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High-level ab initio potential energy curves are calculated for the RG + -He complexes (RG =Ar-Rn). RCCSD(T) calculations are employed with large basis sets, and taking account of spin-orbit coupling. The calculated spectroscopic parameters are compared to experimentally-determined values, to other high-level ab initio results, and to results from potentials that were obtained by fitting to experimental data. The gas-phase mobilities of RG + ions in He are calculated from our potentials and compared, graphically and statistically, to the experimental mobilities as a function of E/n 0 at several temperatures. We conclude that more precise experimental data are required in order to discriminate between potentials with more certainty. In addition, we discuss previously reported, unexpectedly large drops in experimental mobility values for RG + in He at 4.35 K as E/n 0 → 0.

I. Introduction

Recently, we presented 1 high-quality ab initio potential energy curves for the Ne + -He and He + -Ne complexes, and compared calculated spectroscopic parameters and transport coefficients with those previously available and with new experimental mobility data. In general, the agreement was excellent, the only exception being the comparison with some of the experimental spectroscopic data 2 for Ne + -He. In the present study, we extend our work to the heavier rare gas atomic cations interacting with He. As before, we aim to produce high quality ab initio curves, to employ these in the derivation of spectroscopic and transport quantities, and to compare them to available experimental values. Mobilities are useful in understanding chemical reactions, such as those in plasmas. In addition, they provide a good experimental test of calculated potentials, over a wider range of internuclear separations than is generally possible using spectroscopic or scattering techniques. The latter is particularly important for open-shell species, which are often difficult to generate experimentally, and additionally there are questions as to which potentials to be used, depending on the spin-orbit states present in the experiment, which can depend on the experimental conditions. 1 Reliable potentials, of course, are useful across a wide range of chemistry, but they are fo greater use if their reliability has been tested.

An early report of spectra by Tanaka et al. 3 was extended by Dabrowski, Herzberg and Yoshino (DHY), 4 who published a detailed UV absorption spectroscopic study of the Ar + -He complex. Since the ground state of Ar + is 2 P, interaction with He gives 2 Π and 2 Σ + electronic states in the absence of spin-orbit coupling, with the latter state expected to be lower in energy owing to less electron repulsion along the internuclear axis. Spin-orbit coupling leads to 2 P 3/2 and 2 P 1/2 states of Ar + which, upon interaction with He, yield 2 Σ 1/2 + , 2 Π 3/2 and 2 Π 1/2 molecular states; the first two correlate with the lower, 2 P 3/2 + He asymptote, and the third with the higher, 2 P 1/2 + He one. The molecular states, according to a Hund's case (a) analysis, are thus X 2 Σ 1/2 + , A 1 2 Π 3/2 and A 2 2 Π 1/2 . Emission lines were observed by DHY, giving spectroscopic information on the A 2 2 Π 1/2 and X 2 Σ 1/2 + states, as discussed below.

Saito et al. 5 have estimated an Ar + -He binding energy of 37 meV (~300 cm -1 ) from mobility measurements. Carrington and coworkers 6 have recorded microwave spectra of Ar + -He at energies close to the dissociation asymptote. These transitions are in regions where the Born-Oppenheimer approximation was found to break down, and a detailed treatment of the energy levels was presented. The transitions observed in that work, together with those from DHY, were employed to generate fitted potential energy curves for all three states mentioned above; this set of potentials was designated MAL1.

In addition to this fitted potential, other theoretical results are available for Ar + -He.

Early work focused on charge exchange, mainly concerned with nascent He + ions in Ar. 7,8 In 1978, Olson and Liu 9 calculated CI curves for the X 2 Σ + and A 2 Π states of Ar + -He in the absence of spin-orbit coupling. In 1985, Hausamann and Morgner 10 made use of theoretical and experimental data available at the time and a model to obtain potential energy curves for Ar + -He, Kr + -He and Xe + -He that included spinorbit coupling. Soon afterwards, Siska 3 considered a number of low-lying states of the [Ar-He] + system, with the lowest 2 Σ + and 2 Π states corresponding to Ar + -He; owing to emphasis being placed on the excited states, they did not achieve an optimal description of the lower states that are pertinent to the present study. Potential curves were also obtained by Brunetti et al. 13 by fitting an expression to the spectroscopic data and assuming the spin-orbit coupling was equal to that of the separated atoms and independent of the internuclear separation. Balasubramanian et al. 14 reported non-spin-orbit curves for Ar + -He. 15 In 1990, Staemmler 16 reported ab initio calculations at the SCF and CEPA levels using large Gaussian basis sets for the lowest states of Ar + -He; spin-orbit effects were added using a semi-empirical treatment. Gemein and Peyerimhoff 17 used MRD-CI calculations, both with and without spin-orbit coupling, to calculate potential energy curves, reporting equilibrium bond lengths, dissociation energies and harmonic vibrational frequencies. In 1991, Viehland, Viggiano and Mason (VVM) 18 combined the SCF and CI potentials of Olson and Liu 9 with the known long-range behaviour to obtain potentials (without spin-orbit effects) for the 2 Σ + and 2 Π states of Ar + -He; the Siska 11 potentials were also employed, but in a modified form. Ionization energies for RG-He and the associated spectroscopic parameters for RG + -He have been reported by Ma, Li and Ng 19 ; no spin-orbit coupling was included. In 2001, Murrell et al. 20 reported non-SO and SO potential energy curves for Ar + -He over a limited range using MRCI+Q energies and an aug-cc-pVQZ basis set. Most recently, to our knowledge, Bera et al. 21 have reported UCCSD(T)/aug-cc-pVTZ spectroscopic and potential parameters for Ar + -He. In the present work, we shall compare the above results with our potential energy curves, and additionally assess them against other experimental data.

The large body of data on Ar + -He is not matched for the Kr + -He ion. Early experimental work comprises the UV emission spectra from Tanaka et al. 3 where the assignment was only tentative, and scattering studies of He + and Kr by Weise. 22 The transport studies of Saito et al. 5 suggested that the binding energy of the Kr + -He ground state was ~29 meV (~230 cm -1 ). There are model potential results for Kr + -He from Hausamann and Morgner 10 and relativistic CI calculations by Balasubramanian et al. 23 , where spin-orbit coupling was included using basis sets of approximately double-ζ quality. 15 Ma et al. 19 also reported spectroscopic and potential parameters for Kr + -He. The most detailed information, however has come from a joint microwave and theoretical study by Carrington and coworkers. 24 At present, the fitted (MAL1) interaction potential reported in that work (similar to that obtained for Ar + -He, mentioned above) represents most of the information that is known for this species.

To our knowledge, there is no experimental or theoretical spectroscopic information available for Xe + -He or Rn + -He, except for the model potential calculations for Xe + -He, by Hausamann and Morgner. 10 Experimental studies have been performed on the transport of RG + ions through He.

We have already mentioned our previous work on Ne + in He data) over a wide range of internuclear separations. 27 Generally, such tests are more stringent than comparison with spectroscopic data, as the latter usually only sample a very small region of internuclear separation. One of the present species is an exception, however, since spectroscopic data close to the minimum, 4 as well as at very long range 6 are available for Ar + -He.

For Kr + in He, the mobilities having been measured at: 4.35 K by Saito et al. 5 ; 82 K by Koizumi et al. 28 ; 294 K by Jones et al. 29 ; and 300 K by two groups, Johnsen et al. 30 and Kaneko et al. 31 For Xe + in He, only two sets of data have been reported: at 82 K by Koizumi et al. 28 , and at 295 K by Johnsen et al. 30 

II. Calculations

A. Ab initio Potentials

The calculations reported here were performed at the RCCSD(T) level of theory, employing d-aug-cc-pV5Z quality basis sets for He-Ar; the frozen core approximation was used throughout. The basis sets were doubly-augmented to allow a good description of the long-range interactions, with the double-diffuse augmentation being achieved by extending the basis set by one set of functions of each angular momentum type; the ζ values were obtained by even-tempered extrapolations of the two most diffuse functions of the same type in the standard basis set. For the heavier atoms, small-core relativistic effective core potentials (ECPs) were employed: ECP10MDF, ECP28MDF and ECP60MDF for Kr, Xe and Rn, respectively; the standard aug-cc-pV5Z valence basis sets 32 were then used with these ECPs, again extending the basis set by one diffuse function of each type, as described above. The potential energy curves of the 2 Σ + and 2 Π electronic states were calculated point by point using the MOLPRO 33 suite of programs. A full counterpoise correction was made at each point to correct for basis set superposition error.

Since the interaction between He and RG + is expected to be weak, the spin-orbit coupling is expected to be localized on Ar + , as was assumed in ref. 6. We therefore derived the SO potentials analytically, using expressions arising from the well-known atomic model 34 that connects the SO-potentials,

X 2 Σ 1/2 + , A 1 2 Π 3/2 and A 2 2 Π 1/2 (denoted 2 1 and , A V A V X V
), to the 2 Σ + and 2 Π potentials (denoted V Σ and V Π ). These expressions are
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and Δ is the SO splitting between the RG + atomic 2 P 3/2 and 2 P 1/2 states. The values of Δ are 1431.41, 5371.0, 10537.01 and 30895.1 cm -1 for RG = Ar-Rn, respectively. [START_REF] Chase | NIST-JANAF Thermochemical Tables[END_REF] 

B. Spectroscopic Constants

Once obtained, the potential energy data set was used as input into the LEVEL program [START_REF] Leroy | Level 7.2 -A computer program for solving the radial Schrödinger equation for bound and quasibound levels, and calculating various values and matrix elements[END_REF] in order to obtain spectroscopic and other data, in particular the rovibrational energy levels. From the latter, fits of the lowest few levels to standard spectroscopic formulae were employed to obtain equilibrium values.

C. Transport Properties

To obtain transport coefficients, the calculated potentials were first employed in the QVALUES program [START_REF] Viehland | [END_REF]38 to obtain transport cross sections with a precision of 0.1%. Transport coefficients were obtained by employing these cross sections in the GC program, 39 a modified version of the older GRAMCHAR program. 40 The modifications were made to cope with the increased demands when the ion mobility has both a maximum and a minimum (as was the case for systems involving the coinage metal cations moving through the rare gases 39 ), to allow higher-order approximations to be employed, and finally to take advantage of faster, modern computers.

The overall precision for the calculated mobilities is 0.1% at small E/n 0 (the ratio of the electric field strength to the gas number density). In the worst cases, it is 1% near and beyond the mobility maximum, but only 3% in the region between the minima and maximum, where the mobility is increasing rapidly with increasing E/n 0 .

Calculated values for the mobilities and other transport coefficients for each one of the naturally-occurring RG + isotopes in He have been obtained over wide ranges of E/n 0 at gas temperatures of 100, 200, 300, 400 and 500 K, and for gas temperatures that have been used in transport experiments (see above). All of these results have been entered into the database maintained at Chatham University. 41

III. Results and Discussion

A. Potential Curves and Spectroscopy

In Figure 1, we show our ab initio calculated potential energy curves for Ar + -He, along with the MAL1 potentials 6 . As may be seen, the two sets of curves are in very good agreement, and although there are differences at the minima, the directions of these differences are not consistent for the three SO states. (The data points for our curves are given as Supplementary Material.)

We start by commenting on the ab initio results that did not include SO coupling, although such studies cannot be assessed against experimental data directly. Results prior to the work in ref. 6 have been commented on previously 6,24 . The more recent work of Murrell et al. 20 aug-cc-pVQZ basis set. We have noted previously 1 that for Ne + -He a singlereference method appears to be satisfactory and we assume the same is true for the species considered herein. For Ar + -He, this certainly seems to the case since the derived R e and D e values in Table 1 for the MRCI 20 and the present RCCSD(T) potentials are very close, both for the 2 Σ + and the 2 Π states. The most recent study by Bera et al. 21 reports CCSD(T) calculations employing aug-cc-pVTZ basis sets for the 2 Σ + state. Since the Gaussian program 42 was employed therein, we assume that unrestricted wave functions were used. A number of calculations were employed, including the DFT hybrid method, B3LYP, as well as MP2 and CCSD(T). The B3LYP values indicated a large overestimate of the interaction, something that has been noted previously by one of us for NO + -Ar. 43 The MP2 and CCSD(T) results 21 are much closer to each other, with the CCSD(T) values being closer to the results of the present study (see Table 1). We note that results were also reported where all electrons were correlated, at both the MP2 and CCSD(T) levels; however, since no tight functions were included to describe the core-valence correlation, those results must be viewed with caution. We only include the frozen core CCSD(T) results in Table 1, for which good agreement is seen for R e , but the well depths are shallower than those found herein.

Moving on to studies which have included SO coupling, we only consider the most recent and reliable potentials, the key aspects of which are presented in Table 2. (The other potentials are commented upon in refs. 6 and 18.) We first note that the model potential results of Siska 11 and a modified version of these 18 were mainly fitted to the UV results of Dabrowski et al. 4 , whereas the MAL1 potentials also have input from the microwave spectrum that helps characterize the long-range region better. As noted before, 6 there are significant differences between the three aforementioned potentials, with the differences being largest for the A 1 state, for which there were no observed transitions in the UV study. Comparing these to the present results and to the MAL1 potential, we see that the present R e value is slightly larger, with the D e value being slightly smaller; interestingly the present value falls between the previously determined values. For the A 2 state, we obtain excellent agreement with the D e value from the MAL1 potential, 6 and indeed with the value from Siska. 11 All of these values lie significantly above those of VVM 18 and the value from DHY. 4 In the latter case, dissociation energies were obtained from a combination of extrapolation and energy differences, so perhaps it is not surprising that the value is not so accurate. Lastly, the most dramatic differences in D e values occur for the A 1 state, for which there were no experimental data; however, since the three states here are interconnected via spin-orbit coupling, knowing two of them defines the third. It may be seen from Table 2 that the present work is in excellent agreement with the MAL1 potentials for both R e and D e . In conclusion, the MAL1 potentials, having included long-range spectroscopic data in the fit, appear to be much more reliable potentials than either of the two earlier ones, which were based purely on the UV spectra. The MAL1 potentials are in very good agreement with the curves obtained in the present work. We note that there is also very good agreement with the SO results reported in ref. 20 for the X and A 2 states (no parameters were reported for the A 1 state).

For Kr + -He, there is no assigned UV spectrum. Hence, all of the information on this species comes from the microwave study of Carrington and coworkers 24 on levels that are only a few cm -1 from the dissociation limit. Thus, these experiments sample only the long-range portion of the interaction potential. Since microwave spectroscopy is such a precise technique, the whole potential curve should be obtainable, in principle, if enough transitions are observed. In fact, sufficient transitions were observed 24 to generate MAL1 potentials, similar in type to those for Ar + -He, but now having no input from UV spectra. These MAL1 potential are, therefore, only defined in terms of transitions between levels very close to the dissociation limits.

As may be seen in Figure 2, the agreement between our Kr + -He potentials and the MAL1 potentials looks very good, with the MAL1 potentials being very slightly deeper in all cases, especially for the X state. These features are evident in the data presented in Table 2. Given that the MAL1 potentials have been obtained by fitting only to transitions between high-lying levels, the agreement between the two sets of curves is remarkable.

We note in passing that the previous study by Balasubramanian et al. 15 has been noted as having an error 24 , as the ground state is designated X 2 Π 3/2 , and the dissociation energies are far from those obtained here or from the MAL1 potentials. However, the estimate for the binding energy of 29 meV (~230 cm -1 ) from mobility studies 5 is of the correct magnitude.

There are no reliable data to which to compare our results for either Xe + -He or Rn + -He, although in the former case there are experimental mobility results, and these will be considered below.

B. Transport Results for Ar + in He

As noted in the Introduction, there have been a number of studies measuring the mobility of Ar + in He at a variety of temperatures. Such studies can, if there are enough data points, and if the accuracy and precision are high enough, provide stringent tests of potentials across a very wide range of internuclear separation. 27 To this end, we have calculated mobilities using both the MAL1 and the present potentials, and have compared the results to experimental data. In Figure 3, the results at 300 K are given, both those calculated from the present potentials and the experimental data points.

For the calculations, we have employed a (110) weighting of the cross sections arising from the X, A 1 and A 2 potentials, which is akin to assuming only the 2 P 3/2 atomic state of Ar + is present. We have also used a (001) weighing, which is for the 2 P 1/2 state. We have performed such calculations for both the MAL1 and present potentials. Unfortunately, the cited experimental error bars are large enough that they encompass both of the calculated curves. If it is assumed that the error bars are pessimistic, then by eye it appears that the (110) weighting of the potentials is in better agreement with the actual experimental data points than the (001) one. In agreement with our conclusion for Ne + in He 1 , this would suggest that only the 2 P 3/2 ground state of Ar + were present in the experiments, i.e., any ions created in the higher SO state were efficiently quenched to the lower state before they reached the drift region of the apparatus. Another way of comparing data is to employ the statistical quantities δ andχ. 38 The dimensionless quantity δ is a measure of the relative differences compared to the combined experimental and calculational errors, while χ is a measure of the relative standard deviation to the sum of the squared error estimates. Values of |δ| that are substantially lower (alternatively, higher) than 1 indicate that there is substantial agreement (disagreement) between the calculated and measured values, on average. Values of χ that are not much larger than |δ| indicate that there is little scatter in the experimental data and that the agreement between the calculated and measured values is uniform over all values of E/n 0 , while values of χ substantially greater than |δ| indicate that at least one of these factors is not true. In Table 3, we report these quantities for the present potential and smoothed versions 44,45,46 of the experimental data for 40 Ar + in He, but not including the experimental values for E/n 0 < 2 Td (see below). What is immediately clear is that for the data at the higher temperatures (≥293 K) there is agreement between calculated and experimental data for either state, which is a result of the large experimental error bars, as can be seen in Figure 3. These statistical quantities also indicate that, with regards to the mobility data, there is no statistical difference between the results obtained using the present potentials and those obtained using the MAL1 potentials.

The mobility data from VVM 23 for RG + in He have been suspected 47,48 for many years of being less accurate than claimed by the experimenters. Hence it is not surprising to find in Table 3 that these data are in significant disagreement with the present calculations, as they are in similar disagreement with results calculated from all of the other available potentials.

The data which have the smallest error bars are those at 4.35 K. 5 Interestingly, the experimental data show a distinct drop in the mobility of RG + in He as E/n 0 → 0see Figure 4. Similar results had been reported previously for He + in He, 49 a system in which resonant charge transfer (RCT) occurs. One explanation that has been put forward 5 is quantum effects, as previously predicted by Dickinson 50 and Heiche and Mason. 51 The same unusual mobility behaviour was found in N 2 + and CO + in He by Sanderson et al. 52 in which RCT cannot occur, and in this case orbiting resonances and/or collision-induced rotational excitation were proposed. Other experiments have also observed such unusual low-E/n 0 mobilities, in He for Ne + , 5,53 O 2 + , [START_REF] Sanderson | [END_REF] NO + , 55 and other ions. 56 A first theoretical account of the low E/n 0 anomalous mobilities of N 2 + and O 2 + in He at 4.35 K was presented by Ohtsuki et al. 57 They calculated mobilities from MRCI potentials, and demonstrated that the anomalous behavior was due to Feshbach-like resonances, where rotational excitation of the molecular ions occurred as a result of collisions with He. This explanation cannot apply to atomic ions such as RG + in He, of course, nor for other atomic ions, O + and N + , 58 for which similar behaviour has been found. The suggestion that quantum effects might be the source of the low E/n 0 behaviour was tested explicitly by Viehland and Hurly in 1996 48 and was found not to explain the observed results. As such, the anomalous low E/n 0 behaviour of atomic ions in He at 4.35 K so far remains unexplained.

The fact that the present results, as was the case for Ne + in He, 1 also show that the theoretical mobilities do not show the dramatic fall in values as E/n 0 → 0 has led us to consider this issue further. We note that, in ref. 5, the ions were provided with a constant injection energy of 20 eV. Consequently, the value of E/n 0 is controlled by varying the pressure, and hence low E/n 0 values are achieved at higher pressures. At 4.35 K, there is a possibility for He 2 (and possibly higher-order clusters) to form, and since the formation would be a termolecular process (with a third body being required to stabilize the He 2 species) it would be highly pressure dependent. The effect of He dimer formation would be to increase the effective reduced mass of collisions, and hence lower the mobility. This hypothesis could be tested by performing measurements at E/n 0 values where both E and the pressure were changed, but yielding the same resulting E/n 0 value.

B. Other Transport Results

Figures 5 and 6 compare calculated and experimental mobilities for 84 Kr + in He at 300 and 4.35 K, respectively. In Table 4, we report the statistical quantities from a comparison of the present potential for 84 Kr + in He and smoothed versions 40,41,44 of the experimental data in which neither the isotope nor the state was specified. The calculated mobilities for the five naturally occurring isotopes of Kr are very similar. This is consistent with the theoretical prediction (from the first approximation of the two-temperature kinetic theory 59 ) that the mobility is inversely proportional to the square root of the reduced mass. Hence any differences between theory and experiment shown in Table 4 are not due to which isotope was used.

Again we note that calculated mobilities involving the MAL1 potentials are not statistically different from those using the present potentials -more evidence for their close agreement. Table 4 shows that at 4.35 K there is agreement between calculated and experimental data for either state. Note that again we do not include the experimental values for E/n 0 < 2 Td at 4.35 K, for the reasons we have discussed for Ar + in He above. The data at 82 K are in satisfactory agreement with the calculations for both states, owing to our use of 4% as the experimental accuracy; the experimenters did not state the accuracy of their results, but examination of the raw data 28 shows rapid variations by as much as 4%. Finally, the data near room temperature are in good to excellent agreement with the calculations for the 2 P 1/2 excited state but not with those for the 2 P 3/2 ground state.

As shown in Figures 4 and6, a small mobility minimum occurs at low gas temperatures. Such minima arise frequently with open-shell ions, because the R -6 component of their long-range interactions with rare gas atoms is large, compared to the R -4 component that dominates at the very largest separations. More extensive comments about mobility minimum have been given previously. 39 The calculated mobilities for 132 Xe + in He at 300 K are compared with experimental values in Figure 7 and Table 5. As before, the calculated mobilities for different isotopes are very similar, so difference between theory and experiment are not due to which isotope was used. The data at 82 K are in reasonable agreement with the calculations for both states, owing to our choice again to use 4% for the accuracy, a value that was not reported by the experimenters. 28 The data near room temperature are not in good agreement with the calculations, suggesting that those data may be even less accurate than the estimate of 5% made by the experimenters 27 .

There are no experimental values for Rn + in He, and so the quantities calculated here and placed into the database 41 represent the only values available. A word of caution is in order, however, as we previously 1,60 noted problems arising from injection effects when a heavy ion is passed into a drift tube containing a light gas; this can lead to a measured mobility that is too high and careful checking of experimental values is required.

IV. Conclusions

The favourable comparison of the present, completely ab initio, potentials with previous experimental (DHY 4 ) results and fitted MAL1 6,24 results for Ar + -He and Kr + -He, suggests that the present results are reliable. It is noteworthy that, for the most part, there is agreement with the MAL1 potentials of Carrington et al. 6,24 and the non-SO potentials of Siska 11 and VVM. 18 The discrepancies between those results and ours are likely in part attributable to different parameterizations and the different experimental data sets employed. The good agreement with the Kr + -He MAL1 potentials 24 is particularly noteworthy, since the latter was obtained by fitting only to experimental spectroscopic data obtained from transitions between levels within a few cm -1 of the dissociation limit.

The agreement in Table 2 of our calculated spectroscopic quantities with those obtained from UV absorption spectra 4 is good, in the main. However, independent checking of some values is desirable, particularly for the dissociation energies.

Transport coefficients are known to be good tests of interaction potentials across a very wide range of interatomic (or intermolecular) separation, but such tests are reliant on the experimental precision being sufficiently good. The results above have shown that, near room temperature, the experimental errors of 5-7% are too large to be discriminatory for Ar + in He. We noted, however, that there appears to be a better agreement between the reported data points and the values calculated by assuming only Ar + ( 2 P 3/2 ) was present-a conclusion that would be consistent with our previous findings for Ne + in He 1 , but somewhat contrary to comments made previously 5 regarding populations of the spin-orbit states. We have also noted that the distinct fall in the mobility values as E/n 0 → 0 at 4.35 K is not in agreement with the theoretical predictions; this has been discussed previously, 48 where quantum chemical effects were ruled out. Since constant injection energies were employed in the mobility measurements and the low E/n 0 values were determined by increases in the pressure, we have conjectured that the presence of dimers (and other clusters) at 4.35 K could be the cause of the anomalous experimental results. We have suggested that these results should be independently checked in experiments where both E and n 0 are varied.

Finally, we note that the comments above regarding Ar + -He and Kr + -He suggest that the Xe + -He and Rn + -He potentials should also be reliable. In these cases, however, higher precision experimental results are required in order to test our potentials more definitively. 1: Spectroscopic Parameters for He-RG + -Non-Spin-Orbit Curves. Isotopes employed are: 4 He, 40 Ar, 84 Kr, 131 Xe and 222 Rn. Here, the symbols represent the usual spectroscopic quantities: R e is the equlibrium bond length, D e is the depth of the potential;, D 0 is the energy between the zero-point and the asymptote, ω e is the harmonic vibrational frequency, ω e x e is the anharmonicity constant, B 0 is the equilibrium rotational constant of the v = 0 level, D 0J is the first distortion constant for the v = 0 level, σ is the crossing point of the potential, when the potential = 0, and ΔG 1/2 and ΔG 3/2 are the first two vibrational term values. 

System State [Ref] σ/ Å R e / Å D e / cm -1 D 0 / cm -1 ω e / cm -1 ω e x e / cm -1 B 0 / cm -1 D 0J / 10 -5 cm -1 ΔG 1/2 / cm -1 ΔG 3/2 /
Calculated potential energy curves for Ar + -He. The solid black curves represent the present potential, calculated at the RCCSD(T)/d-aug-cc-pV5Z level of theory, while the red dashed ones represent the MAL1 potentials from ref. 6.

Figure 2

Calculated interaction energy curves for Kr + -He. The black curves are the present ones, calculated at the RCCSD(T)/d-aug-cc-pV5Z level of theory -see text for details. The red dashed ones are the MAL1 potentials from ref. 24.

Figure 3

Standard mobilities for Ar + in He at 300 K. The points, with error bars are the experimental (smoothed) data points from refs. 44, 45, 46. The solid line is the calculated mobility curve assuming the 2 P 3/2 state only is present; the dashed line is the calculated mobility curve assuming the 2 P 1/2 state only is present. The ordinate is the standard mobility in cm 2 V -1 s -1 , and the abscissa is the ratio of the electric field to the number density, in units of Townsend (Td).

Figure 4

Standard mobilities for Ar + in He at 4.35 K. The points, with error bars are the experimental data points from ref. 5. The solid line is the calculated mobility curve assuming the 2 P 3/2 state only is present; the dashed line is the calculated mobility curve assuming the 2 P 1/2 state only is present. The ordinate is the standard mobility in cm 2 V -1 s -1 , and the abscissa is the ratio of the electric field to the number density, in units of Townsend (Td).

Figure 5

Standard mobilities for Kr + in He at 300 K. The points, with error bars are the experimental (smoothed) data points from refs. 44, 45, 46. The solid line is the calculated mobility curve assuming the 2 P 3/2 state only is present; the dashed line is the calculated mobility curve assuming the 2 P 1/2 state only is present. The ordinate is the standard mobility in cm 2 V -1 s -1 , and the abscissa is the ratio of the electric field to the number density, in units of Townsend (Td).

Figure 6

Standard mobilities for Kr + in He at 4.35 K. The points, with error bars are the experimental data points from ref. cm 2 V -1 s -1 , and the abscissa is the ratio of the electric field to the number density, in units of townsend (Td).

Figure 7

Standard mobilities for Xe + in He at 300 K. The points, with error bars are the experimental (smoothed) data points from refs. 44, 45, 46. The solid line is the calculated mobility curve assuming the 2 P 3/2 state only is present; the dashed line is the calculated mobility curve assuming the 2 P 1/2 state only is present. The ordinate is the standard mobility in cm 2 V -1 s -1 , and the abscissa is the ratio of the electric field to the number density, in units of townsend (Td). The Supplementary Material consists of an Excel spreadsheet with four worksheets. There is one sheet for each of Ar + -He, Kr + -He, Xe + -He and Rn + -He. In each sheet, the non-spin-orbit curves for the 2 Π and 2 Σ + states are given, as well as the three spin orbit potentials (see text). Note the units given at the tops of the columns! 
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	He-Ar + 2 Σ + This Work 2.05 2.41 BBD 21 a 2.45 GP 17 2.47 MNG 20 2.42 2 Π This Work 2.52 3.00 GP 17 3.12 MNG 20 3.02 He-Kr + 2 Σ + This Work 2.30 2.68 2 Π This Work 2.82 3.22 He-Xe + 2 Σ + This Work 2.63 3.03 2 Π This Work 3.11 3.52 He-Rn + 2 Σ + This Work 2.73 3.15 2 Π This Work 3.22 3.65 a CCSD(T)/FC values only cited from that work. 420.1 331 274 403 142.0 113 137 301.7 115.6 203.6 87.8 184.0 79.2 System Ref σ/ Å R e / Å He-Ar + 2 Σ 1/2 + This work 2.18 2.60 DHY 4 2.585 Sis 11 2.19 2.564 Sta 16 2.66 GP 17 2.77 MNG 20 2.62 MAL1 6 2.573 HM 10 2.17 2.65 2 Π 3/2 This Work 2.52 3.00 Sta 16 3.03 GP 17 3.10 MAL1 6 2.98 HM 10 2.59 2.96 2 Π 1/2 This Work 2.52 2.88 Sta 16 2.91 GP 17 3.00 MNG 20 2.89 DHY 4 2.872 Sis 11 2.48 2.872 MAL1 6 2.863 HM 10 2.51 2.86 He-Kr + 2 Σ 1/2 + This Work 2.51 2.90 HM 10 2.51 2.91 MAL1 6 2.87 2 Π 3/2 This Work 2.82 3.22 HM 10 2.78 3.18 MAL1 6 3.20 2 Π 1/2 This Work 2.70 3.09 HM 10 2.65 3.04 MAL1 6 3.06 He-Xe + This Work 2.83 3.24 F o r F o r P e e r R e v i e w O n l y 341.2 164.3 17.31 0.754 8.33 155.7 32.44 7.50 186 102.0 75.6 10.79 0.468 9.22 140 240.0 127.9 14.57 0.578 6.28 81.8 63.2 9.23 0.387 7.42 156.9 95.6 11.97 0.441 5.07 60.2 58.0 9.31 0.316 5.87 141.0 87.7 11.15 0.406 4.71 53.9 44.8 6.71 0.291 5.93 D e / cm -1 D 0 / cm -1 ω e / cm -1 ω e x e / cm -1 B 0 / cm -1 D 0J / 10 -5 130.2 97.86 55.6 99.4 46.2 72.4 39.4 66.2 32.9 cm -1 271.1 215.5 117.6 13.60 0.643 10.4 262 120.3 13.60 0.659 282.6 242 190 116.9 17.7 177 105 258 281.6 0.651 269.4 215.3 142.0 102.0 75.6 10.79 0.468 9.22 133 94 89.3 21.2 105 80 143.4 161.3 114.5 178.1 131.7 91.6 12.58 0.512 8.33 166 121 102.2 21.7 137 93 169 154 0.5146 185.4 181.6 0.5160 192.8 140.3 199.8 152.4 96.0 12.33 0.487 6.75 240.4 183.1 208 115.6 81.8 63.2 9.23 0.387 7.42 161.3 116 145.9 106.4 76.4 10.68 0.424 6.87 192.8 140.3 149 143.5 106.0 75.8 10.59 0.383 5.45 2 Σ 1/2 + HM 10 2.25 2.65 403.3 327.5 P 2 Π 3/2 This Work 3.11 3.52 87.8 60.1 58.0 9.31 0.316 5.87 HM 10 2.78 3.18 149.2 104.9 2 Π 1/2 This Work 2.98 3.40 109.3 77.5 62.6 9.38 0.343 5.71 HM 10 2.59 2.59 22.6 167.8 e e r He-Rn + 2 Σ 1/2 + This Work 2.93 3.35 129.2 94.7 67.9 9.46 0.352 5.08 2 Π 3/2 This Work 3.22 3.65 79.2 53.9 44.8 6.71 0.291 5.93 2 Π 1/2 This Work 3.09 3.52 98.6 69.5 55.0 8.11 0.316 5.45 R e v i e w	cm -1 94.1 50.30 29.3 68.4 23.3 46.1 20.8 41.6 14.8 ΔG 1/2 / cm -1 90.9 83.9 93.2 55.6 52.9 68.0 64.0 69.2 68.9 72.3 46.2 56.4 55.1 39.4 45.1 50.0 32.9 40.0	ΔG 3/2 / cm -1 62.3 55.2 64.1 29.3 26.9 38.2 35.1 44.7 23.3 30.9 32.5 20.8 22.7 27.9 14.8 19.9
		O n		14
		l y	
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Table 3 :

 3 Statistical Comparison between Calculated and Experimental Mobility Data for Ar + in He. See text for definitions of δ and χ. N is the number of data points, and %Expt and %Calc are the experimental and calculational precisions. When N is small, over-interpretation of the results should be avoided.

	T/K Data Source State	E/n 0	N %Expt %Calc	δ	χ
				Td				
	4.35	Ref. 39	2 P 3/2	2.0-11.5	7	2.0	0.1	0.25 0.34
				115-35.5	6	2.0	0.1	-1.23 1.39
			2 P 1/2	2.0-11.4	7	2.0	0.1	-0.16 0.22
				12.4-50.0 6	2.0	1.0	-0.79 1.33
	82	Ref. 40	2 P 3/2	5.0-32.0	5	4.0	0.1	1.45 1.47
				32.0-70.0 4	4.0	0.5	0.79 1.05
			2 P 1/2	5.0-32.0	5	4.0	0.1	1.58 1.70
				32.0-70.0 4	4.0	0.5	2.30 2.38
	92	Ref. 39	2 P 3/2	1.0-15.0 10	5.0	0.1	1.73 1.75
			2 P 1/2	1.0-15.0 10	5.0	0.1	1.62 1.65
	170	Ref. 39	2 P 3/2	4.0-30.0 10	5.0	0.1	1.09 1.10
			2 P 1/2	4.0-30.0 10	5.0	0.1	1.29 1.35
	293	Ref. 39	2 P 3/2	6.0-40.0 10	5.0	0.1	-0.62 0.62
			2 P 1/2	6.0-40.0 10	5.0	0.1	0.14 0.33
	300	Ref. 41	2 P 3/2	5.0-50.0 10	7.0	0.1	-0.03 0.11
				50.0-130.0 8	7.0	0.1	-0.57 0.62
			2 P 1/2	5.0-50.0 10	7.0	0.1	0.67 0.70
				50.0-130.0 8	7.0	0.5	0.58 0.61
	428	Ref. 39	2 P 3/2	8.0-50.0 10	5.0	0.1	-0.64 0.72
			2 P 1/2	8.0-50.0 10	5.0	0.1	0.48 0.75
	552	Ref. 39	2 P 3/2 10.0-50.0 9	5.0	0.1	-0.46 0.53
			2 P 1/2 10.0-50.0 9	5.0	0.1	0.88 0.97

  5. The solid line is the calculated mobility curve assuming the 2 P 3/2 state only is present; the dashed line is the calculated mobility curve assuming the 2 P 1/2 state only is present. The ordinate is the standard mobility in
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  30 59 H. W. Ellis, E. W. McDaniel, D. L. Albritton, L. A. Viehland, S. L. Lin and E. A. Mason, At. Data Nucl. Data Tables 22, 179 (1978). 60 D. M. Danailov, L. A. Viehland, R. Johnsen, T. G. Wright, and E. P. F. Lee, J. Chem. Phys. 127, 084303 (2007).
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