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Resonant Light Absorption by an Excitive Penning Tonization Collision
-~ James H. Goble(a), William E. Hollingsworth, and John S. Winn(b)

Department of Chemistry, University of California,
and Materials and Molecular Research Division, ..
Lawrence Berkeley Laboratory '
Berkeley, CA 94720

Abstract

We have observed the opening of a new channel of excitive Penning
: 1onlzation by the collision complex absorptlon of laser light in the system
Ar*(3P) + Ca. Two relatively broad ‘bands at 5958 and 5990 A were found,
corresponding to the production of Ca+(5p 2P3/ ) and Ca™ (5p Py 1/ ),
respectively. Preliminary estimates indicate that the laser-assisted Penning
1onlzat10n cross-section exceeds that of the f1e1d—free ionization to

PACS numbers: 34.50 He, 52.50 Hv, 82.40 Ra, 82.40 Tc, 82.50 Et
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A new category of related phenomena which has generated interest of late

~is the spectroscopy and dynamics of radiative processes involving the transient

species which exists for the duration of a bimolecular collision. These processes
are cﬁaracterizéd byvabsorption‘or'emiséioﬁ of light at wavelengths which are
not resonant with the constituént elements of the tra@sient species before or
after the collisionQ Such has been the case for the polyatomic systems FNaNa*

studied in emissionl and KBrHgBr studied by ébsorption.2 Diatomic transients

.have been used to study such phenomena as radiative energy3‘5 and charge4:6s7

transféf, collisional fluroescence,4s8 phqtoassociatioﬁ,g’lo and Penning and

. associative ionization.ll

This papef considers laser field-modified Penning idnizétion. This pro-

cess, and radiative collisional ionization in general, has generated consider-

" able theoretical interest.l2-15 The work of George and co-workersl3 in

particular has indicated that the field-modified systems which Penning ionizé
in the absence of :adiation may enjoy an enhancemenﬁ of the ionization cross-
section iﬁ the présenceléfvthe laser field. We report here the first obServa—_
tion of a resonant, field-modified excitive channel in the System Ar*(3Pg)-

+ Ca(lS).v The fieid—free fluorescent chanﬁels sf this system (both Penning

and associative ionization) have been previously reportéd.16' The new channel
described heré;

Ar*(3Pg) 4+ Ca + hv + Ar + Ca+(5p 2P) +e,

has been previously discussed as a likely.one for the study of field-modified

collisional ionization.l’ 1In this proéess, hv equals (approximately) the
energy difference between the metastable Ar reagent and the 5p 2p state of the
ionized Ca product, as illustrated in Fig. 1.

This system has been well studied in the field—free.case16.and“is; with

one exception, free of any atomic absorptions.by reactants or products in the



wavelength region of interest, 5940-6000 A. The exception is the two—bhoton'
process Ca(&sz 1s) » ca(4s5s 1s) at 6001 A which cascades by fluorescence |
at 10 345 A to Ca(4s4p 1P) followed by fluorescence at 4227 A to the ground
state. : o ' ' - u
Thé new.channél can be Viewed as the excitiye phgtoionization of the ) . ’
(autdioniéing) quasi moleculé CaAr* from a éontinuum state to an excited (and |
also unbound) state of CaArt that correlates to cat(sp 2p) + Ar(1s). This
state of Cat has a radiative lifetimel® of 34 nsec. .It decays predominantly
(80%) to the 5s level, which subsequently decays to the.4p doublet at 3737 and
3706 A . ﬁe use these latter eﬁissions to determine the number of 5p 2p jons
formed (see Fig. 1).
The experiments were_performed using the flowing afterglow ghémilﬁmiﬁescence
apbaratus described previously.l6 Briefly, a d.c. discharge in pure Ar near -
1l torr generates 102 em™3 Arx (3Pg, 4s[3/2]3) in the interaction
region 35 cm downstream from the discharge. Ca (at >1014 cm™3) was-entrained
in a second flow of Ar aroﬁnd a radiatively-heated crucible con;aining éa. in
.the interaction region,'a conical flame ofICa+(4p 2P).a'ndfneutra.lCa fluorescence .
(the latter dﬁe to vafious secondary processes)-was always present.
A Quanta Ray DCR YAG laser pumped a Quanta Ray PDL-1 pulsed dye laser
ryielding tunable radiation of ca. 100 mJ per pulse with a puls; width 2 10 nsec
at a rate of 10 Hz. The 1asef dye was Rhodamine 101. The laser bandwidth was
measured to be < 0.7 cm'l, and wavelength scanning was performed by the dye g
laser's grating drive without an etalon. Fluorescence at right anglés to the \J
direction of the laser beam and the reagent flow passed.first through a broad--
baﬁd filter centered at 4000 A with a bandpass of 800 A.and then through a 0.25 m
monochromator which, without slits, functioned asva tunable~bandpas§-filter

centered at 3740 A, These measures effectively eliminated scattered radiation



from the Ca oven and the laser.beam.

The filtered signal'wés detected by é.dry-ice cooled RCA C31034 photo-
multiplier,.amplified by.a PAR 1120 fast discriminator, and-counted‘by both é
gated Ortec 7701counter and an‘ungated Intel 8253 counter interfaced to a
Commodore PET compdte;. Thé gated counter was enabled for 1 psec after about
a 10 nséc delay. The ungate& counter monitored thenbackground emission
(Ca+(4p:2P3/2) > (45:28) at 3934 R) wﬁich was respansible»fdr 30% of the

gated signal. Signal at each wavelength was accumulated for 1200 laser shots,

or 2 min.

The raw gated cdunter'signal was processed as follows. The ungated counter

signalv(2-5x106 counts/2 min) times the duty cycle of thé gated_counter (10-5)

- was subtracted from the raw gated countéf signal. This value was normalized by

the ungated signal (to normalize the fluctuations in the Ca density) and by the

monitored laser power. The final Spectrum19 is ‘shown in Fig. 2, where error

bars represent the statistical uncertainty of the gated counts (* one standard

deviation). The signal rate was vety low for even the most pfominent'feature.
The peak at 5958 R in Fig. 2b corresponded to a gated count of 78, l8_of which
are background, yielding a signal to background ratio of 3.3:1. It was verified
that the signal, as weak as it was, did not appear unless both the Ar*_énd Ca -
reagents were present.

It is conceivable that Cdf(Ss 23) could be formed directly, with the excess
energy 6f the photon going into Penﬁing.electron kinetic energ&, but since the
lifetime of this state is 5 nsec, any formed directly would have completely

decayed before gated counting began. Similar lifetime arguments hold for

" laser enhancement of the 4p level. Emission (at 3159 and 3179 A) from

4d52D'leve1s occurs outside the bandpass of our filter—monochromator. Thus

our experiment is sensitive to the 5p 2p cascade exclusively.



The peak at 5991 A cquld be attributed to two-photon excitation.of Ar* to
- the 14d Rydberg levels. Such 1eve1e could haﬁe»long enough radiative lifetimes
to ionize Ca to a level with a fluorescence cascade we would ultimetely monitor.
We have estimated2l by a quantum-defect calculation the energy levels 7
(to £ 1 cm'l)vfo: J=0, 2, end.4 of'the ns_ana nd series (n = 15-20) that : : '
could be. two—-photon connecfed tO'Ar*-3Pg. We find tﬁet none of these
possible excitations.appeer in our spectrum,-nor woula'theyrinterfere with the
- bluer band in Fig. 2. We therefore dismiss this procees as a source of our.
sighal. |

Perhaps the most remarkable aépect of Fig. 2 is the resonant behavior of -
the.signal. If we view this phenomenon as photoionization of a quasi.molecule;
we would anticipate, ae we scanned the laser from red to blue, to see a s#epwise
increase in the signal as first the 2P1/2 and then tﬁe 2P3/2 channel opened.
Although there is some signal to the blue of each-band, it 1is apparent that a
‘simple photoionization picture is too naive, and that resonant excitation of
- the 5p 2P-level, with'vefy little kinetic energy going into the ejected
electren, is more important.in describing the process. (Measurements 100 A to
the red of ﬁhe iong wavelength band'satisfied us that no signal was present on’
the long wavelength side. Onset of signal at the red limi; of this band was
obscured by the Ca two—photonvsignal.)

vTable I lists the transition resonances and their fuli width at half

maximum bandwidths, along with the anticipated transition freque;cies based on
asymptotic energy differences of the atomic states. Although we list two maxima ' \J
for the 2P1/2 excitation, the stafistics of ﬁhe data do not warrant ;he resolution
of this band into a ddublet;‘we note the average positien (16 691 £ 5 em'l) .
parenthetically in the Table. The maxima occur very cleSe.co ;he asymptotic
1

energy differences, with the 2P3/2 signal about 7 cm~ to the blue of its



expeéted location. This shift is not exceptional, compared to the observed
68 em~l blue shift of laser-assisted charge transfer.6 The wide bandwidths of

11-14 cm™l are characteristic of a collision complex absorption,3a éorreSponding

_to an energy uncertainty due to Harris' fly-by time,3°-or, equivalently, to the

Franck-Condon envelope of a Boltzmann distribution'ofAtranslational states
invalved‘ih a free-free transition. We believe that these properties support
our premise tﬁat we are observing a coliision éomplex absorption process.

It is difficult toimake an accurate estimate of the lasgr—assisted collision
cross—seétion. The field-free cross—section16 for production of Ca+(4p 2P3/2)

is 28 A2, If we scale this value by the':atio of the peak laser-assisted

. count rate (~ 2-4x10% sec”l), we can estimate the laser—assisted cross-—-section

. to be ~ 4.6 i»2.3x103 A2 at our power density of ~ 107 W/em2. Cross—-sections

of similér magnitﬁde have been reported for collisional energy transfer,3b»4
but at hundreds of times higher power densities; _Our‘scaling‘ratio should also
be corrected by factors accounting.for the beam~flame intersection fraction and
the relative transmission ratio of the broadband’filter—ﬁonbchromator combination;
but such factors afe pfébably close to unity. We therefore cautiousl& conclude
that the fielanssisted process has a much higher probability of occurring than
does the field-free process at our laser power. |

In summary, we have oSserved'a new excitive Penning ionization channel
driven by laser excitation of the nascent chemi—ioniéing colligion complex, Ar*.
+ Ca, yilelding Ca+(5p ZPJ), A small blue-shift of the signal from the e#pected

asymptotic location was observed with a cross—section which exceeded that for

the field-free excitation of Ca™(4p 2P5/,).
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TABLE 1

‘Anticipated and observed transitions for laser-assisted excitive Penning

ionization of calcium by metastable argon

\
crare 2, - 2,
A - 5991, 5988 ' 5988
v Observed (cm~1) 16687, 16695 | 16780
| (16691 * 5) |
v Expected (cm™1) 16695.19 1677344

Bandwidth (cm™l) 5.6, 13.9 S 11.3




Figure Captions

" Figure 1.

Figure 2.

Energy level diagram for Cat + Ar relative to ca(4s2 1g) + Ar(ls).

The dashed line locates ﬁhe enefgy of Ar*(BPg). Wavelengths v
(in A) of the trénsitions are: (a) 5958, 5988; (b) 11 836, 11 947;
(c) 3706, .3737; (d) 3934, 3968; (e) 3159, 3179, 318l.  Energy

level values are from Ref. 20.

Laser excitation spectrum of Cat(5p 2p) fiuorescence resulting
from Ca + Ar* + hv collisions. '(a).Complete excitation spec-
trum. (b) Second scan of blue portion of spectrum to illustrate

the degree of reproducibility. Error bars represent * one

_standard deviation due to counting statistics.
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