
Total and differential charge transfer cross sections in 
H+ + Na(3s) or Na*(3p) collisions 

C Courbin , R J Allan , P Salas and P Wahnon 

Abstract. P ro ton-sod ium charge transfer is studied, using 9- and 19-state adiabat ic 
molecular bases and the impact parameter method, in the energy range 0.5-5 keV. The 
dynamical radial and rotational coupling terms and a common translation factor (CTF) 
are included. The effect of the choice of the coordinate centre on the total charge exchange 
cross sections to H(« = 2) is clearly demonstra ted when no CTF is included. The alignment 
dependence of the capture to H(N = 2 ) is obtained and is satisfactorily compared with the 
a tomic expansion calculations. State-to-state charge exchange differential cross sections 
are calculated; the alignment and orientation effects are expected to be observable at the 
collision energy 0.5 keV where they are spread out at scattering angles $ >0.1°. 

1. Introduction 

The electron capture process from the ground state of Na atoms: 

H + + Na(3s) -» H(n = 2) + Na + A £ = -1 .74eV (Rl) 

has been studied extensively theoretically and experimentally due to a long-standing 
disagreement between the theoretical and the experimental total charge exchange cross 
sections. The conclusion of the most recent studies from molecular orbital (MO) 
calculations (Allan 1986 and references therein) and atomic orbitals (AO) calculations 
(Fritsch 1984, Shingal et al 1986) cast doubt on the reliability of the MO calculations 
of Kimura et al (1982a, b) and the measurements of Nagata (1983). The calculations 
of Kubach and Sidis (1981) seem for different reasons to be less satisfactory than the 
more recent results, which are consistent with each other and agree with the experiments 
of Gruebler et al (1970), McCullough (1978), Anderson et al (1979) and Ebel and 
Salzborn (1983) for the energy range 0 . 2 < £ < 6 k e V . Results for reaction (Rl ) with 
a MO basis have been discussed by Allan (1986) (hereafter referred to as I). 



Using the same model as in I we study the reaction: 

H + + Na*(3p, m) -» H(H = 2) + Na A£ = 0.36 eV (R2) 

which is of interest because of the possibility of preparing the initial state by a laser. 
In a first set of experiments the Lya radiation was observed after the collision 
(Kushawaha etal 1980, Kushawaha 1983), their results at £ > 30 eV are in contradiction 
with recent calculations of total cross sections for charge transfer from Na(3s) to 
H*(2p) and Na*(3p) to H*(2p) by Allan et al (1986) (hereafter referred to as II). 
More recent experiments of Aumayr and Winter (1987) and Aumayr et al (1987) tend 
to confirm the data of II, as also do the experiments of Finck et al (1988). 

Another type of experiment has been performed by Royer et al (1988): a time-of-
flight technique enables the identification of all the H(n) + Na+ channels populated 
in the collision and when the Na(3p) target is prepared with a well defined alignment 
using laser pumping. One aim of the present paper is to get the sublevel H ( n =2 ) total 
cross sections in the MO model, partially studied in II at one energy, E = 0.5 keV. We 
have calculated the charge exchange cross sections for H(2s), H(2p 0 ,2p ± 1 ) products 
from an initial state Na(3s) or Na(3p0 , 3p±1) with more accurate asymptotic amplitudes 
by exactly taking account of the Stark and rotational couplings, which can affect the 
sublevel populations. Using both a 9- and 19-state MO basis, some effects of the essential 
electron translational factor are noted for reactions (Rl) and (R2). The initial alignment 
dependence of the capture to H(n = 2) is satisfactorily compared with the experimental 
result (Richter et al 1990, following paper). The charge exchange probabilities and 
differential cross sections are presented and the most important transition mechanisms 
are discussed for this collision system. 

2. General formalism 

2.1. Collision model 

The quasi-classical impact parameter model for nuclear motion is used and the 
electronic wavefunction is developed on a molecular basis. The basis was described 
by Allan (1986) in whose work a model potential method was applied to describe the 
outer electron of the system in the field of the two cores. As the perturbed stationary 
state method fails to take into account transfer of the momentum of the electron and 
the reluctance of electronic eigenfunctions to follow the rotation of an internuclear 
axis at even moderate speeds, a modified basis set has been proposed including electron 
translation factors where the wavefunction is expanded on the molecular state x„\ 

where r and R are respectively the electronic and the nuclear coordinates. By allowing 
g„ to depend on both r and R it is possible to choose g„ independent of state n, as 
first proposed by Schneiderman and Russek (1969), reconsidered and tested by Errea 
et al (1982). We therefore improve the asymptotic behaviour of the stationary wavefunc-
tion by the inclusion of a common translation factor (CTF) as described by Allan and 
Hanssen (1985): 

exp(ig„(r, R)) (1) 

U{r,R)=f(r,R)v r-\f\r,R)v2t (2) 



with 

f(r,R) = Rz/(R2 + p2) and 

The coupled equations can be deduced: 
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where a body-fixed reference frame with z initially in the projectile velocity direction 
is assumed and where 

R2 = b2+v2t2 (5) 

defines the relation between R, z = vt and the impact parameter b, y is the angle 
between the incident velocity v and the internuclear R oriented from the target to the 
projectile. 

We shall consider the modified matrix elements in the following discussion: 
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As we consider collisions involving electron capture by an incident proton into 
H(n =2), we treat exactly the problem of the long-range mixing of degenerate states 
of the same symmetry due to the proximity of the alkali ion. It has already been pointed 
out by Sidis and Kubach (1978) that the corresponding phase integral has to be included 
to get the metastable fraction of H(2s) in Cs-H+ charge transfer. The linear Stark effect 
induces a large coupling between H(2s) and H(2p) that is first order in the electric 
field strength and must be included in the evolution matrix U in order to find the 
correct final state distribution in H(N =2). Added to the A/R2 (A = 3 au for the H 
atoms) Stark coupling is the rotational coupling term i B / R 2 with B = vb(iLy) between 
any | pi) and quasi-degenerate states (in the collision plane xOz). The coupling 
matrix in the body-fixed frame is: 

T = 
R2 

' O A 0 
A 0 - i B I . (8) 

, 0 i B 0 

This matrix can be diagonalized by the transformation matrix S: 
A A iB\/2\ 

„ (A2+B2)U2 -(A2+B2Y/2 o 
i B i B As/2, 
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So the propagator U can be deduced: 
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where 

C=A2+B2 and 4>=' 
(A + B) 

R2 
2x1 /2 

•dz. 

The coupled equations (4) are solved up to z0 = 40 au for each impact parameter 
and the final amplitudes bm(oo) are obtained by: 

am(oo) = U(z0, oo)am(z0). (11) 

A similar transformation is needed for the initial states in the general case. We can 
therefore give the distribution of the flux over the final \n, I, m) state, as shown for 
total cross sections in section 3 and for probability amplitudes in section 4. 

2.2. Total charge exchange cross section with CTF from Na*(3p) excited by a linearly 
polarized laser 

As we use a wavefunction developed on a molecular basis the atomic substates of 
different ML must be rotated to the molecular substates: 3p2, 3pl l+ , 3pFT. From 
solving the impact parameter equations (4) (with 9 or 19 states) we obtain the crx(n = 2), 
o-n

+(tt = 2) and an-(n = 2) cross sections meaning the initial state is 3p2 N a , 3pIlNa, 
3 p n Na respectively) by summing up the possible final substates of H(n =2) : 2s£, 2p£, 
2pl l+ , 2pIT~ allowed by symmetry selection rules: 

o-2(„ = 2) = crs(2s2) + ers(2p2) + c r s (2 P n + ) 

a n + ( n = 2 ) = crn+(2s2) + ern+(2p£) + crn+ (2pir) (12) 

o n - ( « = 2 ) = c7n-(2pir). 

The linearly perpendicular polarized light excites the atom in a statistical mixture of 
|3pll+) and |3pIT~): 0.5,0.5 and the total charge exchange cross section which corre-
sponds to an average over all the directions of the collision plane is: 

<rn(n = 2) =£|>n+(n = 2) + crn-(n = 2)]. (13) 

The crx(n = 2 ) and crn(n = 2 ) cross sections are obtained from (12) and (13) and lead 
to the alignment of the Na*(3p) state for the capture to H (n =2) . 

3. Total charge exchange cross sections 

3.1. Molecular expansion without CTF 

Many calculations have been performed without CTF in some theoretical models for 
this system but they have not yet been compared with a calculation made with the 
same expansion and including a CTF to test the effect of the added matrix elements. 



If no CTF is included the dynamical couplings depend on the chosen electron coordinate 
origin C and generally have spurious long-range behaviour. We temporarily circumvent 
the problem as in some other works (Taulbjerg and Briggs 1975, Wahnon et al 1986) 
by choosing the coordinate centre C = v when v = v' and C = v or C = v' when v ^ v\ 
v indicating one of the nucleus centres, so that we can test the role of the choice of 
the coordinate centre and at the same time the limit of the use of the molecular 
expansion without CTF. 

3.1.1. Electron capture from Na(3s). The two different choices for the coordinate centre 
C are the H nucleus and the centre of mass of the system. First a comparison of the 
dynamical matrix elements for these two different coordinate centres shows (figure 
1(a)) that the <3s2| d/di?|2s2, 2p2> and the <3s2|iLy |2pn+) matrix elements are much 
smaller when C = centre of mass (CM) than C = H nucleus, especially in the interacting 
region 8 < R < 20 au. We can expect that the total charge exchange cross section for 
production of H(« = 2) will be much larger when C = H than when C = CM. 

The charge exchange cross section to H(n =2) calculated with the inclusion of the 
CTF (I) is compared with the present result in figure 3(a). The three types of calculation 
converged to the same value for £ < 0 . 5 k e V (u = 0.2au). So, below 0.5 keV the 
molecular expansion is valid for studying the reaction (Rl) without inclusion of the 

R (au) 

Figure 1. Radial and rotational matrix elements without CTF: , coordinate centre 
C = CM ; , C = H. (a) A, <3s2|iX., |2pll>; O, <3sS| d/3K|2s2); • , <3sS| d/SR\2pl). (b) 
A, <3p2|iLv|2pn>; O, <3pX| 3/dR|2s2); • , (3p2| 5 /3« |2p2) . 



R (au) 

R (au) 

Figure 2. (a) Modified radial matrix elements H, (equation (6)): —*—, (2sH |H , |3sSN a) ; 
- - * - - , <2pI H |H 1 | 3 s2 N a ) ; — 0 — , <3p2 N a |H , |2s2 H ) ; — O — , <3pSNa | W,!2pSH>; — B — , 
<4sIN a | / / , |2sSH>; - - • - - , (4sXNa[H1 |2p2H>. (b) Modified rotational matrix elements H2 

(equation (7)): O , <2pn H | t f 2 | 2s I H >; - - O - - , (2pn H | t f 2 | 2pS H >; — A — , 
{3PnNa!H2|2sSH>; —A—, <3pnNJ//2|2pSH>; - * - , (3P2Na|H2|2PnH>. 

correction of the CTF for the asymptotic behaviour. It is noticeable that the CTF result 
is just at a mean value between the calculation with C = H and C = CM: as if the 
equivalent coordinate centre for matrix elements was the geometric centre of the molecule. 

3.1.2. Electron capture from Na*(3p). If the initial state is Na*(3p) then the matrix 
elements (figure 1(b)) for the two different choices of coordinate centre are in an 
inverse relative position (compared with the matrix elements involving the |3sNa) state): 

3p2 
dR 

2sl) » ( 3 p 2 
d f l 

2s2 

and 

<3p2|iLv|2pn>cM »<3p2|iLv |2pn>H 

when 6 < R < 12 au. 
The cross sections cr2(n = 2 ) and an(n =2 ) defined by (12) and (13) are reported 

in figure 4(a). The cross sections with initial state |3pH) are four times larger when 
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Figure 3. (a) Charge exchange cross section <r3s(n=2)\ , without CTF and C = CM; 
, with CTF; , without CTF and C = H. (b) Charge exchange cross section 

cris(n = 2): , AO calculations (Shingal et al 1986); , AO calculations (Fritsch 1988); 
, MO calculations (Allan 1986); experiment (Aumayr et al 1987); O, experiment 

(Dubois and Toburen 1985). Charge exchange cross section cr3s(2p): , AO calculations 
(Shingal et al 1986); , AO calculations (Fritsch 1988); , MO calculations (Allan 
1986); experiment (Aumayr et al 1987); +, experiment (Finck et al 1988). 

C = CM than C = H, especially the cross sections |3pn+)-> |2pII") and [3pn+}-» |2p2). 
Over all the range of energy studied, 0.35-5 keV, the two kinds of calculations (C = CM 
and C = H) give different charge exchange cross sections. The calculation with CTF 
again lies at the mean value between the two calculations without CTF. For this 
near-resonant transition Na(3p)-*H(« =2) the molecular expansion without CTF is 
very dependent on the choice of the coordinate centre even at the lowest energy 
explored, 0.35 keV. Use of the CTF is therefore essential, and yields results in close 
agreement with recent experimental work (accompanying paper) as we shall see in 
section 3.2.3. 

3.2. Molecular expansion with CTF 

3.2.1. Dependence of the total cross sections on the translational factor. The parameter 
/3 introduced in the switching function of the CTF in (3) has been varied: 0</3 <6. 
As the /3 parameter is such that the CTF drops to zero at short distances it can be 
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Figure 4. ( a ) Cross sections <7ipi(n = 2 ) : , wi thout CTF and C = H; , with CTF; 
, wi thout CTF a n d C = CM. Cross section O-3PN(N = 2): , wi thout CTF a n d 

C = CM; , with CTF; , wi thout CTF and C = H. ( b ) cr3p^(n = 2): , present 
results; , AO (Fri tsch 1988); A, exper iment (Dowek et al 1990). o- 3 p n (« = 2): , 
present results; , AO (Fri tsch 1988); exper iment ( D o w e k et al 1990). 

expected that transitions occurring in the molecular region will be affected by the 
parameter of the switching function. The various cross sections vary by only a few per 
cent. The most sensitive one is o-3s(2s2) which varies by 10%. This transition is one 
which occurs at intermediate distances: R < 8 au. 

3.2.2. Comparison between the 9-state and the 19-state models. We compare cr,(n — 2) 
cross sections calculated with two different collisional bases. The 9-state basis includes 
the channels Na(3s£, 3p2, 3plT, 3 p i r , 4s2), H(2s2, 2pS, 2pn+ , 2 p i r ) . The 19-state 
basis includes these nine states and Na(3d2, 4p2, 3dII+, 3dll~) and H(3s£, 3p2, 3pll+ , 
3pll~, 3dn+, 3 d r r ) . o-2(«= 2) and cru(n=2) are reported in table 1 for the 9-state 
model and table 2 for the 19-state model (and also compared with the atomic calcula-
tions of Fritsch (1988)). When E < 1 keV the molecular 19-state results are similar to 
the 9-state results. When E > 1 keVthe charge exchange cross sections are 15% smaller 
in the 19-state model than in the 9-state one, this shows the limitations of the 9-state 
model and the important role of the H(n = 3) states at higher energies: the H(n =3) 
capture or Na(n = 3) excitation is predicted to be important at E > 1 keV. At E > 4 keV 



Table 1. State-to-state total cross section ( A 2 ) in the 9-state model: initial state Na, 3/A); 
final state, jH, 2/'A'>. 

£,a„ (keV) 0.35 0.5 1 1.5 2 3 4 5 
v (au) 0.1183 0.1414 0.2000 0.2449 0.2828 0.3464 0.4000 0.4472 

3 s l - 2 s 2 3.08 6.86 17.38 19.28 19.51 18.94 18.20 17.43 
3 s 2 -2pS 2.66 3.42 11.35 17.44 22.73 29.70 30.37 28.19 
3s2-2pn+ 6.7 7.42 8.29 6.71 7.09 11.74 16.38 19.32 
3 p 2 - 2 s 2 22.45 17.06 21.89 28.92 30.06 29.19 28.90 28.77 
3 p S - 2 p S 25.84 31.70 24.93 13.51 7.93 6.82 8.31 9.21 
3 p 2 - 2 p I T 30.64 38.18 49.75 47.52 43.79 39.63 38.63 38.96 
3 Pn + - 2 s 2 21.64 25.89 30.49 29.65 28.48 25.62 22.48 19.70 
3 p n + - 2 p 2 9.57 10.56 14.84 18.32 20.75 23.96 25.52 25.85 
3Pn+-2Pn+ 27.12 33.34 45.46 48.78 45.78 36.35 28.88 23.79 
3prr-2prr 66.25 70.90 73.43 68.79 63.24 54.80 48.57 43.62 
o-3s£(n = 2) 12.44 17.71 37.02 43.42 49.33 60.38 64.96 64.93 
cr3Ps(n = 2) 78.93 86.94 96.58 89.95 81.78 75.64 75.85 76.94 

o"3Pn+(" = 2) 58.33 69.79 90.80 96.76 95.01 85.93 76.89 69.35 
o"3Pn(" = 2) 62.29 70.34 85.00 79.37 79.12 70.36 62.73 56.48 

Table 2. State-to-state total cross section ( A 2 ) in the 19-state model: initial state, Na, 3, /A); 
final state, jH, 2/'A'); a, atomic orbital calculations of Fritsch (1988). 

v (au) 0.1183 0.1414 0.2000 0.2449 0.2828 0.3464 0.4000 0.4472 

3sX-2s2 3.10 6.23 15.57 17.26 18.02 17.94 16.88 15.57 
3 s 2 - 2 p 2 2.48 3.26 10.94 16.17 20.42 25.31 25.57 24.19 
3 s 2 - 2 p l T 6.98 7.47 8.54 5.77 5.53 8.89 11.55 12.94 
3 p 2 - 2 s l 23.12 16.46 21.84 26.57 28.20 26.77 22.83 18.77 
3 p 2 - 2 p 2 25.16 30.50 22.29 9.04 5.38 6.44 8.03 9.21 
3p2-2pn+ 25.98 32.01 41.88 40.60 36.63 30.45 26.67 23.90 
3 p l T - 2 s S 21.49 26.07 21.45 17.89 15.25 12.34 10.32 9.16 
3 p n + - 2 p l 11.07 8.91 13.40 19.43 22.33 21.79 19.08 16.80 
3pn+-2pn+ 22.77 26.83 29.00 27.81 26.47 24.69 22.77 20.83 
3 p i r - 2 p r r 65.16 69.51 72.38 66.20 59.48 52.03 48.02 45.03 

= 2) 12.56 16.96 35.06 39.21 43.98 52.13 53.99 52.69 
0"3sl(" = 2 ) a 10.66 28.03 37.90t 56.38 48.76 
cr3pz(n = 2) 74.26 78.98 86.01 76.21 70.21 63.66 57.53 51.88 
o-3Ps(« = 2)a 74.57 81.18 74.8" 58.16 34.30 
cr3pn*(n ~ 2) 55.33 61.81 63.84 65.13 64.06 58.82 52.18 46.80 
o-3pn(« = 2) 60.2 65.6 68.1 65.6 61.8 55.4 50.1 45.9 
cr3pn(" = 2)" 52.40 55.70 54.07+ 42.88 24.95 

t Values corresponding to £, a b = 1.7 keV. 

both the <T£(n = 2) and o-n(n = 2) cross sections are about a factor of two larger than 
the 49-state result of Fritsch (1988). 

3.2.3. Electron capture from Na(3s). The metastable fraction /2 s = {H(2s)}/{H(n =2)} 
has been calculated in the 9- and 19-state models after analytically integrating the 
long-range Stark and rotational coupling (see section 2.1). A comparison of the present 
result with the preceding calculation of I where the coupled equations were numerically 
integrated up to zmax = 95 au is shown in table 3. The fraction is not sensitive to the 



Table 3. Metastable f rac t ion / 2 s = {H(2s)}/{H(n = 2)} for reaction (Rl) . The present results: 
a, for the 9-state model; b, for the 19-state model; c, results of I (19 states). 

v (au) 0.1183 0.1414 0.2000 0.2449 0.2828 0.3464 0.4000 0.4472 

f u 0.25 0.39 0.47 0.44 0.39 0.31 0.28 0.27 

h sb 0.245 0.37 0.44 0.44 0.40 0.34 0.31 0.29 
/2s

c 0.37 0.42 0.43 0.44 0.42 0.40 0.38 

number of states included in the model but it is sensitive to the treatment of the 
asymptotic region. The present result with 19 states including the exact treatment of 
the long-range coupling must be considered as the most accurate. 

Figure 3(b) shows the total cross section for the processes: 

H+ + Na(3s) H(2p) + Na+ (R3) 

H+ + Na(3s) H(2n) + Na+ . (R4) 

For total electron capture the present results are consistent with the AO results of 
Shingal et al and Fritsch (1984) up to E = 5 keV. At £ < 2 keV the AO results are a 
few per cent lower than the present MO results, but no experimental values are available 
in this energy range with which to compare. At E > 6keV the two sets of experimental 
results (Aumayr et al 1987, Dubois and Toburen 1985) are very similar and in very 
good agreement with both AO results. 

For capture into the H(2p) state the two recent Lya measurements agree very well. 
The two sets of AO and MO results are in close agreement with the experiments. However 
at £ < 0 . 5 k e V the present o-3s(2p) is found larger by a factor of two than the AO 
calculations. The experimental points confirm the AO result. 

As in this energy range the CTF has been shown not to play any role (see section 3.1) 
the discrepancy between the two models can only be attributed to the number of states: 
it means that the couplings to the higher states of the system are important despite 
the low energy. 

As all the H(n = 3) states are not included in the present model (3d2H for instance), 
the capture cross sections to H(n =3) can only be considered as a qualitative result. 
The cr3s(n = 3) charge exchange cross section to H(n = 3) is compared with the atomic 
calculations (table 4) of Fritsch (1984): the agreement is surprisingly good between 
theories, and the theoretical results are within the experimental error bars (Royer 
et al 1988). The cross section cr3s(n =3) is small: it varies between 0.3 A 2 and 8 A 2 . 

Table 4. State-to-state total cross section ( A 2 ) in the 19-state model; initial state, |Na, 3 0 0); 
final state |H, 3 / A); a, atomic orbital results of Fritsch (1988). 

v (au) 0.1183 0.1414 0.2000 0.2449 0.2828 0.3464 0.4000 0.4472 

3sS-3pS 0.097 0.198 0.854 1.32 1.52 2.13 2.18 2.36 
3sX-3d2 0.03 0.035 0.43 0.46 0.70 0.87 0.68 0.83 
3 s l - 3 p n + 0.11 0.16 0.32 0.65 1.09 2.21 2.93 3.12 
3s2-3dn+ 0.04 0.105 0.26 0.40 0.51 0.68 1.05 1.43 

= 3) 0.27 0.50 1.87 2.83 3.83 5.89 6.85 7.74 
°3 s £ (n =3 ) " 0.8 1.80 4.07+ 8.08 11.14 

t Value corresponding to £ ] a b = 1.7 keV. 



3.2.4. Electron capture from Na*(3p) excited by a linearly polarized light. The linearly 
polarized exciting light prepares the atomic orbitals in a linear combination of mL = 0 
(X) and ±1 (II) states, depending on its two polarization directions (parallel or 
perpendicular to the proton beam) and not in a pure state because of the hyperfine 
structure (Dowek et al 1990). The experimental technique used gives the ratio of 
cr3p( n = 2) to the cr}s(n=2) cross section. Relations between the measured cross sections 
and c r s ( n = 2 ) and crn(n = 2) are given by formulae (2a) and (2b) in the following 
paper (Richter et al 1990). The cr3p2(n = 2) and o"3pn(n = 2) experimental cross sections 
are therefore drawn in figure 4(b), after being calibrated to the reliable a3s(n = 2) cross 
section, from the large AO basis expansion (Fritsch 1984, Shingal et al 1986). In this 
figure is also drawn the present 19 molecular state result and the AO basis result of 
Fritsch (1988), the only theoretical results available for cr 3 p 2(n= 2) and o-3pn(n = 2). 
The cr3p5(n = 2) cross section is the larger in both calculations, compared with cr3pn(« = 
2). The two calculations and the experimental points are in good agreement. From 
values tabulated (table 2), the calculated cr3pn(n =2 ) is found to be 20% smaller than 
°"3 P x(« - 2 ) , this is a strong alignment effect in the keV energy range. 

4. Charge exchange probabilities and differential cross sections 

4.1. Charge exchange probabilities from Na(3s) 

For the exchange channels H(2s2), H(2pS), H(2pII+) the capture probabilities are 
drawn as a function of the impact parameter at the energy £,ab = 0.5 keV (figure 5(a)) 
and 2 keV (figure 6(a)) ; the main features are the two peaks at R = 7.5 au and 12 au 
for the H(2s2) and H(2p2) probabilities. The energy difference £ 3 s 2 - £ 2 S s ~ 0 . 0 5 a u 
has the same value as the corresponding at R — 1 au and R — 12 au. The population 
of the H(2s£) and H(2p£) channels can thus be explained as a direct transition induced 
by the dynamical H, radial coupling. The population of H(2p IP ) becomes important 
at quite short distances, 4 < R < 6 a u , where indeed the matrix element is large, 
(3sS|H2 |2pn ) — 0.5 au. At £ = 2 k e V its population is enhanced as the effect of the 
rotational coupling increases with collision velocity. Thus the H(2pII+) state is popu-
lated via a direct rotational coupling. 

It must be stressed that the charge exchange reaction (Rl) takes place in an 
intermediate region 5 < R < 12 au as the transition is non-resonant, which explains the 
weak total cross sections (<50 A 2 ) . We shall see how it is different for the capture 
from Na*(3p) states. 

4.2. Charge exchange probabilities from Na*(3p) 

From the Na(3p£) state, the charge exchange probability for populating H(2pII+) 
(shown in figures 5(b) and 6(b)) is interpreted as a direct rotational coupling at 
1 0 < R < 1 5 a u , since (3p2|H2 |2pII+}| = 0.3 au in this region (figure 2(b)). The large 
population of H(2s2), (0.3 at 0.5 keV and 0.2 at 2 keV) is explained by a direct transition 
through the radial coupling |<3p2|H1|2sS)| = 0.03 au (figure 2(a)) equal to 
at JR — 12 au. The H(2p£) population is smaller than the H(2s2) population in the 
energy range E > 0.5 keV. 

From the Na(3pII~) initial state, only the final state H(2pII~) of H(« = 2) can be 
populated (figures 5(c) and 6(c)) via the radial coupling (3pn~|H,|2pn~). The charge 



Figure 5. Cha rge exchange probabil i t ies as a funct ion of the impact pa ramete r in the 9-state 
model at u = 0 .14au . (a) The initial state |3s2Na>. The final state: - - * - - , |2sIH>; --X--
| 2pS H ) ; — • - - , |2pIIH>; , sum over the states H ( n = 2). (b) The initial state |3pSN a> 
and the same nota t ions as in (a ) , (c) The initial state |3pll^ a> and the final state |2P1IH). 
( d ) The initial state | 3 p n 5 a ) and the same nota t ions as in ( a ) . 

exchange radial coupling of Demkov type between the two states gives rise to a structure 
peak at R — 11 au typical of a pseudo-crossing occurring at R — 12 au. 

From the Na(3pll+) state the largest population is the H(2pEI+) (figures 5(d) and 
6(d)), it has a maximum at R — 11 au and at R = 17.5 au. By analogy with the population 
of H(2pIT) from the initial state Na(3pn~) (figures 5(c) and 6(c)) it can be said that 
the peak at R = 11 au is due to the same mechanism as a direct transition through the 
dynamical (3pn + |H, |2pn + ) coupling. However a more complex structure of the 
H(2plT) probability occurs; the peak at R —17.5 au can be a two-step transition 
through a rotational coupling Na(3pIT+) H(2p2) (as the <3pn+|H2|2p2) = 0.5 au at 
13 < R < 20 au, figure 2(b)) followed by the long-range rotational coupling H(2pZ) -> 
H(2 P n + ) transition. The probability H(2s2) has a maximum at i? = 10au due to 
(3pn+ |H2 |2s2) if we refer to the shape of the corresponding rotational coupling (figure 
2(b)). 

The comparison of the probabilities between u = 0.14au and v = 0.283 au shows 
that at higher collision velocity the probabilities are shifted to larger impact parameters, 
especially when the initial state is |3s2Na). The three states |2s2H), |2p2H) and |2PI1H) 
are equally populated when the initial state is |3s2Na) or |3p2Na), but at E = 2 keV the 
|2p2H) state is weakly populated when the initial state is |3pIlNa). 

From figures 5 and 6 it is clear that charge exchange in this system from excited 
states takes place at quite large distances, 1 0 < / ? < 2 0 a u , as the reaction is near 
resonant, which explains the much bigger value of the charge exchange total cross 
section when the initial state is Na(3p) ( = 80 A 2 , see tables 1 and 2). 



Figure 6. Charge exchange probabilities as a funct ion of the impact parameter at v = 
0.283 au, with the same notations for ( a ) - ( d ) as ( a ) - (c f ) in figure 5. 

4.3. Differential cross sections 

From the transition amplitudes the differential cross sections are calculated using the 
method of Piacentini and Salin (1977) at E = 0.5 keV and E = 2 keV for various initial 
states. At £ = 0 . 5 k e V (figure 7) the charge exchange differential cross sections are 
spread out to a scattering angle 6 = 0.4°, when at E = 2 keV (figure 8) they are spread 
out to an angle four times smaller (0.1°). 

All the differential cross sections oscillate, due to rainbow effects in the long-range 
attractive part of the potential curves. The largest charge exchange cross sections are 
obtained from the initial state |3p2N a) to the final states |2p2H) and |2pIIH) at E = 
0.5 keV. Its average width is about 0.2°, it could be measured with less difficulty than 
the DCS at 2 keV, which is narrower due to kinematic effects. The difference in shape 
of the DCS in figures 1(b) and (c) is a differential alignment effect, its measurement 
would be of great interest as a test of our model. The differential orientation effect is 
also predicted (Allan et al 1990) in which it is interpreted as a velocity matching effect. 

5. Conclusion 

We have presented a detailed investigation of the electron capture to H ( « = 2 ) and 
H (M=3) through the 14 positive and 5 negative symmetry molecular states of the 
H + - N a collisional system. The work has been stimulated by recent experiments where 
Na is prepared excited by a polarized laser light. 

We have reviewed the current status of theoretical work on the NaH + system and 
highlighted the following points which are essential for a quantitative comparison. An 



Figure 7. Differential charge exchange cross sections at v = 0.14 au. Initial state: (a) |3sS); 
(.b) |3p2>; (c) |3Pn+). Final state: , |2s2>; , |2pX>; , |2Pn+>; , sum 
over the states H (n = 2 ) . 

electron translation factor must be incorporated into the MO treatment and a correct 
projection onto the asymptotic states must be used. Bearing this in mind, recent MO 
and AO calculations are now in good agreement, and of similar predictive power, 
however a sufficiently large number of states must be well understood within the MO 
model in terms of radial and rotational coupling and interference effects. 

We have shown that the cross sections for state-to-state transitions are sufficiently 
large for experimental observation. Results of such an experiment are compared with 
our predictions in the accompanying paper. 
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Figure 8. Differential cross sections at v = 0.283 au with the same notat ions as in figure 7. 
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