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Chemiluminescent chemi·ionization: Ar* + Ca and the 
CaAr+ emission spectrum 

Dennis C. Hartman8
) and John S. Winnb) 

Department 0/ Chemistry and Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
University o/California, Berkeley, California 94720 
(Received 12 September 1980; accepted 17 December 1980) 

A flowing afterglow chemiluminescence apparatus has been used to analyze visible fluorescence in the 
Ar·(3p~) + Ca('So) reaction. The rate constants for production of Ca+('P ~d and Ca+(2p ?i2) were measured 
to be 1.6x 10- 10 and 3.2X 10- 11 cm3 molecule-I sec-I, respectively. These results demonstrate a transfer of 
the total electronic angular momentum polarization in Ar· to the excited ion levels. The molecular band 
spectrum of the associative ionization product CaAr+(A 2n) was observed. Molecular fluorescence 
constituted 14% of the total fluorescence from all ion products. This spectrum was analyzed with a model 
(exp·Z4) potential, yielding, for the ground state X 2I +, R, = 2.8 A, IlJ • = 87 em-', and D • = 1000 em-I, 
and, for the A 2n state, R, = 2.6 A, 1lJ: = 200 em-I, and D: = 4900 em-I. The nasce;t internal state 
distribution in CaAr+ is found to consist of a fairly narrow range of high vibrational levels. 

INTRODUCTION 

The analysis of spectra from chemiluminescent reac
tion is a well established technique for elucidating the 
product state distributions of elementary processes. In 
this paper, we use the analysis of the chemiluminescent 
chemi-ionization reactions between metastable argon 
atoms and calcium atoms to expose the dynamics of 
associative ionization (AI) and to measure the branching 
ratios for chemi-ionization into more than one product 
channel. 

The system we have chosen, Ar*(3p) +Ca(lS), is very 
attractive for several reasons. The energy of Ar* is 
sufficient not only to ionize Ca but also to excite Ca" to 
several low-lying electronic states. The energy levels1 

of Ar*(Sp) are compared to the relevant Ca" levels (ref
erenced to a zero of energy for the neutral Cal in Table 
I. From this table, one finds that the exothermic 
Penning ionization channels lead to Ca+ (45 2S1/2), the 
ground state of the ion, as well as to the excited states 
(4p2Pl/2,S/Z) and (3d 2Ds!Z,5/Z). A kinetic analysis of the 
atomic emissions from and among these levels will lead 
to chemi-ionization branching ratios. 

A more interesting prospect is the opportunity to ob
serve molecular fluorescence from the excitive associa
tiVf' ionization products CaAr>*. Associative ionization 
is known from mass spectroscopy2 and crossed beams 
studiess to occur with appreciable probability for many 
chemi-ionizing collisions between two heavy reactants. 
However, due to the severe dynamical constraint of 
associative ionization-two heavy particles collide, but 
a heavy particle and a light electron result--crossed 
beams methods cannot discern the internal energy dis
tribution of associative ionization products. These 
products appear at the center of mass velocity as if a 
totally inelastic bimolecular association had occurred. 
To probe AI dynamics, one can measure the energy 
spectrum of the ejected electron. 4 This approach lacks 

a)Present address: Central Research Laboratories, Texas In
struments, Inc., Dallas, Texas 75265. 

blAlfred P. Sloan Research Fellow. 

the sensitivity and resolution of optical spectroscopy 
and must be carried out in a crossed beams environ
ment with necessarily low signal intenSity. 

A further reason for interest in this system is the op
portunity to treat the reaction as simply the source of 
a new molecular ion spectrum. The states of CaAr> 
were unknown prior to this study, but the analogous 
spectra5 of BeAr>, BeKr., and BeXe> have been analyzed. 
Due to the relatively large rotational constant of BeAr., 
extensive high resolution spectra were obtained by 
Coxon et al. 5 A detailed analysis of the ground electron
ic state (x2~ .. ) and an accurate model for the excited 
A zIT states have been published by Hartman, Goble, and 
Winn. 6 There is clearly little more than the pure ion
induced dipole attractive force which can be expected 
to bind this family of diatomics, and data on these po
tential curves allows this hypothesis to be rigorously 
examined. 

These systems, metastable rare gas and alkaline earth 
atoms, also provide an interesting arena in which laser 
assisted processes can be studied. 7 One can access 
still higher states of the ionized products by coupling an 
intense laser field to the bimolecular collision. The 
frequency of this laser is not (necessarily) tuned directly 
to a resonance of any isolated reagent or product, but 

T ABLE I. Energy levels of Ar* 
and Ca> referenced to an Ar+Ca 
zero of energy, from Ref. 1. 

Species Energy (em-I) 

Ar* ep~ [~m 93144 

Ca> (4p 2pg/2) 74720 

Ca> (4p 2p~l2) 74498 

Ca> (3d 2D 5/ 2) 63017 

Ca> (3d 2D3/Z ) 62956 

Ca> (452S1/2) 49306 
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rather to any energy difference between one reagent (the 
metastable) and one product (the excited atomic ion). 
In fact, since the entrance channel lies in a series of 
auto ionization continua, the laser field can quite general
ly access normally endothermic channels of the ion 
products merely by raising the total energy (field + reac
tants) above the endothermic limit for such a channel. 
We have observed these effects in the Ar* +Ca system 
and will report our results in a subsequent article. 8 

EXPERIMENTAL 

These experiments were carried out in a flowing 
afterglow apparatus similar to one described previously ~ 
Metastable argon, primarily 3p2 , was generated by a 
dc discharge through pure Ar at pressures near 1 Torr. 
The flow rate (-1 mmol/sec) was maintained by a 1000 
l/min mechanical pump. Atomic absorption measure
ments of the Ar* density at the reaction zone yielded 
values of -109 _10lD atoms/cm3 • The reaction zone it
self was some 35 cm downstream from the discharge. 
These measurements were made over the pressure 
range 0.4 to 1. 2 Torr and correspond to Ar* (3 P2 ) ab
sorption at 811.5 nm. The higher metastable state 3pO 

is generally unobserved in the reaction zone of this ap
paratus. This state can be colliSionally quenched to the 
radiating 311 state, and it can absorb resonance discharge 
radiation, decaying radiatively to the ground state via 
several intermediate states. 2

(b) Since our discharge 
tube feeds a reaction zone of considerably greater diam
eter and smaller length than the discharge tube itself, 
the pressure in the discharge is somewhat greater than 
the -1 Torr pressure of the reaction zone. This fea
ture of the apparatus indicates that a collisional relaxa
tion mechanism accounts for our low 3 Po density. 
Based on the sensitivity and signal to noise character
istics of our absorption measurements, we estimate 
the 3 Po density to be no greater than 5% of the 3P2 density. 

Calcium metal was held in a stainless steel oven 
which was radiatively heated to temperatures as high as 
1000°C by tantalum sheet heating elements. Two Ta 
sheets (0.010 in. thick) were concentrically clamped to 
stainless steel rings so that a large ac current could 
flow through one sheet and then the other, resistively 
heating both. The oven was suspended inside the inner 
sheet. Typically 400 A of current produced a stable 
and uniform oven temperature. It is vital to note that the 
voltage drop across this heater is no more than 1 V. 
As a consequence, there was no danger of producing ex
cited Ca atoms from electron bombardment by thermo
ionic electrons. All attempts at using high voltage, low 
current heaters suffered from this effect and frequently 
produced violent Ca discharges at the oven opening. 

Ca atoms were carried to the Ar* flow by a second 
flow of pure Ar. This second flow swept around the 
oven and entrained the Ca the necessary 10 cm distance 
from the oven opening to the reaction zone. During this 
flow distance, the Ca atoms were cooled an unknown 
amount, but various estimates of the translational tem
perature for Ca in the reaction zone were always < 350 OK. 

The reaction produces a chemiluminescent flame 
which is quite intense. Spectra of this flame in the 

wavelength region from 2000 to 8200 A were taken with 
a 1. 5 m high-resolution scanning monochromator 
(Jobin-Yvon THR 1500). (Some spectra in the 8500 A 
region were taken with a 0.25 m monochromator.) De
pending on the type of measurement and the flame inten
sity, resolutions from 0.01 to 2 A were used. Light 
was measured with a dry ice cooled photomultiplier 
(RCA C3l034) operated in the pulse counting mode (dark 
count <l/see). Data collection and monochromator 
scanning were under computer control. A small micro
processor based computer (Commodore PET 2001) 
acted as a multichannel analyzer and controller, scan
ning a selected spectral region over and over a prese
lected number of times. Data were displayed on graph
ics plotters and stored on tape for further reduction. 

The relative spectral response of the entire optical 
train was measured from 3200 to 8200 A by a standard 
tungsten incandescent lamp of known brightness temper
ature. 

Absolute rate constants were obtained by measuring 
the atomic absorption of the Ca (1 po - lS) resonance line 
at 4226.73 A. A standard hollow cathode Ca lamp was 
used as the light source. The linewidth of this Ca line 
was carefully measured with the 1. 5 m monochromator 
and an absorption coefficient at the line center was cal
culated for a Doppler profile absorption by Ca in the 
flow. Due to the large oscillator strength of this transi
fion, Ca densities could be readily measured over the 
range < 108 cm-3 (less than the metastable density) to 
> 1010 cm3

• The major uncertainty in this measurement 
was the absorption path length leading to an uncertainty 
in the Ca denSity of 20%. Given the Ca concentrations, 
rate constants were determined with reference to the 
known rate constants10 for the Ar* + Kr - Kr* (5p[~]z 1) 
+Ar reactions. Details of this method are found el~e
where. 10.11 

RESULTS 

The four strongest atomic emission features found in 
the flame spectra were the excitive Penning ionization 
lines from the reaction 

Ar* e P2) +Ca (lS0)- Ar (lSo) +Ca+*(zpg,z.lI z) +e

monitored by the fast radiative cascades at 3933.66 and 
3968.47 A, 

Ca+*(Zp~'2.1/Z)-ca·(2S1/2)+hv , 

and the primary atomic lines of neutral Ca, viz., the 
resonance line at 4226.73 A: 

Ca (lp~)_ Ca(1So)+hv , 

and the intercombination line at 6572.78 A, 
Ca ep~)- Ca(1So)+hv . 

Numerous other lines of neutral Ca were observed and 
assigned. These lines are produced by Penning electron 
excitation of Ca, by electron recombination with Cao, 
and by dissociative recombination with CaAr+. They 
were of use to us only insofar as they provided frequent 
wavelength markers. 

The Ca+* (zPJ_2D) transitions near 8500 A were ob-

J. Chern. Phys., Vol. 74, No.8, 15 April 1981 
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FIG.!. Spectrum of CaAr+ from 3980 to 4220 A at 1 A resolu
tion. The three sharp features near the center of the spectrum 
are weak atomic Ca lines. The rising intensity at the right of 
this figure is the blue wing of the strong 4227 A Ca resonance 
line overlapped with a CaAr+ continuum oscillation. 

served, but are not of primary concern. Emission from 
the 2pO levels follows a branching ratiol2 of 6% : 94% for 
radiating to the 2D and 2S states, respectively, and the 
total emission from 2 pO levels was calculated from the 
2pO_ 2S lines taking this into account. 

Presumably, as Table I indicated, 2D and, of course, 
2S (ground state) Ca+ are produced. Since the 2D levels 
are optically metastable, we have no data relating to 
their primary production rates. We also have no data 
relating to the 2S primary production rate and will there
fore concentrate on the 211/2 and 211/2 levels alone. 

We observed an intensity ratio for these lines of 
(J= 3/2): (J= 1/2) = 5: 1 at all Ca and Ar* concentrations. 
Since both levels have equal spontaneous emission ratesl2 

of 1. 5 x 108 sec-I, the J= 3/2 level is formed at five times 
the rate of the lower J= 1/2 level. Measurement of the 
bimolecular rate constants for production of these levels 
gave k3/2=1.6±0.3x10-IO cm3 molecule-I sec-I and 
kl/ 2=3.2±0.6 x 10-11 cm3 molecule-I sec-I. These values 
imply thermal cross sections of 28 ]..2 and 5.7 ]..2, re
spectively. 

To the red of these Ca+ lines, a molecular band sys
tem was found. This system could not be associated 
with any known molecular spectrum. Its integrated in
tensity scaled with the intensity of the Ca+ lines. We 
have therefore attributed this spectrum to CaAr+ 
(A 2n - X2~"). In the shorter wavelength region of this 
spectrum, there are a series of overlapped and closely 
spaced vibrational bands. Farther to the red, a series 
of undulatory continua are found. A portion of this spec
trum showing the bands and the first three of five con
tinua is shown in Fig. 1. The maximum intensity of 
these bands was - 200 counts/sec at 2 ].. resolution, and 
extensive signal averaging was required to obtain a 
statistically reliable spectrum. 

When the area under the CaAr+ band was compared to 
the area under the Ca· doublet, a branching ratio of ex
citive associative ionization (AI*) to excitive Penning ion
ization (PI*) was found to be AI*: PI* = 14%: 86%, im
plying an AI* rate constant of 3.1 ± 0.6 X lO-n cm3 mole
cule-� sec-I, or a cross section of 5.5 ]..2. 

DISCUSSION 

Before turning to a detailed discussion of the kinetic 
results and a discussion of our spectral analysis of the 
CaAr+ bands, some general comments are in order. 
Penning ionization has been given a lucid theoretical in
terpretation by Miller and co-workers. 13 At its simplest, 
PI involves a two electron energy exchange; the readily 
ionized electron on the target Ca fills the 3p vacancy in 
Ar* while the excited 4s electron of Ar* leaves the 
scene, becoming the ionized electron. 

To explain the production of excited states of the ion, 
one must elaborate this model to include colliSion con
figuration mixing, much in the way one treats photoelec
tron ejection14 to excited ionic states. In terms of what 
Shirley14 has called initial state configuration interac
tion, one recognizes that ns21S ground states can also 
mix np2, nd2, etc., IS coupled configurations. Thus, 
np, nd, etc., ion states are observed as photoemission 
satellites. For collisional ionization, it is more ap
propriate to follow the molecular orbital correlation 
diagram shown in Fig. 2. On the right, energies of 
the atomic orbitals of the reactants are ordered with 
respect to a zero of energy for Ca+ +Ar +e-. Similar 

t 

U;--~ 

3d.". 

UA 
Sr 

65 

5p-4d 

45 

3d 

~ 
Co + Ar* 

65<7 

3d.". 

FIG. 2. Molecular orbital correlation d~agram connecting the 
separated atoms of the reactants Ca + Ar and the product, 
Ca++Ar to the united atom limit Sr. The VA orbitals which 
change energy significantly on going from Sr to Sr+ are out
lined in the shaded box, indicating the source of configuration 
mixing leading to excited ion products. 
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energies for the separated product orbitals are shown 
on the left. These orbitals are correlated to the united 
atom limit (Sr) toward the center of the figure. The 
box in this column labeled 5p-4d represents the range 
of energies assumed by these orbitals for Sr and Sr- • 
Electron populations are shown for a collision resulting 
in ground state Ca+, but, as indicated by the correla
tions, the 4p Ca+ orbital is derived from the same set 
of UA levels. The change in energy of these levels with 
ionization and with atomic separation is an indication of 
the correlation effects which couple the reactants to the 
various product states. 

These arguments do not directly relate to the final 
populations of the fine structure components of any given 
product term. Schearer and co-workers15 have per
formed beam experiments with He- and various alkaline 
earths which have demonstrated collisional alignment of 
zP~/2 ion levels. In particular, coherent excitation was 
observed15Ca) from Sr- (5PZP~/2) via the linear polariza
tion of the fluorescence. These authors sketch a theory 
for this alignment which speCifically neglects electron 
spin; spin is neglected because their experiments yielded 
a statistical population of the 5pzpO fine structure states 
of Sr-. Similarly, Ebding and Niehaus16 found statistical 
populations in the Penning electron peak heights from 
He* ionizations of Ar, Kr, Xe, and Hg to the z11'Z,3/2 
states of the rare gas ions and the 2D~'2,3'2 state of Hg+. 
These results are at variance with our observation that 
Ca- (4p2~/2) is populated at a rate five times that of the 
Ca+ (4p ZI1/2) state. 

A simple propenSity to conserve total electronic an
gular momentum would favor Z~/Z production in our ex
periments. To conserve orbital electronic angular mo
mentum, the ejected electron must be an 8 wave. The 
total electronic angular momentum is carried by 
Ar* epz). The total product angular momentum of the 
pair e-(2 1/ 2) +Ca+(Z~/2) conserves this quantity. 

To generate the term symbols for the autoionizing 
surfaces of Ar* +Ca, one must begin, at large sep
arations, following Hund's case (c) coupling. These 
surfaces can be correlated to case (a) or (b) terms at 
smaller distances. In case (c), 3pZ +1So combine to 
form 2, 1, and 0- states. These states become 3n2 
and 3:E- in case (a) and (b), respectively. The 3P2 state 
of Ar* (more accurately denoted the [3/z1~ state since 
LS coupling is inappropriate for these states of Ar) is 
the only excited state of Ar with appreciable population 
in our experiments. (The 3Pl level correlates to 3nl 
and 3no +; 3 Po correlates to ano _.) With He* (2 SS1) 
+any ISO atom, only the 1, 0- (or 3:E+) states arise. 
Riseberg et al., 17 have used the propensity rule for 
conservation of electronic orbital angular momentum to 
explain why n molecular states lead to less ground state 
ion product (2S1/Z C<f and Zn- in their experiments) than 
:E states. Thus, the nonstatistical population of Ca+ zpO 
fine structure levels in our experiment is due to the pro
pensity to conserve total electronic angular momentum, 
the presence of the sn 2 autoionizing state, and the non
statistical population of the 3p levels of our Ar* reagent. 

While we do not measure the total ionization cross 
section (or, almost equivalently, the total metastable 

quenching cross section), we have estimated this quanti
ty from an orbiting model. Here we assume any colli
sion with an impact parameter less than or equal to the 
orbiting impact parameter leads to ion production. 
We assume a single attractive reactant surface of the 
form Vo = - cslR6 with C8 apprOximated by the London 
formula. This model yields a total ionization thermal 
rate constant of 6 x 10-9 cm-s molecule-1 sec-1• This is 
only a crude model which is likely to overestimate the 
total ionization rate. Therefore, we expect the true 
fraction of reactive collisions which lead to fluores
cence to be at least the 4% predicted by this model and 
probably somewhat more. 

We turn now to the CaAr+ bands. The CaAr+ A zn 
- X2:E+ system should derive its oscillator strength from 
the corresponding Ca+ atomic transitions. The lifetimes 
of the zpo states of Ca+ are 6.7 nsec.12 Thus, even at a 
pressure near 1 Torr, the CaAr+ emission should be 
representative of the nascent CaAr+ (A Zn) distribution. 
(The ion-molecule colliSion rate at 1 Torr is ca. 108 

sec-l. ) 

Due to the weakness, spectral extent, and spectral 
congestion of the CaAr+ emiSSion, we were unable to 
resolve rotational features. It is likely that the mole
cule is highly excited rotationally due to the inability of 
the Penning electron to remove the initial colliSional 
angular momentum. Visual inspection of the spectrum 
suggests a high vibrational excitation as well. The 
emission is found to contain bound-bound transitions of 
many closely spaced vibrational progreSSions as well as 
continuum bound-free features extending well to the red. 

To analyze this spectrum, we have used model poten
tial functions for the upper and lower states, The anal
ysis of BeAr· by Goble et al., 6 demonstrated that these 
molecular ions are well represented by a model poten
tial of the form 

v(R)=A exp(-BR)-z2e2aI2R4, 

where a is the polarizability18 of Ar (1. 64 A3 ) and A, 
B, and Z are parameters. This (exp-Z4) potential in
corporates the physical picture of ion-induced dipole 
attraction, but by an ion of (perhaps) nonintegral charge, 
to account for the effects of incomplete nuclear shielding 
by the outer electrons of Ca· in the vicinity of the equi
librium position. For the ground state (xz:E.) of CaAr+, 
one expects Z-l due to the 480" orbital on Ca+. For the 
A zn state, one expects Z- 2, since this state corre
sponds to the 4prr Ca+ excitation. The Prr electron is 
considerably less effective in screening the nuclear 
charge. A related consequence of this excitation is the 
prediction that RB(A) < RB(x). This bond length trend is 
observed in BeAr+ and will be seen to be of importance 
in explaining CaAr+ emission. 

We have used these model potentials to synthesize the 
CaAr+ spectrum with the following assumptions. First, 
in accord with the preponderance of atomic excitation 
into 2p~/z over 2P1/Z, we have assumed only a single 
excited state (i.e., A zns/ z). The 2nllZ emission is as
sumed to be weak and unimportant. Consequently, the 
asymptotic limit of the two potentials (A and X) was set 
at the z~/2-2SllZ Ca+ transition energy of 25414 cm-1. 
We note that the atomic combination z~/Z +1So can also 

J. Chern. Phys., Vol. 74, No.8, 15 April 1981 
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lead to the molecular BZ~+ state. We have no evidence 
of fluorescence from this state, and neglected it in our 
analysis. 

Our second assumption involved the parameters of the 
model potentials. We have set the effective nuclear 
charge parameters, Z, at 1. 0 and 2.0 for the ground 
and excited states, respectively. Our data were not 
sufficiently sensitive to allow us to fit all three param
eters of each state. We chose to fix Z, since this is 
the parameter with the most obvious physical interpre
tation. For BeAr+, the corresponding Z values were 
found6 to be Zr; = 1. 29 and Zn; 1. 88. One expects Zr; to 
decrease with increasing ion size and Zn to increase. 

To simulate the spectrum, the remaining parameters 
of the potentials (which were input as Re and W. values) 
were used in the following scheme ans systematically 
varied to improve the fit. Vibrational energy levels 
were calculated by either a semiclassical (Bohr-Som
merfeld) method or by direct numerical integration19 of 
the radial Schrodinger equation. Franck-Condon factors 
were calculated using numerical bound and continuum 
wave functions from a direct integration. From these 
data, spectral frequencies and bound-free continuum 
oscillations were synthesized. 

The blue limit of the continuum emission from a par
ticular A zn vibrational level is particularly informative 
in this type of fitting procedure. The difference be
tween this limit and the asymptotic (Z Pi/z - 2S1/ Z) limit 
gives the energy of the vibrational level measured from 
the dissociation limit of A zn. From our data, this 
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FIG. 3. (exp-Z4) model potentials for CaAr+ which give the 
best fit to the observed spectrum. Shown schematically are 
the inner turning point bound-free transitions and the outer 
turning point bound-bound transitions for v' =28 to 31. 

TABLE II. Observed and calculated frequencies for CaAr" 
in vacuum wave numbers. 

Calculated· 
Type of 

Observed v' =28 v ':29 v'=30 v'=31 transition 

22562 22560 22625 22680 22270 Bound-free 
23792 23750 23820 23880 23950 Bound-free 
24044 

24130 
24266 

24100 24160 24230 Bound-free" 

24543 24546 Bound-boundb 

24598 24600 Bound-bound 
24650 24652 Bound-bound 
24695 24701 Bound-bound 

'These overlapped transitions together combine to form the 
two observed oscillations. 

hrransition frequencies with the largest Franck-Condon factor. 
"These quantum numbers are model potential dependent and 
may be in error by, at most, ~v' = 2. 

energy is around 1000 cm-1 The continuum limit also 
serves another purpose. The band spaCing to the blue 
of this limit (in the bound-bound portion) is around 50 
cm-l and a quick check of this portion of the synthesized 
spectra allowed us to reject poor potential constants. 

The best fit was obtained with the parameters Z = 1 
-1 0 ' w.=87 cm , and R eoo2.8 A for the X2~+ state and Zoo2 

1 0 ' 

weoo200 cm-, andR.=2.6 A for theA 2n state. The 
dissociation energies are 1000 cm-l (X) and 4900 cm-1 

(A) with estimated uncertainties of ± 100 cm-1 in each. 
These potentials are shown in Fig. 3, and a comparison 
between the Observed and simulated spectra is given in 
Table II. 

Our observation that CaAr+ A 2n is formed in vibra
tional levels within 1000 cm-1 of dissociation is consis
tent with Penning electron results. 4 These measure
ments, on He* +Kr, Xe, Na, K, and Hg, find AI products 
formed with energies from - 800 to 6000 cm-1 below the 
dissociation limit. While the CaAr* autoionizing states 
are not directly exposed by these experiments, they are 
expected to be less strongly bound than CaAr+ (x2~ +), 
since they lack ion-induced dipole attractions. They 
should also have longer bond lengths than the molecular 
ion states, due to the earlier onset of repulsion from the 
combination of larger atoms (Ar* and CaL Thus, with 
an auto ionization rate increasing with decreaSing dis
tance, a localized, vertical AI at or near the radial 
turning point of the CaAr* collision would produce CaAr+ 
at the outer turning point of a high vibrational level, as 
observed. 

CONCLUSIONS 

The Ar* +Ca chemi-ionization reactions have certain 
characteristics reminiscent of other types of electronic 
energy transfer reactions. Due to the dynamic con
straint of the small product reduced mass, associative 
ionization has much in common with associative de
tachment and radiative association. The experiments' re
ported here demonstrate that metastable and alkaline 
earth collisions, with a wide variety of product states, 
symmetries, and exothermicities available, are a val
uable source of information on the dynamics of these 
processes. 
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With Ar* +Ca, we have observed the partial transfer 
of fine structure polarization in Ar* to the Ca+ 2p levels, 
the emission spectrum of the associated ion, and the 
nascent internal energy distribution of this ion. Further 
experiments of this type or of the type recently re
ported20 in a direct discharge of Xe and Mg should con
tinue to provide such information. 
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