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Reactions in the afterglow of time modulated inductive discharges
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An investigation was conducted using absorption and emission spectroscopy of the afterglow from
rf inductive discharges in Xe/imixtures. RF power at 11.5 MHz was supplied to coils surrounding

a cylindrical discharge cell. Total pressures were between 0.8 and 5.3 Torr. Measurements were
made as a function of radius and time following the termination of the discharge. Results presented
here indicate that in the afterglow the Xed¢xcimer is formed by highly excited and ground state

Xe. Evidence is also presented that ion—ion neutralization is a major precursor reaction for the
formation of other excited species in the afterglow. 198 American Institute of Physics.
[S0021-897€08)03120-X

I. INTRODUCTION Xel* exciplex. In this article, evidence is presented that the
exciplex Xef(B) is also formed through the reverse har-

poon reaction in the afterglow of the discharge as with the

Xe and p mixtures may be a means of providing multiwave- steady state dischard@Evidence is further presented which
length UV lighting sources. The gas kinetics of rare gas/ . : : R .
indicates that ion—ion neutralization is a major precursor re-

haloger_l m|_xtures have_ beef‘ previously studied for a Vf.i”et%\ction for the formation of other excited species in the after-
of applications, especially in the development of excimer

i i 2 11 _

lasers. These mixtures have been studied mainly at higﬂIOW in- addition to f(*Ps). ”Although t'he results pre
sented here are for specific gas mixtures, they are
pressures from a few hundred Torr to a few atmospheses. . : .
; . r%presentatwe of the entire pressure raf@8-5.3 Tory in-
few studies of the rare gas halides have been conducted at’_,.
L . vestigated.

lower pressures, 20-80 Torr, primarily using pulsed
radiolysis?>~* Those studies which were not conducted using
pulsed radiolysis, such as using UV excitation, generally adll- THE EXPERIMENTAL APPARATUS

7 . ! ) .

the rare gas metastabe’ discussed and will only be briefly described h&é&! The

At higher total pressures, a few hundred Torr or more gischarge cell was filled with an iodine partial pressure of
negative ion-positive ion reactions tend to be the dom'”a”&pproximately 0.3 Torr, the vapor pressure efat room
precursor process for formation of the rare gas halide exCiremperature. The partial pressure for Xe ranged from 0.5 to
plexes. At these pressures, the ion—ion recombination reag; o Torr. The diagnostics used on the afterglow produced by
tions involve three-body processes either directly in the rer inguctively coupled discharges of Xefixtures included
action or indirectly through precursor reactions whichgptical absorption spectroscopy and emission spectroscopy.
provide the necessary reactants. When operating a dischargg: power at 11.5 MHz was supplied to cylindrical coils
at low pressures, the rate at which three-body processes O&arrounding the discharge cell.
cur are greatly diminished. At tens of Torr total pressure, the  pgwer to the discharge coils was modulated on and off
harpoon reaction becomes the dominant precursor reaction {g opserve decay of emission from excited states. Observa-
which the excited or metastable rare gas reacts with thgons were made as a function of radius in the discharge and
ground state molecular halogen: of time following termination of the discharge. Decay of

R* + X,—RX* +X. (1)  power to the coils ocgurred in a few microsecond; for the

, i _ capacitively coupled discharges and less than a microsecond

There is some question as to whether the harpoon reactiqg the inductively coupled discharges. As the power into the
dominates at 10’s Torr total pressure specifically for Xe/l gystem is increased, the discharge abruptly switches from a
mixtures as opposed to other rare gas halfdes. capacitive mode to an inductive mode. The current and volt-

Low pressurg0.8—5.3 Tor}, inductively excited, rf dis- 556 \waveforms for the coils shows a large phase shift be-
charges in Xed mixtures have been investigated to deter-yyeen the voltage and current which decrease after the

mine the kinetics and radiative processes leading t0 U\yitch to the inductive mode. With capacitive coupling, op-

emission from atomic and molecular species, including th;c,| emission decay is a few microseconds which is the same
as the electric time constant of the discharge circuit. When
dElectronic mail: barnespn@wl.wpafb.af.mil the discharge is inductively coupled, the optical emission

Radio frequency(rf) inductively excited discharges of
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b) 0- pected change in X&lemission when power is modulated
off to indicate a different mechanism from the steady state
z f Xe* discharge. Further, the time-dependant emission for
5 Xel*(B—X) 253 nm is consistently the same as f§f |
g under varying conditions as would be expected if the reverse
< harpoon reaction dominated. This correlation is shown in
- Fig. 1. Although the comparison is made wit§* (D’
2 —A") 342 nm emission, a state that does not directly lead to
& the Xel exciplex, all £* emission has a similar time his-
0VWﬁﬂﬂW"ﬂ‘-ﬂ,ﬁﬁj A e tory. I3* emission was principally recorded at 271 n@ (
90T AR A ok —X), 277 nm £—B), 342 nm Q' —A’), 429 nm E,D
0 200 400 600 —B). All of the forgoing transitions for J* begin from
TIME (us) states with overlapping vibrational manifolds strongly sug-

FIG. 1. Comparison of Xé&l and E* emission decay and Xemetastable gesting that the;l* states WhiCh_ can r_ea_Ct with grou”d state
decay for 1.0 Torr Xe+0.3 Torr b, discharge cell following termination of ~ X€ t0 form XeF are populated in a similar fashidh.
the discharge. Although 342 nm emission is from %h $tate that does not The Xel"(B—X) emission has a different time depen-
participate in the reverse harpoon reaction it represents those states that dfence than the time dependence of thé ¢6s,,) metastable
Given is(a) Xel*(B—X)253 nm, (b) I3* (D' —A")342nm, () Xe" (6519 gecay or X&* optical emission. Although the difference in
metastable. form is inconclusive with respect to determining which
mechanism is responsible for formation of the exciplex with-
decays in 100'sus. This decay is not necessarily exponen-Out knowledge of the change in diensity, the fact that the
tial. Xel* emission has a significantly longer decay time than the
Xe* metastables is conclusive. If Xelis formed by the
harpoon reaction, then Xelemission would cease with the
Ill. Xel(B) FORMATION depletion of the X& metastables and this does not occur.
Previous work demonstrated that the reverse harpoon réche Xef (B) state has a lifetime of about 15 ns and so its
action given by emission tracks its rate of formation. This leaves react®)n
. as the likely process for formation of the exciplex. It is
Xe+17" —Xel* +1 @ doubtful that another yet undiscovered mechanism is respon-
is the dominant precursor reaction for X¢B—X) emis-  sible for Xelr formation considering the volume of work
sion, as opposed to the harpoon reaction, in the steady statempleted in this area.
discharge. In the case of the reverse harpoon reaction, a The previous arguments are strong indications that the
highly excited halogen molecule reacts with the ground stateeverse harpoon reaction is the dominant excitation process.
rare gas atom instead of the metastable rare gas atom reatftreaction(2) is responsible for populating Xelthen certain
ing with the ground state halogen molecule. Note that therends for Xet and k* emission should follow. Xé&l emis-
partial pressures of Xe and ¢juoted here are for the initial sion in the afterglow is greater at the outer radius of the
gas fill. The molecular iodine is more than 90% dissociateddischarge than along the axis. This is also true #3r hs
as determined from laser-induced fluorescefld&) mea- shown in Fig. 2. This correlation is required since ground
surements. This makes the density of Xe two to four orderstate Xe is roughly uniform in density across the radius of
of magnitude larger than, Huring the discharge. the discharge tube. This fact by itself does not preclude the
There are several indications that the reverse harpooharpoon reaction since even though the metastable Xe den-
reaction also occurs in the afterglow. First, there is no unexsity is greater in the center of the discharge than the edge as
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with Xe** emission, thejdensity is larger at the edge. The ENERGY (cm -

difference in emission between the radial edge and center is 90.000

essentially the same for both*l and Xel as required for ' TO IONIC STATES
the reverse harpoon reaction to dominate. For other excited TO NEUTRAL STATES 2p
state emission, such as*(FPz,—2P;,) 206 nm and 80,000 | 6sly, 112
I** (“P4,—*Ps,) 804 nm, the time dependence of the decay 6350
varies from center to edge in a distinctly different manner. 70,000 | 6S1 2p3/2

6542
IV. ION—ION NEUTRALIZATION

. o : 60,000
It was previously demonstrated that ion—ion neutraliza- '

tion given by

(P11 1" (PP +1 € >0.000 1

is the dominate precursor reaction f6(#Pz,— 2P;,,) emis- 4
sion in the afterglow. It is quite plausible that ion—ion neu- 40,000 | coulombic ionic state and constant
X . . R i covalent state approximation not
tralization paths are responsible for populating excited states valid < 6 A
of other species which result in UV emission in the discharge : ; . :
or its afterglow. Emission decay data provides evidence of 10 20 30 40
that occurrence.
A mechanism other than ion—ion neutralization that RADIUS ( A )
might result in the excitation is collisions of Xenetastables
with other species causing the upper states of these species
be populated. This is not likely since Xenetastables decay
quickly with there being no change in the longer decay*of |
I**, and E* occurring after the loss of Xe This process
would also not explain the nonexponential decay3of | for ~ 10’s us which is slightly shorter than the decay times of
example, unless some process was continuing to populate tié&*. The more rapid decay of excited xenon occurs since
xenon metastable state after termination of power to the dighe precursor ion Xé in reaction(4) can be additionally
charge. Electron-ion recombination will not be likely at depleted via charge exchange reactions with iodine:
lower pressures since three-body processes are greatly di- . N . .
minished. One possible exception may Hetle— I** +1, Xe +1—Xe+l" or Xe'+l;—Xetl,. (6)

. * -
but this process Ca”T‘Ot_ account fof*xea”d b* emission. Landau—Zener theory provides an indication of which
Long optical emission decay times after electron ther-

lizati b ained by radiafion tranpi states may be populated by ion—ion neutralizatiotf 18
malization m%}/ls € explained Dy radialion rapping orp,qqipie jon—jon neutralization paths for reactidhare dis-
imprisonment: This process occurs when the photon

tted duri | ic rel . bsorbed b h layed in Fig. 3. Since the majority of Xeions will be in
emitted during electronic relaxation Is reabsorbed by anotheg, o ground state, X€65s,,) and Xé& (6s,,) are preferentially
particle of the same species in the lower state prior to exitin

lated. At high lied , the fracti f
the discharge cell. This may happen a number of times r%opu ae Igher appliec powers e fraction 0

o - e)’(e*(zPl,z) ions will increase resulting in mores6 and
sulting in the extended decay. In the case of radiation trapl-oWer 6p states of X& being populated. Since

ping the decay will still be exponential with the decay occur-ée** (6s,,65,,) States are favored, X& emission may re-

ring on a longer time scale._However,_ the dec_ays observe Ult from Xe* -+ y—Xe** +y, where y may behv, & M*,
here are often not exponential, especially at higher power;

Fﬂg 3. Xe" and I neutralization. The diagram indicates preferential popu-
lation of the 6&,; and the &, states of Xe.

o _ ~Btc. This is plausible since X&(6p;56pon6p1,) and
::a(:etshls indicates another source for populating the excite e* (65,7 emission always decay in the same marier.
It has been previously determined that densities, re-
sulting from dissociative attachment, increase following
electron thermalization and this increase may result in the/. CONCLUDING REMARKS
nonexponential decays obsen/édSuggested ion—ion neu-

tralization paths for xenon and molecular iodine emission are In cor!clusmn, Fhe Xl exciplex is formed in the after-
glow by highly excited J and ground state Xe as opposed to

Xe" +17—Xe* (65156517 +1, (4)  the harpoon reaction. lon—ion neutralization is a major pre-
]l 4] ) cursor rv_aaction for the formation of other excited species
2 2 " present in the afterglow such as*Xexe**, 15, and £*
Preventing the complete thermalization of electrons by mainand not just for 1(?P5,). Since the emission does not sig-
taining a low power deposition following discharge termina-nificantly drop when the power is modulated off, this indi-
tion decreased the emission &f II** , and §* as would be cates that ion—ion neutralization plays an important role as
expected for neutralization of a positive ion with.|Al- well in the steady state discharge for high power inductively
though Xé& and Xe&* are only slightly affected, these states coupled discharges of Xg/l These conclusions may well
decay much more rapidly. Electron thermalization occurs imapply to rare gas/halogen mixtures other than xXe/l



4730 J. Appl. Phys., Vol. 84, No. 9, 1 November 1998 P. N. Barnes and M. J. Kushner

ACKNOWLEDGMENTS ’N. K. Bibinov, I. P. Vinogradov, and L. D. Mikheev, Sov. J. Quantum
. . . Electron.13, 516 (1983.
The authors thank J. T. Verdeyen for his assistance irer. Cooper, F. Grieser, and M. C. Sauer, J. Phys. C/84n1889(1977.
this work. Supplies were provided by the National Science’R. Cooper, L. S. Denison, P. Zeglinski, C. Roy, and H. Gillis, J. Appl.

Foundation ECS 94-0413Band the Air Force Office of Sci- mgmﬁ'sB‘grigg?’;r}gs,\? '3, Kushner, J. Appl. Phge, 5593(1996

entific Research. 11p_N. Barnes and M. J. Kushner, J. Appl. Ph§2. 2150(1997.
12p_N. Barnes, Ph.D. thesis, University of lllinois at UC, 1996.
137, Holstein, Phys. Revr2, 1212(1947.

LExcimer Lasersedited by Ch. K. RhodeSpringer, Berlin, 1984 1D, G. Hummer and P. B. Kunasz, J. Quant. Spectrosc. Radiat. Tt)sf.
2|, Nakamura, F. Kannari, and M. Obara, Appl. Phys. L&f, 2057 77 (1976.

(1990. 15H. M. Anderson, S. D. Bergeson, D. A. Doughty, and J. E. Lawler, Phys.
3K. Tamagake, D. W. Setser, and J. H. Kolts, J. Chem. Phgs4286 Rev. A51, 211(1995.

(1981). 18R, E. Olson, J. R. Peterson, and J. Moseley, J. Chem. B8%y3391
4S. P. Mezyk, R. Cooper, and J. Sherwell, J. Phys. CIg8tr9413(1993. (1970.
5B. V. O'Grady and R. J. Donovan, Chem. Phys. L&®2 503 (1985. 7R, E. Olson, F. T. Smith, and E. Bauer, Appl. Op6, 1848(1971).

5H. Hemmati and G. J. Collins, J. Appl. Phy&il, 2961 (1980. M. J. Kushner, J. Appl. Phy$4, 39 (1983.



