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State-to-state time-dependent quantum dynamics calculations are carried out to study F(2P)+HO(2Π)→ O(3P)+
HF(1Σ+) reaction on 13A′′ ground potential energy surface (PES). The vibrationally resolved reaction probabilities and
the total integral cross section agree well with the previous results. Due to the heavy–light–heavy (HLH) system and the
large exoergicity, the obvious vibrational inversion is found in a state-resolved integral cross section. The total differential
cross section is found to be forward–backward scattering biased with strong oscillations at energy lower than a threshold of
0.10 eV, which is the indication of the indirect complex-forming mechanism. When the collision energy increases to greater
than 0.10 eV, the angular distribution of the product becomes a strong forward scattering, and almost all the products are
distributed at θt = 0◦. This forward-peaked distribution can be attributed to the larger J partial waves and the property of
the F atom itself, which make this reaction a direct abstraction process. The state-resolved differential cross sections are
basically forward-backward symmetric for v′ = 0, 1, and 2 at a collision energy of 0.07 eV; for a collision energy of 0.30 eV,
it changes from backward/sideward scattering to forward peaked as v′ increasing from 0 to 3. These results indicate that the
contribution of differential cross sections with more highly vibrational excited states to the total differential cross sections
is principal, which further verifies the vibrational inversion in the products.

Keywords: state-to-state quantum dynamics, time-dependent wave packet, differential cross section,
F(2P)+HO(2Π)
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1. Introduction
As always, the reactions of atomic oxygen with hydro-

gen halides (HX, where H and X refer to hydrogen and halo-
gen respectively) have received considerable attention for their
importance in the studies of molecular reaction dynamics.[1–5]

By disentangling the relative contributions in high-resolution
angular and velocity distribution measurements at different
collision energies, the dynamic behaviors of both O(3P) and
O(1D) reactions have been investigated,[6] and the effect of
electronic excitation on the reaction dynamics of atomic oxy-
gen and the possible role of inter-system crossing between
triplet and singlet potential energy surfaces have also been ex-
plored directly.

On account of the relatively simple electronic structure,
the HOF system has often been chosen as a model system
for open shell reactions and has been studied widely. Many
important researches have been done by Gómez-Carrasco
et al.,[7–31] including building the potential energy surface
(PES), calculating the dynamics, and studying the photo-
ionization. In 2004, Gómez–Carrasco et al. performed high-
level MRCI electronic structure calculations for 8069 en-
ergy points to calibrate the fitted PES of the ground adia-

batic 13A′′ triplet electronic state.[7] In the same year, they
used the aug-cc-pVTZ extended basis sets given by Dun-
ning et al. for the ab initio calculations obtaining a more
accurate PES of the triplet 13A′′ electronic state.[8] Accord-
ing to this high-quality PES, they studied the dynamics of
the F(2P)+HO(2Π) →O(3P)+HF(1Σ+) reaction by quasi-
classical trajectory (QCT) and wave packet methods,[7–9] and
calculated the quantum state-to-state reaction probabilities[10]

of the same reaction by using a newly proposed coordinate
transformation method. In 2005, Gómez-Carrasco et al.[12]

further reported the new PESs for the excited 23A′′ and 13A′

triplet states and extended their previous dynamics study of
the F(2P)+ HO(2Π)→O(3P)+HF(1Σ+) reaction by imple-
menting wave packet calculations within the centrifugal sud-
den (CS) approximation on the excited triplet states. In 2006,
the Gómez-Carrasco group developed the coupled diabatic po-
tential energy surfaces[13] of 13A′′, 23A′′, and 13A′, and cal-
culated the angular resolved photodetachment cross sections
of OHF. According to these diabatic potential energy sur-
faces, they compared the adiabatic dynamics with nonadia-
batic dynamics of F(2P)+HO(2Π)→O(3P)+HF(1Σ+) reac-
tive collision,[14] and analyzed the final state distribution of
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products, obtaining that the OHF system can provide the op-
portunity to perform a nonadiabatic study with the coupled
electronic states involved. Later, in 2007, they constructed
the first five adiabatic singlet states (21A′, 31A′, 11A′′, 11A′,
and 21A′′) of the OHF system,[15] and studied the photoelec-
tron detachment process of OHF at 213 nm. The ground adi-
abatic 11A′ singlet PES is further employed in the subsequent
quasi-classical trajectory and the wave packet calculation of
O(1D)+HF→ OH+F(2P).[16]

Using the above PESs of the HOF system, many re-
searches about the dynamics of this system have been done.
Gogats[17] performed three-dimensional (3D) real wave packet
calculations for the H(2S)+FO(2Π)→OH(2Π)+F(2P) reac-
tion based on the 13A′′ and 13A′ state PESs, and obtained the
integral cross sections, the initial state selected reaction prob-
abilities and reaction rate constants for total angular momen-
tum J = 0. Recently, our group has studied the relative reac-
tions occurring on 13A′′ PES of the OHF system by using the
QCT method. We analyzed the product rotational polarization
and the isotope effect of the stereo-dynamics, etc., of H + FO,
F + HO, and O + HF reactions[18–21] and obtained some valu-
able information about chemical reaction stereo-dynamics. In
addition, Chu et al. have studied the vector properties of the
O(1D)+HF→ OH+F(2P) reaction on the PES of the 11A′

singlet state and the stereodynamics of reactions H/D+FO→
OH/OD+F, HF/DF+O using three PESs of the 11A′, 13A′,
and 13A′′ states by the time-dependent quantum wave packet
and QCT method;[22,23] while Zhao et al. have investigated the
stereodynamic behaviours of H+OF and F+HO reactions on
the above three PESs by using the QCT method,[24,25] analyz-
ing the influence of collision energy, isotopic effects and initial
excitation effects on the H+OF→ HO+F reaction.[26]

The above studies about the HOF system mainly fo-
cus on the state-to-all dynamics of related reactions. How-
ever, when two molecules collide, the state-to-state quantum
reaction dynamic study can reveal a more detailed observ-
able and profound insight into the chemical reaction process.
So, it is very necessary to calculate the state-to-state quan-
tum for the considered reaction system. As far as we know,
there have been few studies into state-to-state dynamic behav-
iors of the title reaction except in Ref. [10], where Gómez-
Carrasco et al. calculated only the quantum state-to-state re-
action probabilities for the title reaction for total angular mo-
menta J = 0 and 60 by using a time-dependent method in a
body-fixed frame; they found that the total energy was nearly
equally distributed between translation and vibration of prod-
ucts, with very little excitation of rotations, and obtained the
rovibrationally resolved state-to-state reaction probabilities for
J = 0 and 60. In order to analyze in more detail the dy-
namics, we here investigate the product state-resolved integral
cross sections (ICSs) and differential cross sections (DCSs) of
F(2P)+HO(2Π)→O(3P)+HF(1Σ+) on the 13A′′ PES with

all Js considered. The rest of this paper is organized as fol-
lows. In Section 2, we give the theoretical method to be used
in this work. In Section 3 we present the results and discus-
sion, and finally we draw some conclusions from the present
study in Section 4.

2. Theoretical method
Recently, the programs for the state-to-state quantum

scattering dynamics were developed by Zhang and Han.[27–29]

In the present paper, the efficient GPUs version of the
TDWP[27] code is used. The Hamiltonian of the title reaction
is defined in the body-fixed (BF) product Jacobi coordinates.
For a given J (J is the total rotational angular momentum), the
Hamiltonian can be expressed as (h̄ = 1)

Ĥ =− h̄2

2µR

∂ 2

∂R2 −
h̄2

2µr

∂ 2

∂ r2 +

(
Ĵ− ĵ

)2

2µRR2 +
ĵ2

2µrr2 +Vpes, (1)

where R is the distance between O and the center of mass of
HF; r is the bond length of HF; µr is the corresponding re-
duced mass and is expressed as µr = mF ·mH/(mF +mH); µR

can be written as µR = mO · (mH +mF)/(mO +mH +mF); Ĵ is
the total angular momentum operator; ĵ is the rotational angu-
lar momentum operator of HF; Vpes is the potential energy of
the FHO system.

The initial Gaussian wave packet for the reactant in the
space-fixed (SF) reactant Jacobi coordinate is expanded as

|χi〉= ϕ
JMε
αv0 j0l0 = G(Rα)φv0 j0 (rα) |JM j0l0ε〉 . (2)

For the initial state (v0 j0l0), |JM j0l0ε〉 represents the SF ro-
tational basis and describes the angular motion, with M be-
ing the projection of the total angular momentum J. The
φv0 j0 (rα) is the rovibrational eigenfunction of the diatomic
molecule HO. With the initial wavepacket, the propagation
of this wavepacket is entirely calculated on the graphics pro-
cessing units (GPUs) in BF product Jacobi coordinates with
rotational function |JM j0K〉, with K being the projection of
total angular momentum J in BF coordinates, and the initial
wavepacket at the grid

(
Rv0,rvi,θv j,Kβ

)
in the BF product Ja-

cobi coordinate is

Ψ(Rv0 ,rvi ,θv j ,Kβ )

= ∑
Kα

Ψ
(
Rα(Rv0 ,rv j ,θv j),rα(Rv0 ,rv j ,θv j),θα(Rv0 ,rv j ,θv j)

)
× dJε∗

Kβ Kα
.

Then, this wave function begins to propagate in the BF product
Jacobi coordinates in the split-operator scheme

Ψ
JMp(𝑅,𝑟, t +∆)

= exp
(
−iĤ0

∆

2

)
exp
(
−iV̂rot

∆

2

)
exp(−iV ∆)

× exp
(
−iV̂rot

∆

2

)
exp
(
−iĤ0

∆

2

)
ϕ

JMp(𝑅,𝑟, t), (3)
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Ĥ0 = − h̄2

2µR

∂ 2

∂R2 −
h̄2

2µr

∂ 2

∂ r2 +Vr(r), (4)

V̂rot =

(
Ĵ− ĵ

)2

2µRR2 +
ĵ2

2µrr2 , (5)

where Vr(r) is the potential energy of HF.
The radial component of the product wavepacket is a delta

function multiplied by the outgoing asymptotic radial function

|χf〉= δ (R−R∞)φvf jf(rβ ) |JM jflf〉 , (6)

where R∞ is the fixed radial coordinate in the asymptotic re-
gion. So, the scattering matrix element in BF representation is
defined as

Sfi(E) =
1

2πaα i(E)a∗β f(E)

∫
dt e(i/h̄)Et 〈

χβ f
∣∣ e(i/h̄)Ĥt |χα i〉.

(7)
The coefficients are given by

aα i(E) =
〈
φi|χ+

i

〉
=

〈
i

√
µRkα i

2π
Rh(2)lα (kα iR)|G(Rα)

〉
, (8)

aβ f(E) =
〈
φf|χ+

f

〉
=

〈√
µRkβ f

2π
Rh(1)lβ

(kβ fR)|δ (R−R∞)

〉
,

(9)

where h(1,2) are the spherical Hankel functions of the first and
second kinds. Finally, the scattering matrix is transformed into
helicity representation to derive the DCS and ICS by a scatter-
ing matrix summing over all relevant total angular momentum
quantum number J.

dσv′ j′,v0 j0(θ ,E)
dΩ

=
1

(2 j0 +1) ∑
K′

∑
K0

∣∣∣∣ 1
2ikv0 j0

∑
J
(2J+1)dJ

K′K0

× (θ)SJ
v′ j′K′,v0 j0K0

∣∣∣∣2, (10)

σv′ j′,v0 j0 =
1

(2 j0 +1)k2
v0 j0

∑
K′

∑
K0

∑
J
(2J+1)

×
∣∣Sv′ j′K′,v0 j0K0

∣∣2 , (11)

where kv0 j0 is the translational wave vector of the initial state
(v0, j0), θ is the scattering angle, and dJ

K′K0
is the Wigner ro-

tational matrix.
Using this method, the quantum state-to-state dynamics

of many reactions has been successfully studied and a large
amount of valuable information has been obtained.[30–33]

In the present work, we carry out the state-to-state calcu-
lations for all angular momentum Js values up to 140 to con-
verge differential cross sections of the title reaction for colli-
sion energies up to 0.80 eV. To insure convergence of scatter-
ing results, extensive tests have been carried out to determine
the optimal parameters, which are summarized in Table 1. One
of the key convergence parameters in this work is denoted as
K. This parameter sets an upper limit to the helicity quantum
number. Table 2 shows the convergence tests on the K for se-
lected J and higher collision energy EC = 0.60 eV. It can be
seen that the number of K (K = min(10,J +1)) is sufficiently
large to yield converged results.

Table 1. Numerical parameters used in the present quantum wave packet
calculations.

Parameter Value

Product Jacobi coordinate (R) range 2.0–18.0 a0

No. grid points in R 300

No. translational basis functions in the interaction
region

200

Product Jacobi coordinate (r) range 1.0–22.0 a0

No. grid points in r 185

No. vibrational basis functions in the interaction re-
gion

120

No. angular grid points 150

Center of initial wave packet (R0) 10.4 a0

Width of the wave packet (δ ) 0.161 a0

Integration time interval (∆) 2.5 a.u.

Absorption length in R and r 4.0/4.0 a0

Absorption strength in R and r 0.03/0.03

Position for flux analysis in R and r 13.5/10.0 a0

Propagation time 60000 a.u.

Table 2. Convergence test of F + HO(v0 = 0, j0 = 0) →HF(v′, j′)+ O reaction probabilities as a function of K (with EC = 0.60 eV and
J = 30, 60, and 90).

EC = 0.60 eV K Total
HF(v′, all j′) + O

v′ = 0 v′ = 1 v′ = 2 v′ = 3 v′ = 4

J = 30 8 0.13358265 0.03373300 0.03180328 0.02150117 0.04274873 0.00379647

10 0.13358314 0.03373302 0.03180950 0.02150252 0.04273178 0.00380632

12 0.13354529 0.03373643 0.03181859 0.02149644 0.04271616 0.00377767

J = 60 8 0.17707975 0.02894937 0.02912954 0.04789848 0.07047739 0.00062497

10 0.17708394 0.02909003 0.02903478 0.04795410 0.07039593 0.00060911

12 0.17708721 0.02909356 0.02906808 0.04790722 0.07041381 0.00060455

J = 90 8 0.12526367 0.00397327 0.01807556 0.05276344 0.05011492 0.00033649

10 0.12547303 0.00447903 0.01880616 0.05204223 0.04978330 0.00036231

12 0.12561086 0.00453590 0.01888586 0.05199310 0.04982578 0.00037023
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3. Results and discussion
3.1. Reaction probability and reaction cross section

The F(2P)+HO(2
Π) → O(3P)+HF(1

Σ+) reaction is
very exoergic, and the detailed information about the existence
of PES of 13A′′ ground electronic state can be seen in Ref. [8].
The main characteristic is a low barrier at a bent geometry and
two wells: one is in the entrance channel with a bent geometry
and the other is in the product channel with a linear geometry,
which makes the reaction present two different mechanisms:
one is direct at energy above the transition state zero point en-
ergy, i.e., at about 0.10 eV, and the other is below this thresh-
old indirectly mediated by HLH resonances.[8,10,11] These res-
onances are associated with the periodic orbits at the transition
state.[8]

Firstly, in order to verify our calculation correctness, the
vibrationally resolved reaction probabilities are calculated for
J = 0 and J = 60, which are shown in Fig. 1. Our results are in
good agreement with the ones calculated by Gómez-Carrasco
et al. (see Ref. [10]). Thus, we can conclude that the calcula-
tion in this work is correct.
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Fig. 1. (color online) Vibrationally state-resolved reaction probabilities for
F+HO(v = 0, j = 0) → HF(v′)+O collision at J = 0 (lower panel) and
J = 60 (upper panel).

Figure 2 shows the total reaction probabilities for several
partial waves. The resonance structure is very obvious for the
smaller J, especially below the threshold at 0.10 eV; these res-
onances are typical in heavy-light-heavy systems and are as-
sociated with periodic orbits at the transition station.[8,10] As
J increases, the distribution is shifted towards higher energies

and the probability decreases, due to the increase of centrifu-
gal barrier with J increasing. Then resonances gradually wear
off and nearly disappear at higher J (60 and more).
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Fig. 2. (color online) Variations of total QM reaction probability with colli-
sion energy for the F+HO→ HF+O reaction at several J values.

In order to determine whether those resonances persist in
the reaction cross section, the total reaction cross section for
F+HO(v = 0, j = 0), in Fig. 3, is calculated by adding all
partial waves through using the time-dependent wave packet
(TDWP) quantum method including the split-operator scheme.
The red solid line represents the TDWP results in this work,
and the other results are cited from Ref. [8]. From this figure
it follows that all the total reaction cross section presents two
parts, (one is at energies above the transition state zero point
energy, at about 0.10 eV, and the other is below this threshold),
which are associated with the direct and indirect mechanisms,
respectively. The comparison between the TDWP and CSA [8]

results shows their qualitative behaviors are in agreement well
with each other. Below the threshold about 0.10 eV, the in-
direct mechanism dominates, and the reaction cross section
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Fig. 3. (color online) Variations of total reaction cross section versus colli-
sion energy for the F+HO(v = 0, j = 0) collision. The red line represents
our results, the CSA, J-shifting, and QCT results are cited from Ref. [8].
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is very large. Above this threshold energy, the reaction cross
section grows rapidly to a maximum value at about 0.15 eV
for both methods. Beyond this maximum the reaction cross
section decreases nearly monotonically as expected for exoer-
gic reactions. In addition, there are some differences: above
0.10 eV, the TDWP results are slightly larger than the CSA
ones and the peak obtained by the TDWP method is higher;
at this point, the TDWP results agree well with the J-shift re-
sults, with collision energy further increasing. For the ener-
gies above 0.25 eV, the results from TDWP and CSA methods
are in good agreement. The CSA and quantum wave packet
(“exact”) methods were also used to calculate the reaction
probability for J = 40 by Gómez-Carrasco et al.[8] The CSA
method, in which a single helicity quantum number is con-
sidered, indeed underestimates the probability, while in our
TDWP calculation, the maximum value of the helicity quan-
tum number reaches 10.
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Fig. 4. (color online) (2J + 1) weighted opacity functions for F+HO→
FH+O reaction at different collision energies.

To shed light on the J dependence of the total reaction
probabilities, we plot the reaction probabilities at six colli-
sion energies versus the total angular momentum in Fig. 4.
The J-dependent partial wave contribution is weighted over a
(2J + 1) factor to the integral cross section. It is well known
that the J dependence of the integral cross sections is analo-
gous to the opacity function p(b). Thus, different J depen-
dence means different impact parameter dependence. In the
low energy region, (EC ≤ 0.1 eV), where the indirect mech-
anism is dominated, the (2J + 1)P value rapidly increases
and reaches a maximum value near J = 50, and then sharply
decreases to zero before J reaches the last accessible value.
Moreover, there are several resonances in these three cases,
and the peak becomes higher and higher with the collision en-
ergy increasing. A similar tendency also exists in the high en-
ergy region, (EC > 0.1 eV), i.e., (2J+1)P value first increases
and then decreases, but the peak becomes lower with the in-
crease of collision energy, which is expected for the exergonic
reaction, the reaction probability decreases as collision energy
increases.

3.2. Product distribution

The calculated product HF vibrational distributions for
the title reaction in a collision energy range from 0.07 eV to
0.80 eV are shown in Fig. 5, which are obtained by summing
all available rotational state populations in each vibrational
channel. For the cases of v′ < 4, the obvious vibrational inver-
sion is observed in Fig. 5. The main maxima in the v′ distribu-
tion (v′ = 1, 2, and 3 for 0.1, 0.3, and 0.6, respectively) appear
with increasing total energy. As reported in Ref. [10], because
of the HLH system and the large exoergicity, the energy of this
reaction is nearly equally distributed between translation and
vibration of products, with very little excitation of rotations. In
addition, the direct mechanism dominates at the saddle point
and the system presents the approximately orthogonal modes
in their ground state, which induces the vibrational excitation
and inversion.
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Fig. 5. (color online) Vibrational state-resolved reaction cross sections for
the F+HO(v = 0, j = 0)→ HF(v′)+O collision. Curve has been multi-
plied by a factor of 10 for the case of v′ = 4.

The rotational state-resolved reaction cross sections of the
HF product are also calculated and shown in Fig. 6. There
is a similar tendency for all collision energies, i.e., each reac-
tion cross section becomes smaller and smaller with j′ increas-
ing. Comparing Fig. 5 with Fig. 6, the vibrationally resolved
state-to-state reaction cross sections have high-order magni-
tudes, which further confirms the above conclusion (much
more translation energy is converted into the vibrational en-
ergy).
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Fig. 6. (color online) Rotational state-resolved reaction cross sections for
the F+HO(v = 0, j = 0)→ HF( j′)+O collision.
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In order to provide much more indicative views of prod-
uct vibrational and rotational state distributions, we plot 3D
diagrams in Figs. 7 and 8. As can be seen in Fig. 7, the prod-
ucts mainly concentrate in a range between v′ = 1 and 2 and
j′ < 15, which is in good accordance with the distributions in
Figs. 5 and 6. Figure 8 shows the vib-rotational distribution
at each energy more clearly: below 0.10 eV, there are mainly
three vibrational levels (v′ = 1, 2, and 3), while above this en-
ergy, the product is mainly distributed at one vibrational level

(at v′ = 2, 3, and 3 for 0.30, 0.50, and 0.70 eV, respectively).
For collision energy lower than 0.10 eV, the indirect mecha-
nism dominates and there will be a complex form, thus there
is not enough energy to stimulate the product to too high an ex-
cited state. While for collision energy higher than 0.10 eV, the
direct mechanism dominates, which promotes the vibrational
excitation. It can also be seen in Fig. 8 that the rotational dis-
tribution has no inversion, so there are more products at the
lower rotational energy-level.
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Fig. 7. (color online) 3D product vibrational state-resolved reaction cross section (left panel), and 3D product rotational state-resolved reaction cross section
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Fig. 8. (color online) Product ro-vibrational state-resolved distributions at several collision energies.

3.3. Differential cross sections

Figure 9 displays the calculated total DCSs of the F +

HO(v = 0, j = 0) reaction in two energy regions: one is
EC ≤ 0.1 eV (0.07, 0.08, and 0.10 eV), called the low energy
region; the other is EC > 0.1 eV (0.30, 0.50, and 0.70 eV),

called the high energy region. It is apparent that the angular

distribution favors the forward scattering for the high collision

energy, while it gives an almost forward-backward symmetric

pattern for the low collision energy. The symmetric pattern is

probably due to the dominant complex formation mechanism
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that allows the molecules to rotate in the [OHF] well in dif-
ferent directions. Meanwhile, when collision energy becomes
slightly large, the side scattering begins to exist and the back-
ward scattering becomes stronger; this is because the rebound
mechanism begins to play a major role. In addition, several
oscillations can be seen which may be attributed to the in-
direct mechanism mediated by HLH resonance. As the col-
lision energy further increases, in the high energy region, a
larger number of partial waves are involved in the reaction as
shown in Fig. 4, which suggests that the contribution from the
direct abstraction mechanism becomes larger. Alternatively,
in the classical scattering item, the maximum impact parame-
ter (bmax) has a one-to-one relationship with the total angular
momentum J. Further, according to the “osculating complex”
model,[34–36] the collisions at the large impact parameter lead
to “semi-trapped” complex with short lifetime. Considering
our reaction system, the F atom is much heavier than the H
atom, and it has a relatively strong absorbability to charge.
The F atom will rapidly and easily grip the H atom away from
the HO molecule, and directly produce HF molecule, which
induces the very strongly forward scattering.

Finally, in order to further explore the details, the statere-
solved DCSs at two corresponding typical collision energies
are given in Fig. 10, which reveals more angular structures
than the total reactive DCSs. In this figure, it can be seen
that the product state-specific DCSs are obviously dependent
on collision energy. For the low-energy case, EC = 0.07 eV

(note the break on vertical axis), the angular distributions for
v′ = 0, 1, and 2 states are dominated by forward and back-
ward scattering and the much stronger forward scattering can
be seen in the v′ = 3 case, that is, all the vibrational excited
HF (v′ = 1, 2, and 3) and ground HF (v′ = 0) states contribute
to the forward scattering component, but HF with v′ = 3 is lit-
tle help to backward scattering. Moreover, with v′ increasing,
the maximum value of j′ becomes smaller and smaller, which
is related to the preference for forming the vibrational excited
products in the title reaction. For the energy above the thresh-
old, EC = 0.30 eV (note the difference in color scale among
these four plots), the product distribution is mainly backward
scattering and sideways scattering for v′ = 0 and 1, respec-
tively, but these tendencies are very weak, when v′ increases,
the forward scattering becomes more and more obvious, until
it reaches forward peaked scattering at the v′ = 3 state, that
is, the forward peaked scattering of the total DCS for 0.30 eV
in Fig. 9 is due to the high vibrational excited (v′ = 3) prod-
ucts. Although the integral cross sections at v′ = 1 and 2 are
much larger (see Fig. 5), the tendencies of backward scattering
and sideways scattering are both too weak to present backward
scattering or sideways scattering tendency in the total DCS.
In this case, the direct abstraction mechanism is predominant,
and more translational energy is converted into the vibrational
energy. Moreover, the decrease of the maxima of j′ with v′

increasing is also found in Fig. 10.
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Fig. 10. (color online) State-resolved DCSs for the F+HO→ HF+O reaction at two typical collision energies. Upper panels are for collision energy of
0.07 eV; lower panels for collision energy of 0.30 eV.

4. Conclusions

In this work, an efficient GPU version of time-dependent
wave-packet code is used to calculate the differential cross sec-
tion of F(2P)+HO(2Π)→O(3P)+HF(1Σ+) reaction on the
ground state 13A′′ PES. The vibrationally resolved reaction
probabilities of J = 0 and J = 60 and the integral cross section
are in good agreement with earlier results.[8,10] Obvious res-
onances are found in reaction probability for smaller J, espe-
cially in the low collision energy region, which are associated
with the indirect mechanism mediated by HLH resonances.
The quantum state-resolved reaction probability and cross sec-
tion calculations demonstrate that the product vibrational state
distributions are typically inverted, differing from the non-
inverted rotational distributions. This is mainly because of the
HLH mass combination. The larger rotational constant corre-
sponds to the diatomic molecule, formed by a light H atom and
a much heavier atom such as O or F, and most of the rotational
energy is carried by OH or HF. Therefore, before and after re-
action, L≈ L′, and their rotational constants are relatively very
low.[10] Finally, total and state-resolved DCSs are also calcu-
lated. At low collision energies, the HF products are predom-
inantly forward/backward scattered due to the low impact pa-
rameter b collision and indirect complex forming mechanism.
At high collision energies, the direct abstraction mechanism is
more inclined to produce forward scattering and furnish a high

vibrational excitation of the HF.
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[16] Gómez Carrasco S, Hernández M L and Alvarinõ J M 2007 Chem.
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