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Using crossed beams of metastable rare gas atoms 
Rg*(ms 3P2, 3Po) (Rg=Ne,  Ar, Kr, Xe) and ground state 
sodium atoms Na(3s 2S1/2), we have measured the ener- 
gy spectra of electrons released in the respective Penning 
ionization processes at thermal collision energies. For 
Rg*(3P2)+Na(3s), the spectra are quite similar for the 
different rare gases, both in width and shape; they reflect 
attractive interactions in the entrance channel with well 
depths D* [meV] decreasing slowly from R g = N e  to 
Xe as follows: 676(18); 602(23); 565(26); 555(30). For 
Rg*(3~)+Na(3s),  the spectra vary strongly with the 
rare gas, indicating a change in the character of the inter- 
action from van der Waals type attraction (Ne) to chemi- 
cal binding for Kr and Xe with well depths D* [meV] 
of: 51(I9); 107(25); 432(30); 530(50). These findings are 
explained through model calculations of the respective 
potential curves, in which the exchange and the spin 
orbit interaction in the excited rare gas and the molecu- 
lar interaction between the two valence s-electrons in 
terms of suitably chosen singlet and triplet potentials 
are taken into account. These calculations also explain 
qualitatively the experimental finding that the ratios 
q2/qo of the ionization cross sections for Rg* (3P2)+Na 
and Rg* (3Po)+ Na vary strongly with the rare gas from 
Ne to Xe as follows: 15.8(3.2); 2.6(4); 1.4(2); 1.6(4). 

PACS: 31.20Pv; 31.50.+w; 31.70.-f; 34.20.-b;  
34.50.Gb; 35.20.Gs; 82.40.Dm 

I. Introduction 

High resolution energy analysis of electrons resulting 
from ionizing thermal energy collisions of electronically 
excited atoms with atoms and molecules (Penning ioniza- 
tion) yields detailed information about the molecular in- 
teractions [1-12]. For most of these studies, metastable 

* Dedicated to Prof. Dr. J.P. Toennies on the occasion of his 60th 
birthday 

He*(23S, 21S) atoms have been used because of their 
high excitation energies (~20 eV), long lifetimes, ease 
of production and state selection, importance in dis- 
charges, and theoretical simplicity. The investigation of 
(quasi) one electron target atoms (/-/, D; alkali atoms 
A) is particularly important in connection with a thor- 
ough test of the theoretical description of the Penning 
process [5-8, 10-14]. Our group has recently reported 
detailed experimental studies of the electron spectra for 
He*(23S, 21S)+H, A [8, i0, t l ,  13] along with quantum 
mechanical analyses [10, 11, 13] of part of the data, 
based on ab initio potentials [10, 11, 13, 14]. It was 
shown that the 2S-interaction of He*(23S) atoms with 
X=H,  A [8] is rather similar to the aS-interaction of 
Li(2s) atoms with X. In contrast, the He* (21S) interac- 
tion with X is less strong [8, 11, 13, 14], but still appreci- 
able (well depths 0.2-0.45 eV). In a continuing effort, to 
also characterize the interactions of the heavier metasta- 
ble rare gas atoms Rg*((m--1)pS ms 3P2, 3P0) with a 
variety of other atoms [6, 7, 15], we have now investigat- 
ed the systems Rg*(ms 3Pz, 3Po)+Na(3s ) (Rg=Ne,  Ar, 
Kr, Xe; m= 3-6). It is our aim to elucidate systematic 
trends in the behaviour of the different heavier metasta- 
ble atoms interacting with a selected target atom X. Lor- 
enzen et al. [6, 73 have previously observed an interest- 
ing, strongly different behaviour of Ne*(3s 3P2) and 
Ne*(3s 3p0) atoms in their interactions with X = H ,  D, 
Li, Na, K: the total ionization cross sections and poten- 
tial well depths for Ne*(3p2)+X are much larger then 
those for Ne* (3Po) + X. It is therefore of particular inter- 
est to see how the dependence on the fine-structure state 
evolves from Ne to Xe for a selected target atom X. 

Our studies are part of a broad effort to obtain a 
better understanding of spin-orbit effects in gas phase 
reactions, as previously discussed by Dagdigian and 
Campbell [16]. We also mention in this context recent 
work on chemical reactions involving state-selected me- 
tastable rare gas atoms, e.g. [17]. 

The paper is organized as follows: in Sect. 2, we de- 
scribe the apparatus and experimental procedure. In 
Sect. 3.1, we present the electron energy spectra for 
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Rg*(ms 3P2, aPo)+Na(3s) (Rg=Ne, Ar, Kr, Xe) and de- 
duce the state dependence of the cross sections. The cor- 
responding findings, especially a strong variation of the 
interaction of Rg*(3Po)+Na in going from Ne to Xe, 
will be discussed and explained on the basis of model 
calculations of the potential energy curves for 
Rg*(ms)+Na, as described in Sect. 3.2. Using a semi- 
classical analysis and information from the model calcu- 
lations, we deduce the well depths for the (attractive) 
potential curves of the Rg* (ms 3P2, aPt) + Na (3 s) systems 
in Sect. 3.3 and compare them with the well depths for 
the A(ms)+Na(3s) (X1S) potentials of the analogous 
alkali atoms A(ms). 

2. Experimental 

The apparatus used for the present Penning ionization 
electron spectrometry (PIES) work is shown semi-sche- 
matically in Fig. 1. It consists of three separately pumped 
chambers: two source chambers and the reaction 
chamber, which houses a cylindrical mirror electron en- 
ergy analyzer (CMA) within a three-layer #-metal shield- 
ing (magnetic fields below I0 -7 T). A well-collimated 
(1:70) metastable beam, originating from a DC cold 
cathode discharge source, crosses an equally well colli- 
mated effusive Na beam, coming from a two chamber 
oven, at right angle. The fluxes of the mixed metastable 
atom beams Rg* (3Pz, 3Po) are in the range (101°-1011)/s, 
and the Na(3s) target density is around 4.109 cm-3. 

Electrons originating from Rg*+ Na ionization pro- 
cesses are detected with a CMA, whose axis is perpendic- 
ular to the plane spanned by the atomic beams. The 
CMA samples electrons ejected from the reaction center 
along a 54.7 ° half-angle cone around its symmetry axis. 
A lens system images the electrons from the reaction 
volume onto the entrance slit of the CMA operated at 
a constant pass energy of 8 eV with a nominal resolution 
of 40 meV (FWHM). The electrons are detected with 
a channel multiplier combined with fast counting elec- 

tronics. The total efficiency of the system is estimated 
to be 1%. The spectra are accumulated with a multichan- 
nel scaler and are stored on our lab computer for further 
processing. 

The electron energy dependent transmission of the 
electron spectrometer has been determined by means of 
photoionization of diffuse gas targets O z and NO by 
He I~ photons. These photons were produced by a source 
in a fourth vacuum chamber (omitted from Fig. 1), oppo- 
site to the Na-oven chamber. The transmission was 
found to be constant within 5% over the relevant elec- 
tron energy ranges. 

Calibration of the energy scale has been performed 
by using PIES electrons from the reactions Rg*(3P0,2) 
+ N O ~ R g + N O + ( X ;  v=0, 1), were always measured 
simultaneously with the Rg*+ Na spectrum. The linear- 
ity of the spectrometer has been checked by measuring 
the He(I~)+NO photoelectron spectrum in the range 
0-12.5 eV and comparing it to literature values [-18, 19]. 
We estimate the calibration error anywhere in the spec- 
trum to be less than 8 meV. The effective energy resolu- 
tion could be deduced from the measured widths of the 
NO-PIES calibration peaks, whose intrinsic widths had 
been accurately determined by comparison with photo- 
electron peaks. The effective resolution for all measure- 
ments presented here was 40-45 meV. 

The background pressure of NO (about 3- 10- 5 mbar 
in the reaction region), needed for the simultaneous ener- 
gy calibration, had an unexpected, but very favourable 
side-effect: it decreased the overall shift of the electron 
energy scale, which amounted to (1-2) eV in the absence 
of NO, to stabilized values around 0.3 eV. Therefore we 
could increase the intervals, over which we accumulated 
single spectra, fi'om about 10 to typically 40 minutes 
(thereby increasing the calibration accuracy), without de- 
teriorating the effective resolution by potential drifts. 

With the Na source running in the effusive regime, 
the normalized velocity density distribution fl  (vl) of the 
Na beam 

fl(vl)=C~ v 2 exp( -ml  v~/2kB T1) (1) 

METASTABLE 
ATOM SOURCE 

ELECTRON 
SPECTROMETER 
(CMA) 

NA-OVEN 

METASTABLE 
BEAM 
MONITOR 

AL0 

Fig. 1. Semi-schematic drawing of the 
apparatus used to study the energy spectra 
of electrons released in ionizing thermal 
energy collisions between metastable rare 
gas atoms and ground state sodium atoms. 
The symmetry axis of the cylindrical mirror 
electron energy analyzer (CMA) is 
perpendicular to the plane spanned by the 
two orthogonal atomic beams. The distance 
of the separately pumped metastable rare 
gas (sodium) atomic beam source to the 
reaction center is 185 mm (262 ram). The 
spectrometer is enclosed by a three-layer #- 
metal shielding, which reduces the magnetic 
fields to values well below t0 .7 T 



Table 1. Velocity distribution parameters for the metastable rare 
gas projectile beams and the target sodium beam: re=average 
mass; T-beam temperature; u = flow velocity (see Eqs. (1) and (2)). 
With these parameters the collision energy distributions in Fig. 2 
were calculated 

Atom rn [amu] T [K] u [m/s] 

Ne*(3s 3P2,o): 20.18 28 790 
Ar* (4s 3P2,0) 39.95 28 560 
Kr* (5s 3P2,o ) 83.80 28 390 
Xe* (6s 3Pz,o) 131.30 28 310 

723 ~ Na(3s) 22.99 
745 b 0 

a Temperature for Ar*, Kr*, Xe* data 
b Temperature for Ne* data 

could be computed by using the temperature of the oven. 
Measurements on a similar oven [20] have shown this 
to be reliable. 

The normalized velocity density distribution fz(v2) 
of the metastable atoms has nozzle beam character, as 
described by 

f2 (/)2) = C2 v2 exp ( -- m2 (% -- %)2/2 kB Tz). (2) 

The distributions for Ne* and Ar* metastable atoms 
have been measured by time of flight and laser Doppler- 
shift methods [21, 22]. For  all measurements, the same 
discharge current (10 mA) and comparable gas pressures 
were used in the metastable atom source. The parameters 
%,  72 for Kr* and Xe* were extrapolated from the re- 
sults for Ne* and Ar*, as summarized in Table 1. 

The total electron rate r due to reactions N a +  Rg* 
can be written: 

r = Vn 1 n 2 ~ ~(Vrel)fc(Vrel) dv~,l (3) 
0 

with Vthe interaction volume, n~ and n z the total densi- 
ties of Na and Rg*, respectively, a(/)ra) the relative veloc- 
ity dependent cross section andf~(/)r~3 the collision veloc- 
ity distribution: 

oo 

fc (/)rel) =/)rel f f l  (t Yrel + ¥2 l)f2 (/)2) d v 2 
0 

oo 

= ~ f fl(/)t)f2(v2)Iv1--V2[ 5 ( v , . o , - - I v , - - v z l  d / ) l  dr2 
0 0 

(4) 

Using Eret=½# Vre12 and dv,:,l=dErJ#vr~l, one gets the 
collision energy distribution gc(Er~l). This physically im- 
portant  distribution is shown in Fig. 2 for all four reac- 
tions. 

In the case of R g * =  Ne, Kr  we used a laser state 
selection method [15, 23], to obtain separate 3~_ and 

239 

....... Ne ~ - Na 
- - - - A r  ~ - N a  

83 
E . - - . - -  K r  ~ - N a  
~" i.O .~. : 

\ - -  X e  "~ - N a  / \'.. 
L 

0 . 0  

U i00  200 300 
COLLISION ENERGY [meV] 

Fig. 2. Probability distributions gc(E~l) of the relative collision ener- 
gies Er, l for the studied systems Rg* (ms 3Pa, 3po) + Na (3 s) (Rg = Ne, 
Ar, Kr, Xe; m = 3-6) 

3po-spectra and relative 3P2: 3P o cross sections. A multi- 
mode dye laser with narrow mode spacing (around 
70 MHz), a bandwidth around 10 GHz, and a power 
of (100-200)mW excited a suitable Rg*(ms 3p2~mp,  
J =  1) transition to simultaneously remove the Rg*(ms 
3Pz) atoms and enhance the Rg* (ms 3Po) flux in the coun- 
terpropagating Rg* beam. 

As an example Fig. 3 shows K r * + N a  spectra with 
and without the state selecting laser (557.0 nm), pumping 
the Kr* (5 s 3P2 --, 5 p' [1/231) transition. The accompany- 
ing K r * - - N O  spectrum (which will be discussed else- 
where in detail) allows us to keep track of the efficiency 
of the state selection process and to determine accurately 
the enhancement of the 3P o flux. F rom this increase, a 
relative 3P 2: 3P o flux Jz/Jo = 11.0_+ 1.3 in the mixed meta- 
stable beam can be calculated by using known Einstein 
coefficients for the decay of the laser-excited 
Kr* [5p' [1/211) leveI [233. With this flux ratio, relative 
3P2:3P o cross sections are calculated from the intensities 
of the energy-integrated electron spectra tbr 3p~ and 3P 0. 
For  details of this procedure, the reader is referred to 
earlier work [15, 23]. 

Application of analogous laser state selection to At* 
[17, 23] and Xe* [24] is desirable, but was not used 
in the present work. The Xe*(3P2) and Xe(3Po) spectra 
do not ovelap (see Fig. 6), and the Ar*(3~) and Ar*(3Po) 
spectra could be deconvotuted on the basis of a reason- 
able extension of the Ar*(3P2) spectrum into the energy 
range of the rather narrow Ar* (3Po) spectrum (see Fig. 5). 
The 3P2: 3P o cross section ratios for At* and Xe* are 
based on 3p2:3P o fluxes Ofjz/jo=6.3+_0.2 for Ar*, mea- 
sured previously [23] for a source of the same type, and 
J2/Jo = 13 4-3 for Xe*. The latter value was extrapolated 
graphically from the measured ratios Jz/Jo for Ne*, Ar*, 
and Kr*, by using the empirical finding that a double-log 
plot of Jz/Jo versus fine structure separation yields a 
straight line (see Fig. 4). 
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Fig. 3. Electron energy spectra due to ionizing collisions of metasta- 
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NO (X, v"= 0) molecules. The smooth line represents the spectrum 
measured with a normal, mixed Kr*(5s 3P2, 3Po) beam (3P2: 3P 0 
flux ratio 11 + 1.3). The data points with error bars represent the 
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data obtained with laser state-selection at Z=557.0 nm; the 3P 2 
component is reduced to about 5% of its normal flux, and the 
3P o component is correspondingly enhanced by cross-pumping 
from the 3p2-1evel (fractional conversion 57.7% [23]), yielding al- 
most pure 3Po spectra of Na(3s) and NO 
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Fig. 4. Flux ratio Jz/Jo of metastabte rare gas atoms Rg*(3Pj, 
Rg*(3Po), measured for our discharge source under typical condi- 
tions (current 10 mA, source gas temperature around 300 K) for 
Rg =Ne, Ar, Kr (results a): Ref. 23; b): present work). For Rg =Xe, 
a flux ratio j2/jo=13+3 is extrapolated (square labelled c)), as 
shown in the figure 

3. Results and discussion 

3.I. Electron energy spectra and state dependence 
of cross sections 

The experimental results are shown in Figs. 3, 5-7. 
Figs. 3, 5, and 6 show the Kr*, Ar*, and Xe* spectra, 
respectively, on absolute electron energy scales, whereas 
in Fig. 7, the 3Pz and 3Po spectra are plotted relative 
to the nominal  energies Eo(3P2) and Eo(3po), respectively 
(E o = excitation energy of Rg* minus ionization energy 
of Na(3s)). The 3Pz electron spectra are very similar for 
all four systems: they are dominated by a peak at elec- 
tron energies Ep<Eo, typical for a system having an 
attractive excited state potential V*(R) corresponding 
to well depths of several tenths of an eV [1, 7, 8]. A 
secondary Airy-type maximum [3, 5-13] is observed, 
which gradually disappears from Ne* to Xe*; this behav- 
iour reflects the combined effects of the decrease in the 
well depths and the increase in the reduced mass and 
in the number  of contributing partial waves, when going 
from Ne* to Xe*. The high energy tail of the spectra 
(E > Eo), most  clearly seen in the Xe data, is due to ioni- 
zation at closer R range and reflects, in part, the attrac- 
tion of the Rg + N a  + exit channel potential. 

In the Rg*(3po) -Na  spectra, on the other hand, the 
shape changes dramatically from a structureless narrow 
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Fig. 6. Electron energy spectra due to ionizing collisions of a mixed 
metastable Xe*(6s 3Pz, 3Po) beam (3Pz: 3P o flux ratio about 13, 
see Fig. 4) with a crossed Na(3 s) beam. The fine-structure separa- 
tion between the 3P 2 and 3P o level is sufficiently large (E0(3Po) 
- -E o (3Pz)= 1.132 eV) that the respective spectra do not overlap 

peak close to the nominal energy for Ne* to a remark- 
ably structured spectrum with a width similar to that 
of the 3P z spectrum for Xe*. These spectral changes for 
Rg*(3Po) are accompanied by a decrease in the cross 
section ratio q2/qo from above 10 for Ne* to values be- 
tween 1 and 2 for Kr* and Xe* (see below). Model calcu- 
lations of the adiabatic potential curves for 
Rg*(ms)+Na(3s), based on attractive singlet and basi- 
cally repulsive triplet valence electron interactions, will 
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Fig. 7. Comparison of the electron energy spectra due to ionizing 
collisions of metastable rare gas atoms Rg*(ms 3P2), Rg*(ms 3P0) 
( R g = N e - X e ;  m = 3 - 6 )  with ground state sodium atoms Na(3s) 
on a common relative energy scale E--E o. For each rare gas, the 
two spectra are intensity-normalized such as to correspond to 
identical 3P 2 and 3Po fluxes. The intensity scales for the different 
rare gases cannot be directly compared in terms of relative cross 
sections 

show (Sect. 3.2) that the experimental observations re- 
flect the amount of singlet and triplet contributions of 
the valence electron interaction to the respective poten- 
tial curves;for Rg* (3P0)+ Na(g2 = 1/2) they vary strongly 
with the fine structure splitting of the rare gas core. 

The areas under the spectra in Fig. 7 of each pair 
Rg* (3P2) and Rg*(3P0) are directly related to the respec- 
tive total cross sections qz and q0, i.e. the spectra are 
normalized such as to correspond to identical 3P2 and 
3P 0 fluxes. Table 2 shows the ratios qa/qo together with 
the flux ratios Jz/Jo, upon which the evaluation is based 
(see also Fig. 4). For Ne*, the present ratio q2/qo is in 
satisfactory agreement with the value of Lorenzen et al. 
[7], obtained with electron detection perpendicular to 
the plane of the crossed beams. For the heavier rare 
gases, the ratio qz/qo is much smaller than for Ne with 
values approaching unity for Kr and Xe. 

We could not determine absolute cross sections for 
the studied reactions, mainly because the metastable flux 
and the overall efficiency of the CMA were only roughly 
known. A mutual comparison of the cross sections for 
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Table 2. Ratios q2/qo of the cross sections qz and qo for ionization 
in Rg*(ms ~P2)+Na(3s) and Rg*(ms 3Po)+Na(3s ) collisions, re- 
spectively, and flux ratio J2/Jo of Rg*(aP2) and Rg*(3Po) atoms, 
which was used to determine q2/qo. The respective collision energy 
distributions, assumed to be identical for the two fine-structure 
levels of a given rare gas atom, are shown in Fig. 2 

Rg* J2/Jo" q2/qo 

f 15.8 + 3.2 b 
Ne* 5.1 + 0.3 

- L 11.9_+2.4 ~ 
Ar* 6.3 _+ 0.5 2.6_+ 0.4 b 
Kr* 11.0+ t.3 1.4+0.2 ~ 
Xe* t3 ___3 1.6+0.4 b 

a See also Fig. 4 and text; the error limits include the uncertainties 
in the laser optical determination of J2/Jo due to the limited pre- 
cision of the relevant Einstein factors (< 5%, see Ref. 23) 

Results of the present work; the data correspond to a weighted 
average over the range 35o- < O -< 145 ° of electron emission angles 
O (with respect to the relative collision velocity), see also Ref. 13. 
If the electron energy-integrated, O-dependent cross sections 

d~(O) are isotropic (as expected strongly systems for attractive 

[2, 3], such as Rg*(~P2)+Na and Kr*(3P0), Xe*(3Po)+Na) or an 
ungerade function with respect to O = 90 °, spectral areas obtained 
at O =90 ° (Ref. 7) or with an angular average as in the present 
work reflect the total cross sections q. In other cases, our setup 
is expected to yield results closer to the total cross sections than 
setups with electron detection at O = 90 ° 

Ref. 7; electron detection perpendicular to relative velocity 

the different rare gases involves the knowledge of their 
relative fluxes; al though we monitored the metastable 
flux by electron emission from a (gas-covered) stainless 
steel plate, the corresponding detector currents are not 
significant, because the respective electron emission coef- 
ficients -~ were not known. We mention, however, that 
more  recently, we have developed an accurate method 
to determine y for metastable rare gas atoms [-25]. 

The model calculations of the Rg* + Na  interactions, 
to be described in the next section, will provide a qualita- 
tive explanation for the strong variation of q2/qo with 
Rg* (Rg = N e - X e ) .  

3.2. Model calculations for the excited rare gas-sodium 
potentials and discussion of the ionization-favoured, 
distance dependent spin configurations 

The interaction potentials between the excited rare gases 
R g * ( ( m -  1)pS ms) and an alkali a tom A(ns) (here A(ns)- 
=Na(3s) )  shall be described by a simple model, which 
is sufficient for the purpose of this paper. We exploit 
the well-known fact that  excited rare gas atoms display 
a chemical behaviour which is very much like the behav- 
iour of the analogous alkali a tom following in the period- 
ic table [3, 7, 26-28]. In our context this means that 
we start with the known alkali-alkali interaction poten- 
tial and add merely the fine-structure produced by the 
nonisotropic ionic core of the excited rare gas atom. 

Four  angular momenta  are defined in our model:  

s¢: spin of the rare gas core Rg+((m - 1) pS) 
I¢: orbital angular momen tum o f R g  + ( ( m -  1) pS) 
s~: spin of the valence electron of the rare gas 
s A: spin of the alkali electron 

These angular momenta  can be coupled in several 
ways to give a total angular momen tum J. Each way 
of coupling defines a different basis set. 

We denote the angular momen tum of a subsystem 
by giving the two composing momenta  in parenthesis. 
With this prescription we can define unambiguously our  
chosen basis sets: 

Basis I: 

Basis II:  

Basis III :  

Basis IV: 

SRg(Sc, Sv) total spin of rare gas 
JRg(SRg, lc) total angular momen tum 
of rare gas 
Y(&~, sA) 
k¢(lc, s~) total angular momen tum 
of ionic rare gas core 
3~(k~, s~) 
J(JRg, sA 
kc(1c, sc) 
Sv (SA, Sv) spin of the two chemically 
active valence electrons 
J (sv, k~) 
Spx(s~, SA) spin that controls Penning 
ionization 
S(SH, sv) total spin of the whole system 
J(S, Ic) 

Three types of interaction are included in our model:  
i) the exchange matrix element within the excited 

rare gas. It depends solely on the value of SRg. Thus, 
this interaction is diagonal in bases I and IV. The values 
are 

+ K for SRg = 0 and -- K for Stag-- 1; 

ii) the spin orbit interaction of the ionic rare gas 
core. I t  is diagonal in bases I I  and III,  depends only 
on kc, and has the values 

~v for k c = I / 2  and -½~p for kc=3/2;  

iii) the chemical interaction operator  involving the 
valence electrons, i.e. ms of the rare gas and ns of the 
alkali. Among  the given angular momenta  it depends 
only on Sv(sA, sv). This interaction is diagonal in basis 
III .  We define (for arbi trary values of kc and J) 

{V~ for Sv = 0 
(Sv [ f/[ Sv) = Vt for Sv--- 1" 

Further interactions, e.g. the interaction between the ion- 
ic core of the rare gas and the alkali, are omitted in 
order to keep the model simple. We will observe that 
the model suffices to explain the essential experimental 
findings. 

The quantities V~(R) and Vt(R) are to be identified 
with the attractive singtet and the repulsive triplet poten- 
tial of the corresponding alkali-alkali system. For  our 
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model calculations we have chosen the analytical poten- 
tials: 

V~ (R) = D~ [e2Y (1 - c3 Y3 _ c4 y4) _ 2 eY], 

where y = fl~(1 - R/R~) 
(5) 

and 

Vt(R)= D~[e2"- 2eY], 
where y = fl' (1 -- R/R*e). 

(6) 

With the numerical values of the parameters 

D~e=739 meV; R~= 5.854ao ; fl~=2.657; 
c 3 =0.317; c4=--0.186 

D~=20.5 meV; R~=9.885ao; flt=3.898 

(5a) 
(6a) 

the given forms fit accurate ab initio potentials [29] of 
the sodium dimer Na2(XIS) and NaE(a3S) very well 
in the R range of interest (3-15ao). 

In order to elucidate clearly the differences between 
the molecular potentials for Rg*(ms)+Na(3s), as in- 
duced by the changes in the atomic parameters for the 
considered Rg*(ms) atoms (i.e. mainly by the strongly 
varying spin-orbit interaction (p), we choose the same 
pair of singlet and triplet potentials Vs, Vt (as given by 
equations (5), (6), (5a) (6a)) for the computation of all 
the Rg* (ms) + Na (3 s) systems. In view of the similarity 
in the chemical properties of the Na(3s) and Ne*(3s) 
atoms [26-28], the chosen pair V~, V~ is best suited for 
the description of the Ne*(3 s)+ Na(3 s) system. For the 
heavier rare gas atoms, the calculated Rg* (ms)+ Na(3 s) 
potentials will be less accurate in a quantitative sense, 
but they will fully reflect the important qualitative as- 
pects (note that the well depths of the A(ms)+ Na(3s) 
(X 1 S) potentials, as listed in Table 5, decrease by only 
18% from Na 2 to CsNa). 

Using the values for (p and K listed in Table 3, and 
setting ~ = Vt =0  in our program, we have reproduced 
the energy spacings between the four levels of the atomic 
configuration (m-1)p  5 ms for Ne, Ar, and Kr within 
one meV; for Xe, the positions of the 1p1 and 3P1 levels 
relative to the properly spaced aP 0 and aP E levels are 
off by - 29 meV and + 29 meV, respectively. 

Within our model, the different behaviour of the ex- 
cited rare gases in reactions with sodium is caused by 
the ratio between the internal rare gas matrix elements 
(p and K and the well depths of ~ and the splitting 
v~- v~. 

Table 3. Spin orbit interaction parameter ~p and exchange matrix 
element K for the excited rare gas atoms Rg* ((m --1) p5 ms) 

Rg* (p [meV] K [meV] 

Ne*(2p 5 3s) 64.2 92.2 
At* (3 p5 4s) 116.5 89.7 
Kr*(4p s 5s) 431.5 99.1 
Xe* (5 pS 6 s) 754.6 122.0 

After setting up this model the computation of the 
Rg* ((m- 1) ps) ms) + A (ns) potential curves is standard: 
all interaction matrices are written down in the basis 
that makes them diagonal, transformed to one common 
basis, added and the resulting matrix is diagonalized. 

We note that our model does not incorporate any 
interaction that is sensitive to the orientation with re- 
spect to the internuclear axis. Thus, total J is always 
a good quantum number. This has the consequence that 
eigenstates with different ~2 = J~ values are identical with- 
in the model. 

Thus, the potential curves, plotted in Fig. 8, may be 
understood as the subset of the seven O =-- 1/2 potentials, 
but the respective f2 > 1/2 potentials are degenerate with 
these. 

In the present work, we are most interested in the 
O=1/2  subgroup of the Rg*(ms)+Na(3s) potential 
curves; among them the Rg* (ms 3Po) + Na (3 s) potential 
(labelled "e" in Fig. 8) and the most strongly attractive 
Rg* (ms 3P2) + Na(3 s) potential (curve "a"), which has 
2S~/2 character at smaller R, are found. Within the elec- 
tron exchange model for Penning ionization [30, 31], 
one expects the latter potential to be the major contribu- 
tor to ionization in Rg*(ms 3Pz)+Na(3s ) collisions, as 
discussed previously for Ne*(3s 3P2)+H, Li, Na, K [6, 
7]. Its calculated potential well depth D*(a) reaches 
about 94% of the well depth D~e for the singlet potential 

(see Table 4). The increase of the energy separation 
Eo- E v in the Rg* (3Po) + Na electron energy distribution 
in going from R g =  Ne to R g = X e  is fully compatible 
with the rise of the respective well depths in the calculat- 
ed Rg*(ms 3~)+Na(3s)  potentials; the rise reflects the 
increasing admixture of the 1N-interaction between the 
valence electrons. In Table 4, we summarize some of the 
important results of the model calculations, namely the 
well depths D*(a), D*(e) of the potential curves "a"  and 
"e" in Fig. 8 and the ratio R*(e)/R*(a) of the respective 
equilibrium distances. These numbers clearly express the 
change in the character of the Rg*(ms 3Po)+Na(3s ) po- 
tential from van der Waals type attraction for Rg = Ne 
(predominantly containing the triplet valence electron 
interaction) to chemical binding (singlet valence electron 
interaction) for Kr and especially for Xe. 

Another interesting result, concerning the ratio q2/qo 
of the 3P 2 and 3Po ionization cross sections, can be evalu- 
ated from our calculation as well. We transform the ei- 
genvectors into basis IV, which specifies the total spin 
S. It is well known that Penning ionization out of a 
quartet state (i.e. S=  3/2) cannot occur since the final 
state Rg(1So) + Na + (1So) + e-  is necessarily a doublet 
state. Thus, the summed weight We of all doublet basis 
states (i.e. S = ½) can be understood as a relative, upper- 
bound measure for the probability that Penning ioniza- 
tion occurs. In Fig. 9A-D we have plotted the doublet 
contribution w~ in the various molecular states. The par- 
ticularly large value of q2/qo for Neon is readily under- 
stogd as a consequence of the low doublet contribution 
(we~ t0%) to the Ne*(3po)+Na molecular state (state 
"e"), which leads to a low value of qo; note that the 
doublet content of the state "a", responsible for ioniza- 
tion in Rg*(3Pz)+Na, is practically 100% for all Rg* 
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the well depth of curve "e" amounts to 91% of the well depth 
of curve "a ' ,  which is mainly responsible for ionization in the 
Rg* (3Pz)+ Na(3 s) system. Note that for reasons of simplicity, ident- 
ical input potentials for the singlet and triplet interaction between 
the two valence electrons have been used for all the four rare gases 
(see Eqs. (5), (5a), (6), (6a)) 

Table 4. Selected results of the model calculations for the potential 
$ curves "a" and "e" of the Rg (ms)+Na(3s)molecules (see Fig. 8) 

Mol. System D*e (a) D* (e) R* (e)/R* (a) 
[meV] [meV] 

Ne*(3s)+Na(3s) 698 37 1.62 
Ar* (4 s) + Na (3 s) 699 73 1.50 
Kr*(5 s) + Na(3s) 695 410 1.22 
Xe* (6 s) + Na (3 s) 685 607 1.06 

D~ [meV] D~ [meV] Rte/R~ 
Na(3s)+Na(3s) ~ 739 20.5 1.689 

a Ab initio results [29] for the Na2(X1E), Naz(a3E) potentials, 
which were used as input for V~, I.~ in the model calculations 

at the relevant distances (see Fig. 9). Ar* + N a  is an inter- 
mediate case with Wd(e)~40%, whereas for K r * + N a  
and X e * + N a ,  wd(e) is around 90% in the relevant R 
range. 

More insight can be obtained by projecting out the 
states with Spx = 0. Set is the spin that controls Penning 
ionization according to the exchange mechanism. As 
long as only covalent configurations contribute to the 
molecular states, Spt = 0 is a strict criterion for Penning 

ionization to occur. The criterion S = ½ (i.e. non-quartet  
states) provides an upper  bound for the presence of ion- 
ization-favoured spin configurations within the consid- 
ered molecular state. Since the molecular interaction in 
the alkali-Na(3 s) X1Z ground states has predominant ly 
covalent character [29], inspection of the summed 
weights Wpi for ionization-favoured states with Spx = 0  
promises to yield interesting additional information 
beyond that contained in Fig. 9. In Fig. 10, we summar-  
ize the results for the distance dependent weights Wpt 
for all the Rg* (ms) + Na(3 s) systems. 

As is clear from the results in Fig. 9, the state " b "  
(wd(b)=O for all R) possesses wp,(b)=0 at all R;  the state 
" a "  always starts with a value wpt(a)=0.626 (which is 
smaller than Wd(a)= 0,834) at large R, but reaches values 
Wp,(a) close to t for R/R~<I.5. Therefore, one expects 
that about  half of the Rg*(ms 3p2)+Na collisions pro- 
ceed in ionization-favoured spin configurations. The 
state " e ' ,  describing Rg* (ms 3P0) + Na  (3 s), always starts 
out with Wpi(e)= 1/4 at large R (where wa(e)= I/3). For  
R g = N e ,  wl,i(e) strongly decreases for R/R~<2 and is 
close zero for R/R~<~I.3; for R g = A r ,  Wpt(e) first rises 
towards lower R, reaches a m a x i m u m  wpl(a)~0.33 at 
R / R ~  1.8, decreases strongly for R / R ~  1.7, and is close 
to zero for R/R~ <~ 1.2. For  Kr  and Xe, Wpx(e) rises strong- 
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Fig. 9A-D.  Results of model calculations for the summed weight wd of doublet basis states as a function of reduced internuclear distance 
R/R~ (R~=5.854ao, see Eq. (5a)). Since the autoionization of quartet states is spin-forbidden, the quantity we can be understood as 
a relative upper-bound measure for the probability that ionization occurs. A): Ne*(3s)+Na(3s);  B): Ar* (4s)+ Na(3s); C): Kr*(5s)+Na(3s);  
D): Xe*(6s)+ Na(3s) 
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ly for R/R~<2, reaching values above 0.9 for R/R~e 
around 1.5(Kr) and 1.4(Xe) and followed by a sharp 
decline towards values below 0.1; for Xe, this drop oc- 
curs at smaller distances (shift in R/R~ about 0.25). 

In summary, the calculated potentials (Fig. 8) and 
the R-dependent weights wpi (Fig. i0) lead to the follow- 
ing statements and predictions: 

i) the shapes of the electron spectra for Rg*(ms 
3p2)+Na(3s ) should be rather similar for all the rare 
gases with total energy widths in the range 0.5-1.0 eV. 

ii) the total ionization cross sections q2 should not 
differ much between the rare gases in view of the similari- 
ties of the relevant potentials " a "  and weights wex(a). 

iii) the electron energy distributions for Rg*(ms 
3po)+Na(3s ) should be quite narrow for R g = N e ,  Ar, 
but much wider for Kr and Xe. 

iv) the total ionization cross sections qo strongly rise 
from Rg = N e  to Rg = Kr and are rather similar for Kr 
and Xe. 

All these statements are compatible with the experi- 
mental findings for the electron spectra and for the cross 
section ratios q2/qo. 

In addition, the peculiar shape of the energy distribu- 
tion for Kr*(5s sP0)+Na(3s ), which does not exhibit 
a clear peak at low energies, may find its explanation 
through the special R-dependence of wp~(e) and thereby 
the autoionization width function F(R) for this system 
in the region, where the potential " e "  goes through its 
minimum. It is well known that the slope of F(R) for 
distances around R* has a significant influence on the 
appearance of the Airy-type structure at lower electron 
energies (see, e.g., [10, 13]). It should be noted, however, 
that the high energy tail of the Kr* (5 s aPo) + Na (3 s) elec- 
tron spectrum most likely indicates a significant occur- 
rence of ionizing transitions at closer distances (where 
the difference potential V* (R) -  V ÷ (R) is larger than the 
asymptotic energy difference E0 = V*(oo)-V+(oo)), i.e. 
in a range of distances, where wpl is close to zero. This 
discrepancy is also present, although to a lesser degree, 
for the system Xe*(6s sPo)+Na(3s); the electron spec- 
trum of this system also shows an extended high energy 
tail, but exhibits - in contrast to Kr* (3Po)+ Na - usual 
structure around Eo and a prominent low energy peak. 
Detailed analyses of the various electron distributions, 
which we plan to perform in the near future, are needed 
to clarify the remaining questions. 

3.3. Evaluation of the well depths for the Rg*(ms 3P2, 
3Po)+Na(3s ) potential curves and comparison with the 
A (ms) + Na(3 s) interactions 

As demonstrated in previous work [7, 8, 11, 13, 32], 
a rather simple semiclassical analysis of the low energy 
edge of the Penning electron energy spectra for attractive 
systems can yield accurate values for the well depths 
of the respective entrance channel potentials V* (R). In 
this section, we basically proceed along the lines of [8], 
but implement a simple modification of the evaluation 
procedure, which takes into account the variation of the 
ionic exit channel potentials V+(R) in the R range 
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tial V + (R), and difference potential E(R)= V*(R)--V+(R), as rele- 
vant for the system Xe*(6s 3P2)+Na(3s ). The potential V*(R) cor- 
responds to the model potential curve "a" in Fig. 8 D) with adjusted 
well depth D* and equilibrium distance R*, as given in Table 4. 
The ionic potential was provided by Toennies [35], as obtained 
in a model analysis of the Xe--Na + interaction (see Ref. 34 for 
the procedure). Note that the position R of the minimum of the 
difference potential is shifted to larger distances relative to R* due 
to the influence of the attractive ionic potential 

around the position R* of the minimum of V* (R). This 
modification is necessary since - contrast to the situation 
for He* collisions [8], for which the ionic He + A  + po- 
tentials are nearly constant for R around R* - the ionic 
potentials R g + A  + for R g = A r ,  Kr, Xe show a non- 
negligible variation around R*. 

To illustrate the problem, we show in Fig. 11 poten- 
tials V*(R) and V ÷ (R) as well as the local electron ener- 
gy function E(R) (given by the difference potential [1-8, 
32]) 

E(R) = V*(R)-- V + (R), (7) 

which are representative for the case of Xe*(3p2)+ Na 
collisions (the potential V*(R) corresponds to curve " a "  
in Fig. 8 D with adjusted D* and R*). One observes that 
the position/~ of the minimum of the difference potential 
is at a somewhat larger distance than the position R* 
of the minimum of V*(R) due to the variation of V + (R) 
in this R range. This complicates the evaluation of the 
well depth D*= V* (oo)--V*(R*) from the low energy 
edge E ,  of the electron spectrum (i.e. the energy position, 
where the electron distribution P(E) has dropped to 
43.8% of its peak value [7, 8, 32]), which is closely related 



247 

to the minimum of the difference potential E(/~) [8]; 
as in [8], we use in the further evaluation the equation 

E,  = E(~) - V* (R) -  V + (R). (8) 

It is expected that this approximation introduces uncer- 
tainties in D* below 10 meV [8]. In cases, for which 
/~ agrees with R*, one obtains [8] 

E ,  = E(I~) = E(R*)  = V* (oo) - D* - V + (R*) (9) 

and with V* ( m ) -  V + (oo) = Eo = nominal energy 

D* = E o - E ,  + V + ( m ) -  V + (R*). (9a) 

For the present systems, these equations are of sufficient 
accuracy for Rg*= Ne. 

The modification consists of a simple estimate of the 
difference A R  = R - - R * ,  based on analytical, known ex- 
pressions for the description of V* (R) and V + (R) in the 
range around R* and R. We set 

V* (R) = V* (R*) + (f/Z)(R-- R*) 2 (10) 

and use fo r f the  values of the corresponding alkali + Na 
potentials. We describe V + (R) by the long range polar- 
ization potential 

V+ (R)=  - cv /R  4, cv.=o~eZ/81Cg, o (11) 

using the well-known polarizabilities a of the ground 
state rare gas atoms [33]. The minimum of the difference 
potential, based on (10) and (11), is found to lie at the 
distance 

/~ = [4 cp/f (/~ -- R*)] 1/s. (t2) 

Therefore, one can determine A R  = 1 ~ - R *  by solving 

A R  (AR + R*) s -- 4 cp / f=  O. (12 a) 

Using (10) in (8), one obtains for the well depth D* 

D* = E0 - E ,  + ( f /2 )  A R2 + V + (oo) - V + (R* + A R). (13) 

In (t3), the quantity ( f / 2 ) A R  2 -  V + ( R  * + AR)  replaces 
- V  + (R*) in the less accurate formula (9a). For all the 
systems discussed in this paper, A R  is positive. Since 
(f/2) A R  2 increases and --  V + (R*e + AR)  decreases with 
rising A R  (i.e. from Ne to Xe), the use of (13) instead 
of (9a) only yields rather small changes in the values 
derived for D*. 

In order to apply (13), we proceed as follows: E.  
is taken from experiment and corresponds to the resolu- 
tion-corrected value for the 44% low energy edge of the 
spectra. R*, the most important unknown parameter, 
is estimated for Rg*(3P2)+Na from the R e values for 
the corresponding A + Na(X 1Z) potentials (see Table 5), 
increased by (0.2~3.3) ao to account for the somewhat 
smaller attraction of the Rg* (3P2)+ Na systems. A corre- 
sponding choice has been used previously [8] to estimate 
R * [ H e * ( 2 3 S ) + A ( 2 Z ) ]  from Re[Li -]-A(lz~)] and cor- 
roborated more recently by accurate ab initio calcula- 
tions for He*(23S)+Li, Na [11, 13, 14]. For Rg*(3Po) 
+ Na, the estimates of R* are based mainly on the results 

of the model calculations in Sect. 3.2, which yield 
R*[3P o + N a ]  in units of R*[sP o+Na]  (only for 
Ne*(3P0)+Na, R* can be simply taken as Re[Na 
+ Na(a aS)I). 

The curvatures f were estimated on the basis of the 
simple relation f R e / D  e = 2.15ao 1 from the known Re~De 
values for the alkali-Na(XIZ) potentials (see Table 5); 
this relation was found to describe the curvatures f of 
the (Li, Na, K)+Na(X1S)  potentials within 2%. The 
A R  values were calculated from (12a), using the estimat- 
ed or known numbers for R*,f, and %. In the evaluation 
of D* for Ne*(3Po), Ar*(3Po)+ Na, the simpler formula 
(9a) was used, since the corresponding R* are rather 
large and uncertain. 

The ionic exit channel potentials are taken from re- 
cent work by Toennies et al. [34, 35] and are shown 
in Fig. 12, where V+(oo)=0. 

Table 5 summarizes the relevant potential parame- 
ters, the experimental results for E, ,  and the final 
numbers for D*. For Rg*(3Pp)+ Na(3 s), the well depths 
slowly decrease from Ne* to Xe*; for all the rare gases, 
the D* value is close to 90% of the well depth D e for 
the analogous atkali-Na(3s)(Xl£) system. This behav- 
iour is compatible with the results of the model calcula- 
tions for the attractive potentials "a"  (see Fig. 8 and 
Table 4). For Rg*(3Po)+Na(3s), on the other hand, the 
well depths increase strongly from Ne* to Xe*, especially 
from Ar* (3Po) + Na(3 s) to Kr* (3Po) + Na(3 s), for reasons 
discussed in Sect. 3.2. 
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Fig. 12. Potential curves V+(R) for the Rg--Na + systems (Rg 
=Ne--Xe), used in the evaluation of the electron spectra. They 
were calculated by Ahlrichs et al. [34] for Rg=Ne, Ar and by 
Toennies [35] for Rg = Kr, Xe 
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Table 5. Potential data for A(rns)+Na(3s) systems and well depth evaluation for Rg*(ms 3P 2, 3Po)+Na(3s ) potentials from low energy 
edge E, in the Penning electron spectra (see text) 

A (ms) + Na(3 s) Na(3 s) K (4s) Rb(5 s) Cs (6 s) 

R~(X 1 S) [ao] 5.818 ~'b 6.608 d 6.86 ~ 7.275 f 
De(XIS) [meV] 746.7(2) b 654.0(1) a 630 ~ 614(12) f 
Re(a 3Z) [ao] 9.62 ~ 10.28 d 
D~(a 3Z) [meV] 21.7 (2) ~ 25.9 (2) a 

Rg*(ms 3Pz)+Na(3s) Ne*(3s 3P2) Ar*(4s 3P2) Kr*(5s 3P2) Xe*(6s 3P2) 

R* [ao] 6.1 (3) 6.8 (3) 7.1 (3) 7.5(3) 
M e 

R = Re* + A R [ao] 6.18 (30) 7.0 (3) 7.36 (30) 7.84 (30) 
f(AR)2/2 [meV] 1 4 6 10 
V + (o~)- V + (/~) [meV] 28(6) g 74(11)g 88(14) h 108 (18) h 
Eo--E , [meV] 647(12) 524(12) 471(12) 437(12) 
D* [meV] 676(18) 602 (23) 565 (26) 555 (30) 

672(20) ~ 

Rg*(ms 3Po)+Na(3s) Ne*(3s 3Po) Ar*(4s aPo) Kr*(5s 3po) Xe*(6s 3Po) 

R* [ao] 9.5 (1,0) 9.0(1.0) 7.8 (5) 7.6 (4) 
/~ = R* + A R [ao] 9.5 ( 1.0) 9.0 ( 1.0) 8.0 (6) 7.9 (6) 
f (A R)Z/2 [meV] - - 3 (3) 9 (4) 
V + (o e) - V + (/~) [meV] 5 (3)" 25 (17) g 62 (24) h 106 (38) h 
E o --E, [meV] 46(16) 82(12) 367(12) 415(12) 
D* [meV] 51 (19) 107(25) 432(36) 530(50) 

47(18) ~ 

Ref. 37; b Ref. 38; CRef. 39; aRef. 40; ~Ref. 4t; fRef. 42; "Ref. 34; hRef. 35; iRef. 7 

Previous electron spectrometric determinations of D* 
for Ne*(3s 3Pz, 3P0)+Na(3s ) by Lorenzen et al. [7] are 
in good agreement with the present results. For  
Ar*(3Pz, o)+Na(3s),  an estimate of the (effective) well 
depth D* was obtained by Neynaber and Magnuson 
[36] from an analysis of the ion kinetic energies in a 
merged-beams experiment. The metastable Ar* beam 
was not state-selected, and the At* (3P2)/Ar* (3Po) flux ra- 
tio was not known; therefore, their estimate D*[Ar* 
+Na]=(0 .3-0 .4 )  eV [36] cannot be easily compared 
with our state-resolved electron spectrometric results. 

4. C o n c l u s i o n s  

We have presented well-resolved electron energy spectra 
for the eight Penning ionization systems Rg*(ms 3P2) 
+Na(3s) ,  Rg*(ms 3po)+Na(3s ) (Rg=Ne ,  At, Kr, Xe; 
m=3-6) .  For  Rg*(3P2)+Na(3s), the spectra are quite 
similar for the different rare gases, both in width and 
shape, and are dominated by an Airy peak structure 
at low energies. They reflect chemical type attractive in- 
teractions in the entrance channel with well depths, 
which decrease slowly from Rg = Ne (D* = 676 meV) to 
R g = X e  (D*=555 meV) and which amount  to about  
90% of the well depth for the analogous 
alkali-Na(3s)(X ~S) systems. For  Rg*(3po)+Na(3s), the 
spectra vary strongly with the rare gas indicating a 

change in the character of the interaction from van der 
Waals type attraction (Ne) to chemical binding for Kr 
and Xe. These findings are explained on the basis of 
model calculations of the respective potential curves; 
they take into account the exchange and spin orbit inter- 
action in the excited rare gas and the molecular interac- 
tion between the two valence s-electrons in terms of suit- 
ably chosen singlet and triplet potentials. 

The model calculations also account qualitatively for 
the experimental finding that the ratio q2/qo of the ioni- 
zation cross sections for Rg*(3P2)+Na(3s) and 
Rg*(3Po) + Na(3s) varies strongly with the rare gas from 
a value around 15 for Ne to values around 1.5 for Kr  
and Xe. The calculations show that - apart from the 
mentioned differences in the respective potential curves - 
there are substantial differences between the Rg*(3po) 
+Na(3  s) systems with respect to the spin composition: 
in the range of internuclear distances, where ionization 
mainly occurs, only the Ne*(3p0)+Na(3s) system has 
predominantly ( ~ 9 0 % )  quartet spin symmetry, for 
which ionization is forbidden, since the final state 
Rg(1So) + Na + (1So) + e -  has doublet spin symmetry, 

In the near future we plan to carry out model calcula- 
tions of the electron energy distributions in order to un- 
derstand the different shapes of the spectra, which are 
in part rather peculiar (especially the Kr* (3po)+ Na and 
the Xe* (3Po)+ Na spectra), and in order to obtain some 
information on the respective autoionization width func- 
tions. 
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