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Quasiclassical trajectories for He H, were carried out using the recent ab initio potential of Boothroyd,
Martin, and Petersond( Chem. Phy2003 119, 3187) and results for the 348, () states of Hare compared
to those of earlier calculations that used the potential of Wilson, Kapral, and Boinesn( Phys. Letl974

24, 4884). Examined are the cross sections for energy transfer and dissociation, the extent of threshold elevation,

and the interconversion of vibrational and rotational energy. Implications for modeling the interstellar medium
are discussed.

1. Introduction co-worker8® explored the density and temperature dependence
of cooling for H infinitely dilute in He. Their results were

Recently Boothroyd, Martin, and Peterson (BMP) published limited by the accuracy of the WKB resuits.

a new analytic potential energy surface (PES) determined by a
fit to over 20 000 ab initio points they had calculated for He

. L ; 2. Potential Ener rfac
H,.! This new surface represents a significant improvement on ote ergy Surfaces

earlier potential energy surfaces for HeH,?16 and provides In Figure 1 are shown some representative cuts of both the
a PES comparable in accuracy to those availableforr2and BMP and WKB PESs, along with the corresponding difference
He + Hp.22725 plots. The collinear cuts correspond to the three atoms in a
Most of the earlier PESs for He- H, were restricted to straight line with He at the terminal position, while the
particular regions of conformation space where theHH perpendicular cuts correspond to the approach of the He atom

distances are short. These potentials are suitable for calculationslong a line bisecting the axis between the two H atoms. Figure
such as the determination of transport and relaxation propertiesla shows the collinear cut of the BMP PES. A small value of
of H, in He (cf. McCourt et aP® and references therein) and R with a large value oR; corresponds to a bound:tholecule
the characterization of van der Waals complexes (cf. Kalinin et far from the He, and thd%, dependence extrapolates to the
al2”and Gianturco et &8 and references therein). Some of these potential of an isolated Hmolecule asR; increases. Small
potentials were also useful for quantum calculations (cf. Lee et values ofR; andR; correspond to He interacting closely with
al2® and references therein). H». For such conformations, the interaction potential is steeply
The PES of Wilson, Kapral, and Buth$WKB) was an repulsive. The collinear cut of the WKB PES (Figure 1b) also
exception in that it attempted to cover the entire region of shows a repulsive wall, but this wall has a “hole” in that for
conformation space. Regions where the #i separations are  certain values ofR; and R, the potential becomes steeply
large are important for dissociation and excitation to high levels negative and unphysical. This mathematical artifact arises
of vibration or rotation. Extensive quasiclassical calculations because there were no ab initio points available to Wilson et
have been carried out on the WKB PES as modified by Dove alin this region to constrain the fitting function. Conformations
and Raynof? These calculations were motivated by the in this region would be encountered only at high collision
necessity for a complete set of state-to-state rate coefficientsenergies, but this region has implications for dissociation or
that could be used in master equation calculafidimstemper- excitation to the higher energy,(j) states. Figure 1c illustrates
ature and density regimes typical of the interstellar medium. the differences (BMP PES WKB PES) in the two potentials.
Molecular hydrogen is the dominant molecular species in the Immediately evident are the differences in the shape of the end
interstellar medium and is found in giant molecular clouds. of the valley and of the repulsive wall. Both of these regions
Shocks in these clouds are associated with star formation, andare expected to have a significant effect on the outcomes of
an understanding of how shock heated hydrogen gas cools incollisions of He+ H,. The shape of the end of the entrance
the wake of a shock is desiralfeSince after atomic H, He is  valley influences energy transfer behavior, while the shape of
the next most abundant atomic species, collisions of He with the repulsive wall determines whether a collision leads to
H, are expected to play a role. Densities in the interstellar dissociation or to excitation of the molecule.
medium can be quite low and radiative processes (i.e., quad- The perpendicular conformations are addressed in Figure 1d
rupole emission in the infrared) can compete with the collisional f. The earlier work of Mand§? showed that collisions involving
processes. In addition to dissociative cooling, the removal of perpendicular conformations were more likely to lead to
energy by emission after collisional excitation can contribute dissociative outcomes than other angles of approach, especially
to the cooling. In their master equation calculations, Dove and near the threshold for dissociation. For this conformation, the
repulsive wall of the WKB PES is significant for larger values
T Part of the special issue “Donald G. Truhlar Festschrift”. of Ry than is the case of the BMP PES. The difference plot
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Figure 1. Comparison of the potential energy surface of Boothroyd et al. with that of Wilson et-at) @llinear cuts of the BMP surface, the
WKB surface, and the (BMPWKB) difference surface, respectively;<d) corresponding plots for the perpendicular cut of the potential energy
surfaces. The horizontal axiskg, the separation of the He atom from the center of mass of the 2 system, while the verticaRaxtbhésdistance
between the two H atoms. BofR, andR; are in units of A. In parts a, b, d, and e, the dashed contours are at 25 kcdlimetvals below the
limit of three atoms infinitely separated, while the solid contours corresponds to interval of 100 kcalaioVve the same limit. In the difference
surface, parts ¢ and f, the dashed contours are for negative differences at intervals of 1 kéakité the solid contours are for positive

differences at the same interval of 1 kcal ol
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Figure 2. Comparison of the distributions of final continuously valued QCT “quantum numbers” for inelastic trajectory results in the lowest
stratum of impact parameter (6:0.5 A): (a) for He+ H(0,0) on the BMP PES, (b) for He Hx(0,0) on the WKB PES, (c) for He- H(2,14)

on the BMP PES, (d) for He- Hx(2,14) on the WKB PES, (e) for He Hx(5,24) on the BMP PES, and (f) for He Hx(5,24) on the WKB PES.

In all cases the translational energy is 50 kcal Thaind the total energy of the system is indicated by the heavy dashed line. Other contours are
given at 12.5 kcal mot intervals, on an energy scale relative to the potential energy minimur. 3fe heavy solid line represents the dissociation

limit while the beaded contour represents the rotationless dissociation limit.

(Figure 1f) shows the qualitative and quantitative differences unphysical hole in the repulsive wall. The integration of

between the two plots, particularly in the shape of the repulsive significant numbers of trajectories failed when this region of
the potential was encountered.

wall.

Processes at high total energy, such as collision-induced For this reason, calculations on an improved potential were
dissociation and energy transfer at high translational energy, deemed necessary. In this paper we examine collisional energy
have been explored using the WKB PES% At the time, it transfer, collision-induced dissociation and elevation of thresh-
was the only global PES available for HeH,. However, these olds for these processes using the BMP potential and compare
calculations were limited in their validity because of the our results with those obtained using the WKB PES.
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Figure 3. Comparison of state-to-state cross sections determined from quasiclassical trajectories using the BMP PES (solid circles) and the WKB
PES (open circles) for the following transitions: (a) HeH,(0,0) — He + Hx(0,2); (b) He+ H2(0,0) — He + Hx(0,4); (c) He+ Hx(0,0) — He
+ H(1,0); (d) He+ Hx(0,0)— He + H + H.

3. Method between energies of 400 and 20 kcal malbove the energetic
' threshold to dissociation followed by intervals of 1 kcal mol

Cross sections for state-to-state energy transfer and dissociaPelow that. Further details of the method of calculation are
tion were calculated by the quasiclassical trajectory (QCT) described elsewher@:33.3437.33
method using the potential energy surfaces of Boothroydetal. ~ There is no exchange channel for the-H¢, system, so only
and Wilson et af. All trajectories were initiated with internal ~ nonreactive or dissociative outcomes are possible. The non-
energy corresponding precisely to one of the 348 states reactive trajectories were binned as described by Dove,
of the Kb molecule. The initial relative translational energy was Raynor, and Teitelbauthwith the modifications of Mandy and
also specified. Stratified sampling was used for the impact Mart|n:37. .
parameter and all other parameters were Monte Carlo selected Statistical errors on all cross sections were calculated.
as described in Dove and Rayriérin the QCT method, the Since we were considering processes with probabilRigbat
collision is treated classically throughout and the equations of could be of the order of M, we used
motion were integrated using the Adams' predictor-corrector
method with a fixed step size of & 10720 s36 The desired o+ do= ZPiAi +
accuracy of integration (energy conservation within 0.005 kcal

I
mol~1) was achieved using 7 as the order of the integrator. P(1-P) )
The outcome of each nondissociative trajectory was analyzed ZAiZ ' ' + i + i 1+ i 1+ E 1)
for vibrational and rotational quasiclassical quantum numbers . N, N2 N3 N. N,
1 I

from a continuous, j) range. A minimum of 3000 trajectories
per impact parameter stratum for each energy was calculated

on the BMP PES. To ensure convergence of the cross sectionVhereNi is the number of trajectories in the batch akds the

successive impact parameter strata were considered until all2€@ Of the impact parameter annulus associated withitithe
collisions were observed to be elastic. For eaghj) state impact parameter stratum. This permits us to estimate the errors

trajectories were run at translational energy intervals of 1 kcal On Statistically null cross sections.
mol~! from 399 kcal moi! down to either 1 kcal mol or to

a translational energy at which all trajectories were observed
to be elastic. The calculations using the WKB PES had been First, the overall energy transfer behavior is considered.
carried out when computational facilities were more constrained. Figure 2 shows the values of the final continuously valued QCT
These runs on the WKB PES had used 1000 trajectories per‘quantum numbers” for three representative states at a trans-
impact parameter strata. Intervals of 5 kcal malvere used lational energy of 50 kcal mot on each of the potential energy

4. Results and Discussion
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Figure 4. Comparison of state-to-state cross sections determined from quasiclassical trajectories using the BMP PES (solid circles) and the WKB
PES (open circles) for the following transitions: (a) HteH2(12,0)— He + Hx(12,2); (b) He+ H(12,0)— He + Hx(12,4); (c) He+ Hx(12,0)
— He + H»(13,0); (d) He+ Hx(12,0)— He + H + H.

surfaces. Energy transfer from(8,0) is dominated by rotational  sections are consistently below the WKB cross sections and
excitation and is much more limited for the BMP PES than it exhibit some elevation of the threshold for the transition. These
is for the WKB PES. Also considered is;(2,14), a state with effects are even more pronounced for the transition fref0,8)
approximately equal energy in vibration and rotation. For both to Hy(1,0) (Figure 3c). With this extent of threshold elevation
potentials, the energy transfer is dominated by interconversion evident, the corresponding rate coefficients will be much lower
of vibrational and rotational energy with the observed pattern than those determined from the WKB PES, especially at low
much more compact for the BMP PES than for the WKB PES. temperatures where the value of the rate coefficient will be
A number of other states at other translational energies weredominated by the values of the cross sections near threshold.
examined, leading to the conclusion that there is less energy The differences in the cross sections for collision-induced
transfer overall for the BMP PES than was observed for the dissociation from H0,0) shown in Figure 3d are very pro-
WKB PES for initial statesy, j) of low to moderate internal  nounced. The BMP PES gives rise to dissociation cross sections
energy. that have a larger elevation of threshold and continue to increase
The situation is similar for states closer to the dissociation monotonically, while those from the WKB PES have a
limit. In Figure 2, parts e and f, are shown the results for energy maximum and then decrease. The latter behavior is an artifact
transfer from H(5,24) for the BMP PES and WKB PES, of the unphysical behavior of the WKB potential. As the
respectively. As in the case of;{2,14), the internal energy is  translational energy is increased above that at which collision-
approximately equally divided between vibration and rotation induced dissociation is first observed, an increasing number of
and the energy transfer is dominated by interconversion of trajectories fail as they enter the unphysical “hole” on the WKB
vibrational and rotational energy. The distribution arising from PES. At the highest energies considered, the number of failed
the WKB PES exhibits more deexcitation in batlandj than trajectories is comparable to the number of dissociative trajec-
is observed for the BMP PES. tories, casting doubt upon the validity of the WKB dissociation
In Figure 3 are shown cross sections for selected transitionsCross sections at those energies.
from Hy(0,0) plotted against translational energy. Figure 3ais  The differences due to the PESs are not as pronounced for
for rotational excitation from K{0,0) to Hx(0,2). Both potential transitions from H(12,0). Again for rotational excitation by two
energy surfaces give rise to similar behavior of the cross sectionquanta (Figure 4a), the cross sections peak sharply at threshold
with respect to energy with those from the BMP PES peaking with those from the BMP PES only slightly larger than those
more sharply near threshold. Differences are more pronouncedfrom the WKB PES. For the transition frompf2,0) to H(12,4)
in Figure 3b which shows the cross sections for transitions from shown in Figure 4b, the cross sections from the BMP PES are
H>(0,0) to H(0,4). Consistent with the dampening of energy consistently above those from the WKB PES and exhibit no
transfer with the BMP PES observed in Figure 2, the BMP cross greater threshold elevation. This is the opposite of what
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Figure 5. Base 10 logarithm of dissociation cross sections #ed a function of rotational quantum number. The states within each vibrational
manifold are joined by a solid line labeled with the vibrational quantum number. The solid symbols are quasibound states, while the open symbols
are for states with internal energy below the dissociation ligit.= 110 kcal mot* for (a) BMP PES and (b) WKB PEE,: = 114 kcal mot*

for (c) BMP PES and (d) WKB PES.
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Figure 6. Observed dynamic threshold energy plotted against energetic threshold fetrdév, j) — He + Ha(v, j + 2) for rotational manifolds
of selected vibrational states on (a) the BMP PES and (b) the WKB PES. The straight line indicates the energetic threshold. All energies are in kcal
mol~2.

happened for the transition fromy(@,0) to H(0,4) (Figure 4b). mol~t and 114 kcal molt. These cross sections are examined
No noticeable difference in threshold is observed for vibrational as a function of the rotational quantum numpér a series of
excitation from H(12,0) to H(13,0) (Figure 4c) or for dis- rotational manifolds associated each with a particular vibrational

sociation (Figure 4d). Thus, it appears that differences due to state. All states considered are highly excited with internal
the PES in elevation of the threshold depend on the initial state energy in excess of half that required for dissociation. Increasing

of the molecule. the internal energy as rotational energy has the general effect
This effect is explored further by examining dissociation cross of increasing the dissociation cross sections while increasing
sections at total energies slightly above 109.5 kcalhadhe the internal energy as vibration has an even more pronounced

energetic requirement for dissociation. Figure 5 shows crosseffect. Generally, the dissociation cross sections determined
sections for a number of states at total energies of 110 kcal using the BMP PES are smaller than those of the WKB PES at
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the total energy of 110 kcal mol. At the slightly higher total

the smallest transition that can be made byitda low state.
energy of 114 kcal mot, the cross sections from the BMP

To be noted is that, due to effects of vibrational rotational
PES are smaller than the WKB for> 12, but the situation is  coupling, the energy required for this transition does not increase

reversed for lower values af. When compared to results on  monotonically with rotational quantum number for a particular
the WKB PES, this means that while greater dynamic elevation value of ». For low values of), the energetic requirement for
of the threshold to dissociation is the case for lower states onthe transition increases, then at high valuesj,oftarts to
the BMP PES, this is not always the case for more excited states.decrease. (This accounts for the shapes of the rotational
Now considered is the relative extent of threshold elevation manifolds shown in Figure 6.) Also to be noted is that some of
on the two different PESs for various transitions. In Figure 6, the observed thresholds are below the energetic thresholds. This
the observed threshold is compared with the energetic thresholdis due to the fact that the binning of the trajectory results can
for rotational excitation by two quantum numbers, while the assign a result to a state with a final rotational quantum number
vibrational quantum number remains unchanged. SingésH  infinitesimally larger than + 1. This “barely-in-the-box” effect
homonuclear, rotational transitions are restricted to changes ofis discussed extensively elsewhrand is a consequence of
an even number of rotational quanta. Thig,= 0, Aj = 2 is the quasiclassical treatment. Inspection of these figures shows
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that, forv < 12, the elevation of the observed threshold is much (2) Roberts, C. SPhys. Re. 1963 131, 203.
more pronounced for the BMP PES than for the WKB PES. (3) Karplus, M.; Kolker, H. 3J. Chem. Phys1964 41, 3995.
This is consistent with the behavior illustrated in Figuresi2 (4) Kraus, M.; Mies, F. HJ. Chem. Phys1965 42, 2703.

Threshold elevation is also evident for transitions wkh (5) Gordon, M. D.; Secrest, l. Chem. Phys197Q 52, 120.
= 0, Aj = 4, with greater elevation observed for the BMP PES ~ (6) Gengenbach, R.; Hahn, Chem. Phys. Letd972 15, 604.
than for WKB PES for states with < 8 as shown in Figure 7. (7) Tsapline, B.; KL.Jtzelmgg’ WChem.' Phys. Letl973 23, 173

. > (8) Geurts, P.J. M.; Wormer, P. E. S.; van der AvoirdGhem. Phys.
As was noted for Figure 6, the energetic thresholds do not et 1975 35, 444.
increase monotonically with and a few observed thresholds (9) Wilson, C. W., Jr.; Kapral, R.; Burns, @hem. Phys. Lettl974
are less than energetic. 24, 488.

In Figure 8 are shown the observed thresholds for transitions ~ (10) Tang, K. T.; Toennies, J. B. Chem. Physl977 66, 1496.
which increasev by one unit without changing. Observed (11) Tang, K. T.; Toennies, J. B. Chem. Phys1978 68, 5501.
thresholds below the energetic thresholds are due to the “barely gg gﬁ\sﬁélj E g:ggr,;ﬁ;imhshxsllsgg 222’ 11;234
in-the-box” effect where final V|br_at|onal quantum r_1umt_>ers (14) Schafer, J.: Kiler, W. E. Physical985 129A 469.
abovev + '/ are regarded as having undergone a vibrational (15 Thakkar, A. J.; Hu, Z-M.; Chauqui, C. E.; Carley, J. S.: LeRoy,
transition. Again much more elevation of threshold is observed R. J. Theor. Chim. Actdl992 82, 57.
for the low initial v states on the BMP PES than for the WKB (16) Muchnick, P.; Russek, Al. Chem. Physl994 100, 4335.

PES, while for higher initiab states, the situation in inverted. (17) Truhlar, D. G.; Horowitz, C. 1. Chem. Physl978§ 68, 2466;J.

The observed thresholds for collision-induced dissociation are "em: Phys1979 79, 1514 (errata). R _
consid_ered ir_1 Figure 9._ Negative energetic thr_esholds are Bla(ils?)NYgrgr.K?ﬁénﬁ' ;hfsigg?vé’g‘ 6':2'5%'.’ Mead, C. A.; Truhlar, D. G.;
associated with the quasibound states. The quasibound states (19) Boothroyd, A. I.; Keogh, W. J.; Martin, P. G.: Peterson, MJ.J.
have internal energies in excess of the dissociation limit, but Chem. Phys1991, 95, 4331.
are bound by the rotational barrier. Such states may tunnel (20) Boothroyd, A. I.; Keogh, W. J.; Martin, P. G.; Peterson, MJ.J.
through the barrier to dissociation. In many cases, elevation of CNem: Phys1996 104 7139. .
the threshold for dissociation is observed. This is more ph§ilig\évéj’1T§§é’_ Kuppermann, A.; Anderson, J. Bays. Chem. Chem.
pronounced for states of low internal energy than for states with 55y keogn, w. J. Ph.D. Thesis, University of Toronto 1992.
higher internal energy. A greater elevation of threshold was  (23) aguado, A.; Suarez, C.; Paniagua, M.Chem. Phys1994 101,
observed for the BMP PES than for the WKB PES. 4004.

(24) Boothroyd, A. I.; Martin, P. G.; Keogh, W. J.; Peterson, MJJ.
Chem. Phys2002 116, 666.

(25) Boothroyd, A. I.; Martin, P. G.; Keogh, W. J.; Peterson, M. J.

It is clear that cross sections for all processes considered inEPAPS Document No. E-JCPSA6-115-304140, 2002.
this paper that are calculated using the BMP PES can differ _ (26) McCourt, F. R. W.; Weir, D.; Clark, G. R.; Thachuk, Mol. Phys.
considerably both qualitatively and quantitatively from those 2005 103 17. ) ) ) ) . .
determined using the WKB PES. Thus, a complete calculation Ph%g()}éi"?'zni 255}_«)"1”0\" O Rusin, L. Y.; Toennies, J. B. Chem.
of all the state-to-state and dissociation cross sections and rate (2g) Gianturco, F. A.; Gonzalez-Lezana, T.; Delgado-Barrio, G.;
coefficients has been undertaken using the BMP PES. It is quiteVillarreal, P.J. Chem. Phys2005 122, 084308.
likely that the master equation calculations of Dove éPalill (29) Lee, T.-G.; Rochow, C.; Martin, R.; Clark, T. K.; Forrey, R. C;
yield different results when repeated with rate coefficients ?"ﬂa‘gﬁh”a”' N.; Stanil, P. C.; Schultz, D. R.; Dalgarno, A.; Ferland, G.

. - .J. Chem. Phys2005 122, 024307.
deterr_nlned from the BMP PES. _To faC|I_|tate these master (30) Dove, J. E.: Rusk, A. C. M.; Cribb, P. H.; Martin, P. &strophys.
equation calculations, the rate coefficients will be made available 3. 1987 318 379.
parametrized as a function of temperattiréd detailed com- (31) Draine, B. T.; McKee, C. FAnnu. Re. Astron. Astrophys1993

parison of classical and quantum calculations is also planned.31. 373. S
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