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Cross sections for production of D,*, D*, and HD" ions in the reaction of H* with D, were
calculated in the center-of-mass collision energy range of 2.5 eV< E_, =< 8.0 eV by using
a trajectory surface hopping (TSH) method with ab initio three-dimensional potential
energy surfaces(3D-PES’s). The calculations were carried out with D, reactants in the
vibrational and rotational states with quantum numbers (v=0 to 3, j=1,5,10), and (v, j)
dependence of each ion production was evaluated. It was found that the D,* production
1s enhanced remarkably as the vibrational and rotational (v, j) state becomes high, where
the vibrational excited state has the primary effect and the rotational excited state has
the secondary effect. Compared with the D,* production, the effect of vibrational excited
state v on the D' and HD" production is small. The production of latter two ions is

almost independent of the rotational excited state j.
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1. Introduction

Ion-molecule reactions occurring in the H;* system and its isotopic variants have
been studied theoretically as well as experimentally[1]. The absolute cross sections for
jon production in the reactions H* + D,(v=0), D* + Hy(v=0), and D* + D,(v=0) were
measured by Ochs and Teloy[2] and by Schlier et al.[3] with an estimated error of +10 to
20% using a guided beam method, where v represents the vibrational quantum number.
These cross sections were calculated theoretically by using a trajectory surface hopping
(TSH) method with diatomics-in-molecules potential energy surfaces (DIM-PES’s)[3-7].
The TSH calculations with DIM-PES’s reproduce the D* and HD* production cross
sections for the H* + D, reaction within the experimental uncertainty, but show
systematic deviations from the experiments for other reactions[3]. Except for the region
near the threshold energy, the disagreement with the experiment is attributed to the
faulty repulsive wall of the ground state DIM-PES’s(3,8].

In a recent paper[9] we also reported similar TSH calculations with ab initio three-
dimensional (3D)-PES’s, instead of DIM-PES’s, which were calculated by the full
configuration interaction method with a [8s6p2d1f] Gaussian-type basis set[10].
Compared with the TSH calculation with DIM-PES’s, the energy dependence of
experimental cross sections is reproduced better for the D* + H, and D* + D, systems by
the use of the ab initio PES’s. Although the TSH calculations with the ab initio PES’s
are systematically larger than the experiments for the H* + D, system, they almost
coincide with each other within the corresponding uncertainties[2,9].

In this paper we present the cross sections for ion production from the reaction of H"
with D, in vibrational and rotational excited states with quantum numbers (v=0 to 3,
j=1,5,10). Three kinds of ions D,*, D*, and HD* can be observed in the reaction of H*
with D,. These processes involving vibrationally and rotationally excited molecular
species are of great importance for a plasma modeling of fusion reactor divertor[11], but
there are no available data. So we undertook the TSH calculation with the ab initio
3D-PES’s, and estimated how the vibrational and rotational excited states of D, affect

each ion production in the collision energy range 2.5eV = E_, =8.0eV.

2. Computational Method
The TSH calculation was carried out as before[9], except that the probability of

surface hopping (nonadiabatic electronic transition) was evaluated by using the formula

_1_
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established by Zhu and Nakamura (ZN)[12] instead of the Landau-Zener (LZ)
formula[13-16]. All parameters in the ZN formula can be estimated directly from the ab
initio PES’s[12].  The hopping probability was calculated with the ZN formula when a

surface hop was possible under the conventional TSH model[5].

3. Results and Discussion

Figures 1 to 3 show the cross sections for D, production by the electron transfer
H' + D, — D,* + H. As the vibrational state v becomes high, the D," production is
enhanced remarkably with the increase of energy E,,, Fig.4 illustrates the section of ab
initio PES’s at R =5.29 A (10 bohr) in the C,, geometry, where R is the distance between
H* and D,. In our TSH calculation, the surface hopping takes place on the avoided
crossing point of two PES’s. The avoided crossing between the H* + D, and H + D,*
electronic states arises in the region where the internuclear distance of D, (r) is about
1.32 A (2.5 bohr) and R is larger than 2.65 A (5 bohr)[10]. Thus the D,* production is
induced by such a H* + D, collision as D, is excited into the vibrational state with
quantum number v > 6, because the vibration amplitude of D, in the v > 6 state is
sufficient to reach the internuclear distance of r = 1.32 A. If D, is in the vibrational
excited state in advance, further vibrational excitation into the v > 6 state is brought
about more easily by the collision with H*, and that should cause the remarkable
enhancement of the D,* production.

The D," production cross section for v=1 also increases appreciably as the
rotational state j becomes high. If D, is in the rotational excited state, the centrifugal
force of the D, rotator contributes to the enlargement of D-D bond length, which should
promote the D," production. From Figs.1 to 3, however, it is concluded that the
vibrational excited state v has the primary effect on the D," production, and the
rotational excited state j has the secondary effect.

Figs.5 to 7 show the cross sections for D* production. As v becomes larger, the D*
production is reduced at E,, below 4 eV, while it is enhanced above 5 eV. The D* ions
are produced from reactions H* + D, — D' + HD (nuclear rearrangement) and H* + D, —
D"+ H + D (dissociation). Threshold energy of dissociation is 4.52 eV for the H* + D,(v=0,
)=1) system and 3.11 eV for H* + Dy(v=3, j=10). Thus, most of D* ions are produced by
the nuclear rearrangement at E,,, below 4 eV. (The v dependence of D* production by the

nuclear rearrangement is discussed later with the HD* production.) With the increase
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of E,,, the nuclear rearrangement decreases monotonically, while the dissociation
increases[9]. Above 6 eV, the D* production from dissociation becomes more dominant
than that from nuclear rearrangement. Figs.8 to 10 show contribution of the
dissociation H* + D, — D* + H + D to the D* production. The dissociation is enhanced
as the vibrational state v becomes high. From Figs.5 and 10 it is clearly demonstrated
that the increase of D* production cross section with increasing v above 5 eV is due to the
contribution of dissociation.

Figs.11 to 13 show the HD* production cross sections from the reaction H* + D, —
HD* + D. As v becomes largr, the HD* production is enhanced at E_,, below about 5 eV.
At low collision energies both the HD* and D* ions are produced via the H-D pair
formation[6]. The HD* ion can be formed if the internal energy of the H-D pair is
sufficient to reach the internuclear distance of 1.32 A, where the avoided crossing of two
PES’s arises[17]. On the other hand, the D* ion (neutral HD molecule) is formed if the
H-D pair is not in the vibrational excited state sufficient to reach the internuclear
distance of 1.32 A. In the present calculation the sum of cross sections for above two
reactions H* + D, — D' + HD and H* + D, — HD* +D is almost independent of v.
Figs.14 to 16 show the summed cross sections for the H* + D, system. It can be seen
from Figs.5 to 7 and Figs.11 to 16 that the vibrational excited state v promotes the HD*
production and reduces the D* production at the same time at E_, below about 5 eV.

From Figs.5 to 7 and 11 to 13 it is known that both the HD* and D' production is
almost independent of the rotational state j.

Compared with the HD* and D* production cross sections, the D,* production cross
section shows remarkable (v, j) dependence. The D," production cross section, which is
less than 1.0 A2 for (v=0,j=1) at E_,=8.0 eV, becomes more than 7.0 A2 for (v=3,j=10). In
the D* and DH' production, the difference of cross sections between different
rovibrational states is less than 0.5A 2 in the calculated energy range.

The (v, j) dependence is also observed in the maximum of impact parameter (b,,)

selected to determine the D," production cross section. The value of b,,, for the D,*

production, which is less than 1.5 A for (v=0, j=1), increases as the rovibrational state (v,
j) becomes high and exceeds 2.7 A for (v=3, j=10) in the calculated energy range. The
values of b,_,, for the HD* and D* production, which are not so sensitive to the

rovibrational state (v, j), are less than 1.5 A and 1.25 A, respectively, for all (v, j) at E,,

= 3 eV. When D, is in the vibrational excited state in advance, the D," production

_3_
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takes place with less energy capture in the H* + D, collision with larger impact parameter.
In the HD* and D' production, H* need to approach D, closely to create the H-D pair or to
cut the D-D pair, so that the molecular size of D, and HD,* should restrict b,,, more
rigidly.

Finally, we discuss the accuracy of the present calculation. In the previous
study[9], ion production cross sections were calculated for the reaction of H* with
Dy(v=0,j=1) in the range of 2.5 eV< E_ < 8.0 eV, where the classical treatment for the
nuclear motion was considered to be appropriate because the quantum effect such as
tunneling is not significant[8,9]. In the present study, ion production cross sections
were calculated for the reaction of H* with D, in the rovibrational excited states. The
rovibrational energy level of D, (v=3,j=10) is 1.41 eV higher than that of Dy(v=0,j=1). It
is thought that the bundle of trajectories calculated for the H* + D, (v=3,j=10) system at
E.. = 6.59 eV covers the same area of PES's as the bundle for the H* + D,(v=0,j=1) system
at E,, = 8.0 eV with different density distribution.  Since the ion production cross
sections for H* + D,(v=0, j=1) are in agreement with the experiments within the
uncertainty of about +30 %[9] and the cross sections for other rovibrational states (v, j)
are given by smooth curves in the calculated energy range, serious problem may not
happen on our PES's.

In the present calculation the hopping probability was evaluated by the ZN
formula[12], instead of the LZ formula[9]. The use of LZ formula is not appropriate
when a trajectory crosses an avoided crossing point with energy near the threshold. The
ZN formula used is applicable to the whole range of energies above threshold and more
accurate than the LZ formula. Therefore, the present TSH calculation with the ZN
formula is more reliable than the previous calculation with the LZ formula.

In order to evaluate the applicability of TSH calculation[18], experiments with

excited D, molecule are strongly requested.

4. Summary and Concluding Remarks

The cross sections for the production of HD*, D, and D," ions in the reaction of H*
with D,(v=0 to 3, j=1,5,10) were calculated in the energy range 2.5eV=< E_, < 8.0eV by
using the TSH method with ab initio 3D-PES's. As the rovibrational (v, j) state becomes
high, the D," production is enhanced remarkably with the increase of E,. The

vibrational excited state v has the primary effect on the D,* production and the rotational
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excited state j has the secondary effect. Although the HD* and D* production shows the
v dependence, its effect is small compared with the case for D," production, and the
production of these two ions is almost independent of the rotational state j. The D," ion
production is induced when D, is excited into high rovibrational state by the collision
with H* and the amplitude of this oscillation is sufficient to reach the avoided crossing
point. On the other hand, the HD® and D' ion production is brought about via the
particle rearrangement (H-D pair formation) or dissociation.

These cross sections are fundamental to accurate modeling of the plasma power
exhaust by the neutral hydrogen gas in the fusion reactor divertor. It has been shown
that the D,* production, which is endothermic for the H" + Dy(v=3) system, is the
dominant reaction for E,,, < 8.0eV. It is expected that the (v, }) dependence of each ion
production obtained for the H" + D, system applies to the ion production occurring in

other isotopic variants.
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Fig.1 Absolute cross sections for the reactions H* + D,(v=0 to 3, j=1) — D," + H. The
cross section is given as a function of center-of-mass collision energy E_,. The

experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.2 Absolute cross sections for the reactions H* + D,(v=0 to 3, j=5) — D,*' + H. The
cross section is given as a function of center-of-mass collision energy E_,. The

experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.3 Absolute cross sections for the reactions H* + Dy(v=0 to 3, j=10) — D,"+ H. The
cross section is given as a function of center-of-mass collision energy E.,. The

experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.4 Section of potential energy surfaces for R=5.29 A in the C,, geometry. r is the
distance between two deuterons. The vibrational energy levels of D, and D,* are shown

by solid and dotted lines, respectively.



JAERI—Research 98—056

o
0}
T

cross section (A2)

Fig.5 Absolute cross sections for the D* production from the reactions H* + D,(v=0 to 3,
J=1). The cross section is given as a function of center-of-mass collision energy E,,.

The experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.6 Absolute cross sections for the D* production from the reactions H* + Dy(v=0 to 3,
j=5). The cross section is given as a function of center-of-mass collision energy E_,.

The experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.7 Absolute cross sections for the D* production from the reactions H* + D,(v=0 to 3,
j=10). The cross section is given as a function of center-of-mass collision energy E_,.

The experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.8 Contribution of the dissociation H* + Dy(v, j=1) = D* + H + D to the D*

production.
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production.
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Fig.11 Absolute cross sections for the reactions H* + Dy(v=0to 3, j=1) — HD*+ D. The
cross section is given as a function of center-of-mass collision energy E.,. The

experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.12 Absolute cross sections for the reactions H* + Do(v=0 to 3, j=5) — HD*+ D. The
cross section is given as a function of center-of-mass collision energy E_,. The

experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.13 Absolute cross sections for the reactions H* + D,(v=0 to 3, j=10) — HD* + D.
The cross section is given as a function of center-of-mass collision energy E.,. The

experimental data for v=0 (Ref.2) are plotted by dots in the figure.
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Fig.14 The sum of cross sections for the reactions H* + D,(v,j=1) — D* + HD and H* +

D,(v, j=1) — HD' + D.
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JAERI—Research 98—056

5 1 )
S _
s | -
') I i
1))

o\ ! _
2 0.5+ i
e | i
) _ ]
L
Ecm (eV)

Fig.16 The sum of cross sections for the reactions H* + Dy(v,j=10) — D* + HD and H* +
D,(v, j=10) — HD* + D.
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1 9.80665 1 2.72407 x 10-° 2.34270 9.29487 x 107 7.23301 6.12082x 10" =4.1855J (15°C)
% 36x10° | 3.67098 x 10° 1 859999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 102 =4.1868 J (REA %)
- 4.18605 0.426858 | 1.16279 x 10°° 1 3.96759 x 10°? 3.08747 261272x 10" {pmE | pS (LEH)
B 1055.06 107.586 2.93072 x 10™* 252.042 1 778.172 6.58515 x 102! =75 kgf-m/s
1.35582 0.138255 | 376616 107" |  0.323890 | 1.28506 x 10°? 1 8.46233x 10" = 735.499 W
1.60218 x 107'% [ 1.63377 x 1072°| 4.45050 x 107%¢| 3.82743 x 10-2° | 1.51857 x 1022 | 1.18171 x 10" 1
iy Bq Ci f{lyi Gy rad g:} C/kg R g Sv rem
it 1 2.70270 x 10~ 7]} 1 100 ® 1 3876 M 1 100
HE B g i
3.7 x 10% 1 0.01 1 2.58 x 107* 1 0.01 1

(86 % 12 A 26 HEAE)



CROSS SECTIONS FOR {ON PRODUCTION IN REACTIONS OF H* WITH D2- EFFECTS OF VIBRATIONAL AND ROTATIONAL EXCITED STATES OF D..




