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Abstract. We present rate coefficients for rotational transitiorsvailable measurements of relaxation rate constants and theo-
induced in collisions between HD and He. Rotational levetstical results has been obtained.

and kinetic temperatures ¥ 1000K are considered. The in-  In the present paper, we extend the previous rotational ex-
teraction potential surface calculated by Muchnick & Russelitation calculations of Schaefér (1990) for the pure rotational
(1994) has been used, together with the quantal coupled-chamxeitation of HD molecules induced by He atoms to all lev-
method for calculating the cross-sections. Very good agreemelst below the first vibrational level. The techniques used are
with previous calculations by Schaefer (1990) is obtained. THescribed in Sect. 2 and results are given in Sect. 3, where com-
presentwork goes beyond the latter in that collision rates are qadrison with earlier calculations is also made. Sect. 4 includes
culated for all available rotational levels below the first exciteal discussion of the present data and some concluding remarks.
vibrational level.
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molecules The quantal coupled-channel method introduced by Ar-thurs
& Dalgarno [1960) was used, as implemented in the com-
puter codemoLscAT developed by Hutson & Greefn (1995)
and where different numerical methods allow for the prop-
1. Introduction agation of the coupled, second-order differential equations.

Rate coefficients for rotational transitions in HD molecules if¥MoNg the various possibilities, the hybrid modifiedc-
duced by collisions with He atoms are of interest in differetERIVATIVE/AIRY propagator (Alexander & Manolopoulos
contexts. Indeed, pure rotational lines in HD have been ¢=287) and the--MATRIX propagator (Stechel et al. 1978) have
tected in planetary atmospheres (Lelolich 1998) and in int@gen tried, W|tr_1 mutually con5|stent_ results. The potential sur-
stellar clouds (Bertoldi et &1, 1998, Wright et/al. 1098) with thEc€ of Muchnik & Russek (1994) is expressed as a function
help of the ISO satellite. Such transitions may also interveRbthe distances between the three atoms in the system. So, the
in the cooling processes in pre-galactic clouds (Galli & PalRPtential sufaces of thejHe and HD-He systems are identical
1998, Stancil et al. 1998). On the theoretical side, Green{19 7™ the adiabatic point of view where nuclei are fixed. How-
was the first to calculate rotational excitation rates within ttYe" for the purpose of the collision calculations, the interaction
framework of a quantal close-coupling treatment by using tR@tential is most conveniently expressed in the form:

otential of Shafer & Gordon (1973). These calculations ha
Eeen reconsidered by Schaefer (12390) on the basis of a r}//ee\ng’ o) = ZU*(R)PA(COSQ) (1)
potential surface proposed by Meyer et al. (1980) and where A
long-range attractive terms were included. The maximum valwgere? is the angle between, the vector linking H and D,
of the rotational quantum number involved in the rotational dandR, the vector directed from the centre-of-mass of the HD
excitation cross-sections was set to 4 in these calculationsmalecule towards the He atom. The distance r between H and D
potential surface for the HHe system has since been calcus taken to be 1.442 a.u., which corresponds to the mean value
lated by Muchnick & Russek (1994) who provide an analytic ffor the v=0 state. Ris the Legendre polynomial of ordar The
to theirab initio results for the complete range of intermoleculavioLSCAT program includes a facility to expand the potential in
distances. Flower et al. (1998) and Balakrishnan et al. (199&a)ms of the Legendre polynomials. Now, contrary to theHié
have used this analytical fit to perform calculations of rates foase, the Legendre expansion of the HD-He interaction contains
rovibrational collisional excitation of Fimolecules by He atoms odd as well as even contributions »fsince the system is not
in a close-coupling quantal treatment. Good agreement betwsgmmetric with respect to the exchange of nuclei anymore. In
the subsequent collision calculations, terms up to 15 have
Send offprint requests t&. Roueff been retained in the potential expansion. The collision equations
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Table 1. Energies of HD rotational levels in the ground vibrationa 10* p———rrrrm T T
level. N
J Elm?b) E(K)

0 0.00 0.00

1 89.23 128.4

2 267.12 384.3

3 53232 765.9

4 883.30 1270.7

5 1317.45 1895.4

6 1832.55 2635.8

7 242414 34875

8 3089.46 44453

9 3824.92 55035

in the space-fixed reference frame are:

2 I(l+1 .
[TRQ T e ) + k;*|F (jipJ|R)

= 203 s A (R) A (L, 415 T)F (§'Up | R)
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wherej, |, p, J refer respectively to the rotational quantum nur ~ 10* g T
ber, the relative orbital angular momentum, the parity and t ‘
total angular momentum which determine the dimension
the coupling matrix (see for example Flower 1990). The it 19 E
tegral cross-sections are obtained by summing the partial crc b
sectionss; until convergence is reached. A step of 1 is take
for energies smaller than 5000 cm Larger step values may Eo
be used for the high energy calculations since the partial cro Fo, N
sections vary smoothly with J and a large number of parti |-
cross-sections are present. The basis expansion is made ¢
rotational levels whose energies are displayed in Table 1 ¢ i
are taken from Dabrowski & Herzberg (1976) and Abgrall ¢ ;52 ... L ONgege® L .
al. (1982). LeveJ = 9 is above thdirst vibrational excited c 100 1000 10* 10°
level. Cross-sections for rotational transitions were then calcly- 1 . b filled poi d Schaef
lated on a grid of barycentric collision energies extending fro jg. 1a—c. Comparison between present (filled points) and Schaefer

- . Ff990)’s (open points) results for the deexcitation collisional cross-
;hOeOtSB%Shnilg of the first rotational level (89.23ch) up to sections as a function of the relative center of mass veloaite-
, C .

excitation from the J=1 leveb deexcitation from th J = 2 level,
¢ deexcitation from te J = 3 level.

v (mls)

3. Results

We may compare our results with the values given by Schaefige first rotational level, the deexcitation cross-section increases
(1990) for the first rotational levels. Fig. 1 shows the comparis@antinuously following a Wigner law as shown on Fig. 1a. Re-
between the de-excitation cross-sections of the three first ratantly, such collisions have received attention (Balakrishnan et
tional levels as a function of the relative velocity between HRI.[1998b). They allow the determination of the imaginary part
and He. The agreement is excellent despite the fact that the gbthe scattering length. We have calculated the collision rates

tentials are not strictly identical. It should be noted, however, thatr) from the Maxwellian average of the cross-sections:
both surfacesinclude the effects of the long-range weakly attrac-

tive interactions. A similar level of agreement is obtained for the 8kT\'?( 1 \? [ 5
) h _ [ et - —E/kT
other cross-sections. At very low energies above the tresholdlg) - ( T ) (kT) /0 o(E)EdEe (3)
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Table 2. Collision rate coefficients in cubic centimeters per second faable 4.Collision rate coefficients in cubic centimeters per second for
a temperatwe T = 300 K.zey denotese x 10Y.

ji 0.0 1.0 2.0 3.0 4.0

if

0.0 3.3e-11 5.5e-12 1.5e-12 3.le-13
1.0 6.5e-11 4.2e-11 5.8e-12 1.5e-12
2.0 7.6e-12 3.0e-11 3.7e-11 4.7e-12
3.0 8.3e-13 1.6e-12 1.4e-11 2.9e-11
4.0 4.0e-14 1.0e-13 4.4e-13 7.0e-12

50 1.3e-15 3.0e-15 1.4e-14 1.2e-13 3.3e-12
6.0 3.0e-17 6.5e-17 3.0e-16 2.4e-15 3.9e-14
7.0 3.7e-19 8.2e-19 3.5e-18 2.8e-17 3.9e-16
8.0 4.3e-21 9.2e-21 3.9e-20 2.8e-19 3.7e-18
ji 5.0 6.0 7.0 8.0

if

0.0 6.7e-14 1.5e-14 2.8e-15 6.8e-16

1.0 3.0e-13 6.4e-14 1.2e-14 2.9e-15

2.0 1.0e-12 2.1e-13 3.6e-14 8.6e-15

3.0 3.4e-12 6.7e-13 1.1e-13 2.5e-14

4.0 2.2e-11 25e-12 3.7e-13 7.7e-14

5.0 1.7e-11 1.6e-12 2.6e-13

6.0 1.7e-12 1.1e-11 1.1e-12

7.0 1.1e-14 7.7e-13 8.4e-12

8.0 8.1e-17 3.6e-15 3.9e-13

atemperatwe T = 1000 K.

ji 0.0 1.0 2.0 3.0 4.0

if

0.0 6.7e-11 1.4e-11 6.9e-12 2.3e-12
1.0 1.8e-10 9.5e-11 2.1e-11 9.le-12
2.0 4.7e-11 1.2e-10 9.6e-11 2.0e-11
3.0 22e-11 2.5e-11 9.le-11 9.0e-11

40 5.09e-12 8.7e-12 1.5e-11 7.0e-11

5.0 1.4e-12 2.0e-12 3.8e-12 9.5e-12 5.3e-11
6.0 3.0e-13 4.1e-13 7.7e-13 1.9e-12 6.1e-12
7.0 b55e-14 7.5e-14 1.3e-13 3.2e-13 9.5e-13
8.0 85e-15 1.2e-14 2.1le-14 4.9e-14 1.5e-13

ji 5.0 6.0 7.0 8.0

if

0.0 8.6e-13 3.3e-13 1.2e-13 4.2e-14
1.0 3.2e-12 1.1e-12 4.3e-13 1.5e-13
20 709e-12 2.8e-12 9.9e-13 3.6e-13
3.0 19e-11 6.5e-12 2.3e-12 7.9e-13
40 8.1e-11 1.7e-11 5.2e-12 1.8e-12

5.0 7.2e-11 1.4e-11 4.3e-12
6.0 4.0e-11 6.1e-11 1.2e-11
7.0 3.8e-12 3.0e-11 5.3e-11

8.0 5.2e-13 2.7e-12 23e-11

Table 3.Collision rate coefficients in cubic centimeters per second faable 5. Critical densities (cm®) of the HD rotational levels in a
atemperate T = 500 K.

ji 0.0 1.0 2.0 3.0 4.0

if

0.0 4.6e-11 8.7e-12 3.1e-12 7.8e-13
1.0 1.1e-10 6.2e-11 1.le-11 3.5e-12
2.0 2.0e-11 6.2e-11 5.8e-11 9.3e-12
3.0 4.7e-12 6.9e-12 3.8e-11 5.0e-11
4.0 55e-13 1.1e-12 2.9e-12 2.3e-11

5.0 5.3e-14 9.5e-14 2.8e-13 1.3e-12 1.4e-11
6.0 3.9e-15 6.6e-15 1.9e-14 8.3e-14 5.7e-13
7.0 2.1e-16 3.6e-16 9.8e-16 4.2e-15 2.5e-14
8.0 9.5e-18 1.6e-17 4.5e-17 1.8e-16 1.1e-15
ji 5.0 6.0 7.0 8.0

jf

0.0 2.1e-13 5.8e-14 1.5e-14 4.le-15

1.0 8.8e-13 2.3e-13 6.0e-14 1.6e-14

2.0 26e-12 6.6e-13 1.6e-13 4.4e-14

3.0 7.6e-12 1.9e-12 4.5e-13 1.2e-13

4.0 4.1e-11 6.1e-12 1.3e-12 3.2e-13

5.0 3.3e-11 4.5e-12 9.4e-13

6.0 8.9e-12 2.5e-11 3.5e-12

7.0 25e-13 5.4e-12 2.0e-11

8.0 8.8e-15 1.2e-13 3.3e-12

mixture H-He. Parentheses indicate powers of 10.

TransitionJ—+J  T=300K T=500K T=1000K

1-0:112.07um  3.1(3) 8.6(2) 5.1(2)
2-1:56.23um  2.3(4) 6.6(3) 3.9(3)
3-52:37.70um  9.4(4) 2.4(4) 1.4(4)
4-53:2850um  2.9(5) 6.3(5) 3.4(4)
5-4:23.03um  8.0(5) 1.4(5) 7.2(4)
6—5:19.43um  1.8(6) 2.8(5) 1.3(5)
7-56:16.8um  3.9(6) 5.3(5) 2.3(5)
8—7:15.25m  7.2(5) 9.3(5) 3.8(5)

Collision rate coefficients for other temperatures are available
on request from one of us (Evelyne.Roueff@obspm.fr).

4. Discussion and conclusion

Similar calculations have been performed on the HD-H system
by Roueff and Flowel (1998). The magnitudes of the rate coef-
ficients are similar for the two systems with a tendency for the
collisions with H atoms to be more efficient f&J = 1. Table 5
displays the critical densities of the rotational levels of HD in
a mixture of atomic hydrogen and helium gas (He/H = 0.1) at
different temperatures. The critical density is defined as the ra-
tio between the spontaneous emission Einstein coefficient and

whereo is the cross-section andthe reduced mass of the systhe total deexcitation collision rate coefficient where a proper
tem. Rate coefficients for excitation and deexcitation are givenireighting procedure has been applied to take into account the
Tables 2, 3 and 4 for three temperatuies 300, 500 and 1000. relative abundance of the perturbers.
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