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Abstract

A flowing afterglow chemilumunescence apparatus has been
used to analyse Visibie fluorescence in the Ar* (SPS) + Ca
(lSO} reaction. The rate constants for production of Ca’

2,0 + 2.0 _ -10 3
( PB/Z) and Ca ( Pl/z) were measured to be 1.6 x 10 cm’” -

molecule } sec™® 3nd 3.2 x 10711 cm® molecule ! Secmlg
respectively. These results demonstrate a transfer of the to-
tal electronic angular momentum polarization in Ar* to the ex-
cited ion levels. The molecular band spectrum of the associa-
tive ionization product CaAr’ (AZH) 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, XZZ+9

Re = 2.8 K§ wy = 87 cmﬁl, and Dg = 1000 Cm‘ﬁls and, for the

A%T state, R_ = 2.6 &, wl = 200 cn”', and Dl = 4900 cn’T. The

. ) . . . +
nascent internal state distribution in CaAr 1is found to con-

sist of a fairly narrow range of high vibrational levels.



The analysis of spectra from chemiluminescent reaction 1is
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 pro-
duct channel.

The system we have chosen, Ar® (SP) + Ca (18), is very
attractive for several reasons. The energy of Ar* is suffi-
cient not only to ionize Ca but also to excite ca’ to several
low-1lying electronic states. The energy 1evelsl of Ar# (SP)
are compared to the relevant ca’ levels (referenced to a zero
of energy for the neutral Ca) in Table I. From this Table, one

finds that the exothermic Penning ionization channels lead to

ca’ (4s 281/2), the ground state of the ion, as well as to the
. 2.0 2 . .
excited states (4dp P1/293/Z) and (3d D3/255/2)° 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 observe
molecular fluorescence from the excitive associative ionization
products CaAr+%e Associative ionization i1s known from mass spec-
troscopyz and crossed beams studies3 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 distribution of as-
sociative ionization products. These products appear at the
center of mass velocity as if a totally inelastic bimolecular
association had occurred. To probe Al dynamics, one can mea-
sure the energy spectrum of the ejected electron4, This ap-
proach lacks the sensitivity and resolution of optical spectros-
copy and must be carried out in a crossed beams environment with
necessarily low signal intensity.

A further reason for interest in this system is the oppor-
tunity 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 spectras of BeAr+5 BeKr' and
BeXe  have been analyzed. Due to the relatively large rotational
constant of BeAr+? extensive high resolution spectra were obtained

by Coxon, et ales

A detailed analysis of the ground electronic
state (XZZ+) and an accurate model for the excited AZH states
have been published by Hartman, Goble, and Wiﬂnoé There is clear-
ly little more than the pure ion-induced dipole attractive force
which can be expected to bind this family of diatomics, and
data on these potential curves allows this hypothesis to be
rigorously examined,

These systems -- metastable rare gas + alkaline earth atoms --
also provide an interesting arena in which laser assisted
processes can be studied7s 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 rather to any energy difference between
one reagent (the metastable) and one product (the excited

aomic don). In fact, since the entrance channel lies in a

series of autoionization continua, the laser field can quite
generally access normally endothermic channels of the ions
products merely be raising the total energy (field + reactants)
above the endothermic limit for such a channel. We have observed
these effectsyin the Ar* + Ca system and will report our results

in a subsequent articleg



Experimental

These experiments were carried out in a flowing afterglow
apparatus similar to one described previou51y9¢ Metastable
argon, primarily 3PZ, was generated by a dc discharge through
pure Ar at pressures near 1 torr. The flow rate (v 1 mmole/sec)
was maintained by a 1000 1/min mechanical pump. Atomic absorp-
tion measurements of the Ar* density at the reaction zone

yielded values of 109 - 1010

atomS/cmS, The reaction zone
itself 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* (3PZ} absorption at 811.5 nm. The higher
metastable state, 3PO, is generally unobserved in the reaction
zone of this apparatus. This state can be collisionally

3

guenched to the radiating Pl state, and it can absorb resonant

discharge radiation, decaying radiatively to the ground state

via several intermediate StateSZb,

Since our discharge tube
feeds a reaction zone of considerably greater diameter and
smaller length than the discharge tube itself, the pressure in
the discharge is somewhat greater than the v 1 torr pressure
of the reaction zone. This feature of the apparatus indicates
that a collisional relaxation mechanism_accouﬁté for our low
SPO density. Based on the sensitivity and signal to noise
characteristics of our absorption measurements, we estimate

the 3PO density to be no greater than 5% of the 3P density.

2
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" thick)
were concentrically clampéd 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 amps 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 volt. As a
consequence, there was no danger of producing excited (Ca atoms
from electron bombardment by thermionic’electronsw 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 temperature for Ca in the reaction zone were
always < 350K.

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 1.5m high-resolution
scanning monochromator (Jobin-Yvon THR 1500). (Some spectra
in the 8500 & region were taken with a 0.25 m monochromator.)
Depending on the type of measurement and the flame intensity,
resolutions from 0.01 A to 2 A were used. Light was measured

with a dry-ice cooled photomultiplier (RCA C31034) operated



in the pulse counting mode (dark count < 1/sec). Data collec-
tion and monochromator scanning were under computer control.

A small microprocessor based computer (Commodore PET 2001)
acted as a multichannel analyzer and controller, scanning a
selected spectral region over and over a preselected number of
times. Data were displayed on graphics 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 temperature.

Absolute rate constants were obtained by measuring the
atomic absorption of the Ca (lPO « lS) resonance line at
4226.73 A, A standard hollow cathode Ca lamp was used as the
light source. The line width of this Ca line was carefully
measured with the 1.5 m monochromator and an absorption coef-
ficient at the line center was calculated for a Doppler profile
absorption by Ca in the flow. Due to the large oscillator
strength of this transition, Ca densities could be readily

measured over the range < 108 cmms (less than the metastable

density) to > 1010 cmSQ The major uncertainty in this measure-
ment was the absorption path length leading to an uncertainty
in the Ca density of 20%. Given the Ca concentrations, rate
constants were determiﬁed with reference to the known rate con-
stantslo for the Ar* + Kr » Kr#®* (5p[4]2,1) + Ar reactions. De-

tails of this method are found elsewherevwgl1



Results
The four strongest atomic emission features found in
the flame spectra were the excitive Penning icnization lines

from the reaction
o 3 1 1a +% 2 0 -
Ar® ( PZ) + Ca( SO) + Ar( 50) + Ca ( PS/Z,l/Z) + e

monitored by the fast radiative cascades at 3933.60 R and

3968.47 &
+® 2.0 + 2
Ca ( P3/291/2) + Ca ( 51/23 + hv,

and the primary atomic lines of neutral Ca, viz. the resonance

line at 4226.73 &
Ca(lPE) > Ca(lso) + hv

and the intercombination line at 6572.78 R
ca(’p) » ca(lsy) + 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 Ca+9 and by dissociative recom-
bination with CaAr’. They were of use to us only insofar as
they provided frequent wavelength markers,
+% 2.0 2 f s o
The Ca ("P7 > "D) transitions near 8500 A were observed,

)

but are not of primary concern. Emission from the ZP levels

follows a branching ratiolz of 6%:94% for radiating to the Z'D

24 .
and "S states, respectively, and the total emission from ZPO



levels was calculated from the ZPO > ZS lines taking this

into account.

Presumably, as Table I indicated, ZD and, of course, ZS,
(ground state) Ca’ are produced. Since the ZD levels are optical-
1y metastable, we have no data relating to their primary pro-
duction rates. We also have no data relating to the ZS
primary production rate and will therefore concentrate on the

2.0 Y/
pS/Z and

o
Pl/z 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
2 .
levels have equal spontaneous emission ratesl“ of 1,5x108 sec 19

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 kg/z = 1,6 ¢ Oc3x10=10 c:m5-=
moleculeglsecnl and k = 3.2 + 0.6x10 11 cmDmolecule“1sec:m1

1/2
. . 2 02
These values imply thermal cross sections of 28 R“ and 5.7 A ,

respectively.

To the red of these Ca’ lines, a molecular band system was
found. This system could not be associated with any known mole-
cular spectrum. Its integrated intensity scaled with the
intensity of the ca” lines. We have therefore attributed this
spectrum to Cahr” (AZH - XZZ+)° 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 spectrum
showing the bands and the first three of five continua is shown

in Fig. 1. The maximum intensity of these bands was ~ 200



counts/sec at 2 R 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 excitive associative
ionization (AI¥*) to excitive Penning ionization (PI*) was found

to be AI*:PI* = 14%:86%, implying an AI* rate constant of
11

- ) °2
, Or a cross-section of 5.5 A",

3.1 % 0.6x10° cmgmolecuiemlsec
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Discussion

Before turning to a detailed discussion of the kinetic
results and a discussion of our spectral analysis of the Cahr”
bands, some general comments are in order. Penning ionization
has been given a lucid theoretical interpretation by Miller and

co~workers,13

At its simplest, PI involves a two electron
energy exchange: the readily ionized electronm 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 configuration
mixing, much in the way one treats photoelectron ejectionl4 to
excited ionic states. In terms of what Shirley14 has called
initial state configuration interaction, one recognizes that

Z, etc. lS coupled

nsz lg ground states can also mix npzy nd
configurations. Thus, np, nd, etc. ion states are observed as
photoemission satellites. For collisional ionization, it 1s more
appropriate 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 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



~11-
Ca%, but, as indicated by the correlations, 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 separa-
tion 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 popula-
tions of the fine structure components of any given product
term. Schearer and co=worker515 have performed beam experiments
with He' and various alkaline earths which have demonstrated
collisional alignment of ZPg/Z ion levels. In particular, co-

2.0 .
PS/Z) via the

herent excitation was observedlsa from St (5p
linear polarization 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 5p ZPO fine structure states of

A Similarly, Ebding and Niehauslé found statistical popula-

tions in the Penning electron peak heights from He* ionizations
2.0

1. -
of Ar, Kr, Xe, and Hg to the p1/293/2 states of the rare gas
. 2.0 +
ions and the DS/ZsS/Z state of Hg . These results are at
variance with our observation that Ca+(4p Zpg/z) is populated
2,0

at a rate five times that of the Ca’ (4p Pl/Z) state,

A simple propensity to conserve total electronic angular
momentum would favor ZPg/Z production in our experiments. To
conserve orbital electronic angular momentum, the ejected elec-
tron must be an s-wave. The total electronic angular momentum
is carried by Ar*(SPZ)Q The total product angular momentum of

the pair e“(z 1/2) + Ca+(2Pg/Z) conserves this quantity.



To generate the term symbols for the autoilonizing surfaces
of Ar®* + Ca, one must begin, at large separations, following

Hund's case (c) coupling. These surfaces can be correlated to

case (a) or (b) terms at smaller distances, In case (c¢), 3PZ +
180 combine to form 2, 1, and 0 states. These states become

Z 4

3H2 and Y in case (a) and (b), respectively. The SP

2 state

of Ar*® (more accurately denoted the [3/2]2 state since LS
coupling is inappropriate for these states of Ar) is the only

excited state of Ar with appreciable population in our experi-

ments. (The 3P1 level correlates to 3H1 and 3I‘IO+; 3PO correlates
to 3H0=a) With He* (2 351) + any 180 atom, only the 1, 0 (or
SZ+) states arise. Riseberg, Eimiif}7 have used the propensity
rule for conservation of electronic orbital angular momentum to

explain why I molecular states lead to less ground state ion

product (281/2 cd* and Zn" in their experiments) than I states.
Thus, the non-statistical population of ca’ ZPO fine structure
levels in our experiment is due to the propensity to conserve
total electronic angular momentum, the presence of the SHZ
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 quantity from an orbiting model.
Here we assume any collision with an impact parameter leads to
ion production. We assume a single attractive reactant surface
of the form VO = «Cé/R6 with Ce approximated by the London

formula. This model yields a total ionization thermal rate



constant of 6x10°° cm “molecule ‘sec '. This is only a crude

model which is likely to overestimate the total ionization
rate. Therefore, we expect the true fraction of reactive col-
lisions which lead to fluorescence to be at least the 4%
predicted by this model and probably somewhat more.

We turn now to the CaAr bands. The CaAr AZH > XZZ+ Sys-
tem should derive its oscillator strength from the correspond-

© states of

ing Ca’ atomic transitions. The lifetimes of the ZP
ca’ are 6.7 nsecelz Thus, even at a pressure near 1 torr,

the CaAr’ emission should be representative of the nascent

CaAr " (AZH) distribution. (The ion-molecule collision rate

at 1 torr is ca. 108 secml,)

Due to the weakness, spectral extent, and spectral conges-
tion of the CaAr’ emission, we were unable to resolve rotational
features. It is likely that the molecule is highly excited
rotationally due to the inability of the Penning electron to
remove the initial collisional angular momentum. Visual in-
spection of the spectrum suggests a high vibrational excitation
as well. The emission is found to contain bound-bound transi-
tions of many closely spaced vibrational progressions as well
as continuum bound-free features extending well to the red.

To analyze this spectrum, we have uéed model potential
functions for the upper and lower states. The analysis of BeAr "
by Goble, et 31965 demonstrated that these m@lecular'ions are

well represented by a model potential of the form

2

V(R) ='A exp(-BR) - Z%e’q/2R"
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where o 1is the polarizabilitylg of Ar (1.064 &3) and A, B, and
Z are parameters. This (exp - Z4) potential incorporates
the physical picture of ion-induced dipole attraction, but by
an ion of (perhaps) non-integral charge, to account for the
effects of incomplete nuclear shielding by the outer electrons
of Ca” in the vicinity of the equilibrium position. For the
ground state (XZZ+) of CaAr+9 one expects Z ~ 1 due to the
4s¢ orbital on Ca'. For the AZH state, one expects Z v 2,
since this state corresponds to the 4pmw Ca” excitation. The
prm electron is considerably less effective in screening the
nuclear charge. A related Conﬁequence of this excitation 1is
the prediction that Re(A) < Re(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

0 ) 2.0
3/2 over P1/29

we have assumed only a single excited state (i.e., AZH 3/2)5

the preponderance of atomic excitation into ZP

The Zﬁl/? emission is assumed to be weak and unimportant. Con-

sequently the asymptotic limit of the two potentials (A and X)

2.0 2 + P :
was set at the PS/Z > 81/2 Ca transition energy of

25414 cmwle We note that the atomic combination ZPg/Z + 18

0
can also lead to the molecular BZZ+ state. We have no evidence
of fluorescence from this state, and neglected it in our analy-

sis.

Our second assumption involved the parameters of the model

potentials. We have set the effective nuclear charge parameters,
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Z, at 1.0 and 2.0 for the ground and excited states, respec-
tively. Our data were not sufficiently sensitive to allow us
to fit all three parameters of each state. We chose to fix
Z, since this is the parameter with the most obvious physical
interpretation. For BeAr+, the corresponding Z values were
found6 to be ZZ = 1,29 and ZH = 1.88. One expects ZZ to de-
crease 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 and systematically varied to improve the
fit. Vibrational energy'ievels were calculated by either a
semi-classical (Bohr-Sommerfeld) method or by direct numerical
integration of the radial Schrbdinger equation, Franck-Condon
factors were calculated using numerical bound and continuum
wavefunctions from a direct integration. From these data,
spectral frequencies and bound-free continuum oscillations were
synthesized.

The blue 1limit of the continuum emission from a particular
AZE vibrational level 1is partiéularly informative in this type

of fitting procedure. The difference between this limit and

the asymptotic (ZP%/Z > 281/2) limit gives the energy of the
vibrational level measured from the dissociation limit of AZH,

From our data, this energy is around 1000 cmaz, The continuum
limit also serves another purpose. The band spacing to the
blue of this 1limit (in the bound-bound portion) is around

50 cmals and a quick check of this portion of the synthesized

spectra allowed us to reject poor potential constants.
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The best fit was obtained with the parameters Z = 1, W,

1, and R, = 2.8 R for the x’:x* state and Z = 2, w, =

87 cm
200 cmﬂl9 and R, = 2.6 % for the A’N state. The dissociation
energies are 1000 em” (X) and 4900 em”t (A) with estimated
uncertainties of = 100 mel in each. These potentials are

shown in Fig. 3, and a comparison between the observed and
simulated spectra is given in Table IT.

Our observation that CaAr AZH is formed in vibrational
levels within 1000 cm"1 of dissociation is consistent with
Penning electron resuitsée These measurements, on He* + Kr,

Xe, Na, K, and Hg, find AI products formed with energies from
n~ 800 to 6000 cm ' 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” (XZZ+), since they lack ion-induced dipole attractions.
They should also have longer bond 1engths than the molecular
ion states, due to the earlier onset of repulsion from the
combination of larger atoms (Ar* and Ca). Thus, with an auto-
ionization rate increasing with décreasing distance, a localized,
vertical Al 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.
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Conclusions

The Ar* + (Ca chemi-ionization reactions have certain charac-
teristics reminiscent of other types of electronic energy trans-
fer reactions. Due to the dynamic constraint of the small pro-
duct reduced mass, associative ionization has much in common
with associative detachment and radiative association. The
experiments reported here demonstrate that metastable + alkaline
earth collisions, with a wide variety of product states, sym-
metries, and exothermicities available, are a valuable source
of information on the dynamics of these processes.

With Ar* + Ca, we have observed the partial transfer of fine
structure polarization in Ar¥* to the ca’ ZP 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 reportedzo in a direct discharge of Xe and

Mg should continue to provide such information.
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Figure Captions

Fig.

Fig.

Fig.

1.

3.

Spectrum of CaAr  from 3980 to 4220 & at 1 A

at 1 R resolution. 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 R Ca resonance line

overlapped with a CaAr’ continuum oscillation.

Molecular orbital correlation diagram connecting
the separated atoms of the reacants, Ca + Ar®*, and
the product, ca’ o+ Ar, to the united atom limit,
Sr. The UA orbitals which change energy signifi-
cantly on going from Sr to Sr’ are outlined in the
shaded box, indicating the source of configuration

mixing leading to excited ion products.

(EXP-Z4) model potentials for CaAr which give the
best fit to the observed spectrum. Shown schemati-
cally are the inner turning point bound-free
transitions and the outer turning point bound-

bound transitions for v' = 28 to 31.



Table I.

to an Ar + Ca zero of energy,

Energy levels of Ar*® and Ca’ referenced

from Ref.

Species

Energy (cm’

1

)

Ar* (7P
Ca (4p °P
ca’ (4p “p
ca® (3d “D
ca® (3d “D

Ca (4s 7S

93,144

74,720

74,498

63,017

62,956

49,306

1.



Table I1. Observed and calculated frequencies

+
for CaAr , in vacuum wavenumbers.

(<) Type of

Observed Calculated Transition

vi=28 vi=29 v'i=30 vi=31 3
22562 22560 22625 22680 22720 Bound-free
23792 23750 23820 23880 23950 Bound-free
24044 (a)

24130 24100 24160 242303 Bound-free
24266
24543 24546  ce-on cemee eoo- Bound-bound (P
24598 eeaa- 24600 - me eeaa- Bound-bound
24650 0 eeeea aaaa 24652 -eee- Bound-bound
24695 mmmm mmmma e 24701 Bound-bound
(a)

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

(b)

Transition frequencies with the Jargest Franck-Condon
factor.

(c)

These quantum numbers are model potential dependent and

may be in error by, at most, AV' = 2,
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