong dependence on the specific
rovibrational states. The low rotationally excited H, products (;'=0, 2) are mostly
forward-scattered, whereas for highly rotationally excited H, products (=4, 6), the

DCSs become nearly backward-scattered with some extent of forward-scattered. Such
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change is much more significant at the collision energy of 1.07 eV, in which the
DCSs for H, at v'=1 is clearly backward-scattered. The experimental observations are
exactly consistent with what is predicted by the conventional textbook mechanism,*
in which collisions with high impact parameters are forward-scattered and essentially
low energy transfer from kinetic energy to rovibrational energy, whereas collisions
with low impact parameters transfer a large amount of energy into rovibrations and
are mainly backward-scattered. Such observation is a little different with the inelastic
scattering from the corresponding ion-molecule scattering. Anomalously forward
scattering in vibrational inelastic collision has been observed in scattering of H™ with
H,, HD and D, reported by Giese et al. **. They suggested a different mechanism in
which the passing proton withdraws electron density from the diatomic target,
stretches the bond of target molecule and inducing vibrational excitation.
Anomalously forward scattering has also been observed in vibrationally inelastic

H+D; collisions studied by Greaves and coworkers®*¥

, in which they observed the D,
products are dominantly forward-scattered at all vibrational excited states, and
attributed such phenomenon to strong attractive forces when H atom moves close to
D, molecule. It is clear that H-RA inelastic scattering presented here is different with
the ion inelastic scattering H'+H, and also different with the ground H inelastic
scattering H+D,. The possible reason is Rydberg electron has effect on the differential
cross section of H-RA inelastic scattering. This means Fermi independent-collider

model is also not valid in describing the DCSs of H-RA inelastic collision with

molecules.
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1 Conclusion

In this work, the state-to-state dynamics of high-» Rydberg H-atom scattering
with para-H, have been investigated using the HRTOF method at the collision
energies of 0.45 and 1.07 eV. Rotational distribution and angular distribution of H;
product have been presented. The H; (v/, j/=odd) products, which come from reactive
scattering, present a strong preference for forward scattering. Such propensity is also
observed in the previous works on H-RA reaction with D, and HD, but different with
that of the corresponding ion-molecule reaction. The H; (v, j'=even) products, which
dominantly come from inelastic scattering, show forward scattering at low rotational
states and backward scattering at high rotational states. This is consistent with what is
predicted by the conventional textbook mechanism of inelastic scattering. By
simulating the rotational distribution from reactive scattering, the branching ratios of
inelastic scattering channel were determined to be 66% and 79% at the collision
energies of 0.45 and 1.07¢V, respectively. The present study of the H* + para-H;

collision provide us deep insight into this interesting H-RA scattering process.
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Fig. 1 Velocity spectra of the scattered H-RA products from the H*(n=46) + H,(v=0,
j=0) scattering at three typical laboratory angles of 85°(a), 30°(b), -50°(c) off the
para-H, beam at the collision energy of 0.45eV.
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Fig. 2 Velocity spectra of the scattered H-RA products from the H*(n=46) + H,(v=0,
j=0) scattering at three typical laboratory angles of 85°(a), 30°(b), -50°(c) off the
para-H, beam at the collision energy of 1.07eV.
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a) £,=0.45 eV

b) E;=1.07 eV

Fig. 3 The experimental 3D contour plots of the DCSs for the H-RA products from
H*(n=46) + Hy(v=0, j=0) — H*(n") + HH(v', j'=0dd) reaction at the collision energies
of 0.45 (a) and 1.07 eV (b).
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Fig. 4 The rotational state-resolved angular distributions of H, (v, j'=odd) products
from reactive scattering at the collision energies of 0.45 and 1.07¢eV.
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Fig. 5 Rotational distributions of the H; (v/, j') products for the H*(n=46)+H,(v=0, j=0)
—H,(v, j") +H* reaction at E.,;=0.45 ¢V and 1.07 eV.
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Fig. 6 Rotational distributions of the H, products for the H*(n=46) + H,(v=0, j=0) —
H*(n") + HH(V', j') reaction at the collision energies of 0.45 and 1.07 eV. The black
circles are the experimental data for H*(n=46) + H, (v=0, j=0) — H*(n") + HH(V',
j'=odd) reaction. The red circles are the (artificial) distributions using Boltzmann
statistics distribution.
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Fig. 7 Rotational distributions of the H,(V', j/=even) products at the collision energies
of 0.45 and 1.07 eV. The black lines are the experimental results of H*(n=46) +
H,(v=0, j=0) — H(n') + H2(', j'=even) collision. The red lines are the distributions for
H*(n=46) + para-H, — H*(n') + Hy(v, j') collision by subtracting the reactive
component simulated in Figure 6.
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a) £,=0.45 eV

b) £,=1.07 eV

Fig. 8 The experimental 3D contour plots of the DCSs for the H-RA products from
H(rn=46) + Hy(v=0, j=0) — H(n") + Hy(v', j’=even) collision at the collision energies
0of 0.45 (a) and 1.07 eV (b).
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Fig. 9 The state-resolved angular distributions of H,(v', j'=even) products from both
reactive scattering and elastic/inelastic scattering at the collision energies of 0.45 and
1.07eV.
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