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Chemi-ionization by two mercury atoms to produce mercury atomic and molecular ions has been considered
an important process in fluorescent lantpks) for a quarter of a century. Despite the absence of reliable data,
these processes have been included in a number of numerical models to help explain some of the experimental
observations. These models have shown that the most important process is the Penning ionization of two Hg
metastable atoms fﬂ@3P2)+Hg(6 3PZ)HHg++Hg(6 1SO)+e. Although there is no experimental measurement
of this cross section, modelers have typically used values implied from measurements of other chemi-
ionization cross sections, or values obtained by fitting parameters to numerical models to obtain agreement
with experiment. Recent theoretical investigations have indicated that the cross sections for the important
processes may not be as large as previously thought. The aim of the present paper is to critically review the
historical development of studies of chemi-ionization in fluorescent lamps and to present new experimental
evidence which is consistent with the theoretical calculations and contradicts the conclusions from previously
published experiments.
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I. INTRODUCTION considerably smaller than experimental values previously re-

Fluorescent lighting, produced by converting ultraviolet POrted[11-13. In this paper, we present experimental results

radiation from mercury atoms in a gaseous discharge to vigihich are consistent With_ the theor_etical estime[ﬂaf'sl In
rder to resolve these discrepancies, we have included a

ible radiation by means of a phosphor, plays a dominant rol& - .
in the market place. It has been estimated that 80% of thaummary of the most important theoretical results, together

world's artificial light is fluorescenfl]. As lighting compa- with a critical review of previously reported experimental
nies strive for more efficient lighting, research is directed to/€SUlts. In a second paper, we shall demonstrate the impor-

developing lamps with operating parameters which differ@nce of all ionization processes on the power balance in
markedly from the standard operating conditions of the curfluorescent lamps in the light of these results.

rent generation of fluorescent lam(3l.s). In particular, the Il. BACKGROUND

advent of radio frequency generated light sources has pro-

vided the opportunity to dispense with electrodes, which  A. Chemi-ionization between excited levels of mercury

limit the life and efficiency of these lamps. Electrodeless The resonance transition between th#g and 6'S, lev-
operation al_s_o allows these I'c_lmps to operate“a_t much hig;;h%qS of the mercury atorfwavelength 253.7 ninis the prin-
power densities than conventional FL. These “highly loaded'cina| source of radiation in fluorescent lamp discharges. Al
lamps join a family of electroded lamps, which include COM-three levels of the 6P triplet are highly populated in the FL

pact fluorescent lamps of various configurations, convens, .., “especially the upper’B, state. In standard fluores-
tional lamps operating at higher currents, and narrow bor ent lamps, losses due to recombination of ions and electrons

FL for backlighting applications. d deactivation of metastable atoms at the wall comprise
Plasma models have achieved reasonable success in &1 0 - ; . P
L~5/o of the total electrical energy in the discharge, so most

producing many of the observed properties of standard F fth - lated in th B
[2—7]. However, models have been less successful in descrit?' t esexcnatlon energy accumulated in the metastabl,6
and 6°P, states is released as 253.7 nm radiation. This ra-

ing FL discharges under highly loaded conditigBs9]. Re- nd - > £ ]
cent experimental and theoretical investigatiph@] suggest dlatlon. process can also, in principal, be st_rongly influenced
that a major cause of the discrepancy is the lack of fundaby collisions between two mercury atoms i levels. In
mental data concerning the role of atomic and molecular prosuch a collision, the combined excitation energy may be
cesses in the FL plasma, particularly the mechanisms leadirigansferred either to one of the colliding atoms, leaving the
to the ionization of mercury atoms. other in the ground stat@nergy pooling process¢$6]) or

One of the processes considered important in FL disinto formation of an ion and an electr@gohemi-ionizatioi.
charges has been chemi-ionization due to the interaction dfhese two classes of reaction compete with each other, al-
two excited mercury atoms. This mechanism was first prothough chemi-ionization is expected to have a larger impact
posed for FL discharges by Vriers al. [2] and since then on the FL plasma dynamics. Chemi-ionization has been
the effect has been included in a number of numerical modshown to be a dominant process of nonradiative depopula-
els [4-7] using the limited experimentdlll1-13 and theo- tion of excited atoms in gaseous alkali dischargfed.
retical[14] data reported in the literature. Chemi-ionization due to collisions between twéBmer-

Recently, extensive calculations of chemi-ionization crossury atoms may proceed through one of the following chan-
sections in Hg[15] have shown these cross sections to benels:
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Energy 4 R (5) is allowed by the energy conservation law if the depth of
"| Hg;  Hg; the potential well (or dissociation energyof Hg;, D*
Hg(6°P,)+ Hg(6°P,) >1.04 eV (see Fig. 1 Linn et al. [18] reported a value of
D*=1.4 eV, obtained from a photoionization study of 3g
10.38 1= He+ Hg +e For reactions involving two 8P, atoms, both Al and PI
are possible, since the ionizing transition of the quasimole-
cule Hgf (see Fig. 1lis allowed at any internuclear distance
exceeding the turning poik. This is illustrated for the case
of two colliding 63P2 atoms by the lighter shadowed area in
¥ gy He6 'R Fig. 1. It is important to note that such reactions may result
Y in the formation of either a molecular or an atomic ion, the
excess of energy being transferred to the electron. For the PI

, > reaction
R R, Internuclear distance (R)

Hg(6°P)+ Hg(6°Py)
Ekinctio}

9.34

Hg(6 *P,) + Hg(6 °P,) — Hg* + Hg +e". (6)
FIG. 1. (Color online) Dynamics of chemi-ionization in colli-

sions of 6P mercury atoms, Based on data from Coletal. [15], Experimental measurements of rate coefficient for process

(4) have been reported by Tan and von Enddl] and Ma-
jetich et al. [13] and for proces$5) by Sepmaret al. [12].

Hg; +e, (1) Theoretical estimates of cross sections react{dpg6) were
Vs recently reported by Coheet al. [15], in which the calcu-
3 3 + lated cross sections were considerably smaller than those in-
Hg(6°Py) + Hg(6°Pj) — Hg +Hg+e, @ ferred from the experiments. There have been no experimen-
N tal measurements of proce¢8) to date, although values
Hg'+ Hg™, (3) have been deduced by Vrie[] from the experimental data

o ] ] for other processes and by Salaial. [14] from a Boltz-
wherei, j=0, 1, or 2, subject to conservation of total energy mann analysis of electron swarm data.
in the reaction. Reactiofl) is usually called associative ion- The experimental and theoretical evidence for chemi-
ization (Al), (2) is Penning(or Penning-likg ionization(Pl),  jonjzation obtained to date are reviewed in the following
and (3) is ion pair formation. The third channel should not gections. In view of the lack of experimental data for Pl

play a role in the FL plasma, since the electron affinity for[process(G)], the discussion is limited to Al processes.
the mercury atom is low and the negative ion quickly decays,

in effect reducing ion pair formation to PI. o _ )
In the classical interpretation, a collision between two ex- B. Chemi-ionization experiments in mercury vapors
cited mercury atoms can be represented by the motion of the The formation of charged particles in a mercury vapor cell
colliding system along the interaction potential of the collid- jrradiated with 253.7 nm radiation from a mercury lamp was
ing atoms(see Fig. 1. Whether Al or PI can occur depends first observed by Rousdl9] in 1925. Since then, a number
on the energy levels of the excited atoms participating in &f experiments have been designed to measure cross sections
collision. For each pair of colliding atoms, the result is de-of chemi-ionization reactions in mercury cells, using either a
termined by the relative positions on the molecular potentiamercury lamp with a filter to isolate the 253.7 nm radiation
for the neutral quasimolecule formed by the colliding atoms([11,12)) or a short pulse laser tuned to 253.7 (h3,16)).
and that of the molecular ion, and by the distance between Tan and von Engdll1] performed the earliest quantitative
the colliding particles where the ionizing transition takesmeasurement of chemi-ionization in mercury, reporting a
place. In the Al case, the asymptotic energy of the entrancghermally averaged cross section®f,=4.6x 10714 cn for
curve lies below the asymptotic energy for the molecular iorveaction(4). They used a mercury vapor cell containing two
curve, i.e., the ionization potential, as shown in Fig. 1. square electrodes of area 16%meparated by a gap of
During a collision, the system H6°P,)+Hg(6 °P,) trav- 4.3 cm and placed symmetrically with respect to a quartz
els along the entrance potential curve forming an excitedvindow. On irradiating the vapor through the window with
unstable molecule Hgat small internuclear distances. In the resonant radiation from a mercury lamp, a current between
case of a symmetric collision of two ¥, atoms or in a the electrodes was observed and measured. The current was
collision involving 6°P, and 6P, atoms attributed to Al between H@ *P,) and Hd6 *P,) atoms and
3 3 oo the cross section was deduced by assuming that the observed
Hg(6"Po) + Hg(6°Py) — Ho, + e, “@ currenti =ek oV, Wherekm:({mvm is tr?e rate coeffi-
3 3 - cient for reactior(4), oy, is the cross sectiom, is the mean
HQ(6 "Po) + HY(6"Pg) — Hg; + €. ®) relative velocity of théoatomsno andn, are tlr(:e concentra-
Reactions(4) and (5) can only occur when the internuclear tions of the participating species, aMlis the volume be-
distance is betweeR, (the distance at which the potential of tween the electrodes.
the quasimolecule Hg is equal to the potential of the mo- ~ The steady state concentratiamsandn,; were estimated
lecular ion and the turning poinR,. For reaction(5), this by measuring the resonance radiation flux at the window and
corresponds to the darker shadowed area in Fig. 1. Reactiarsing a system of particle balance equations for tHs)ﬁ

056404-2



IONIZATION PROCESSES IN FLUORESCENT LAMPS: PHYSICAL REVIEW E 71, 056404(2005

6°P,, and 6'P, mercury levels. In order to perform this tion (5) is an important contributor to the observed current.
calculation, it is necessary to know the ratjg 7./ 7, where  The reported data, however, does not seem sufficient to con-
e IS the effective lifetime of the 8P1 resonance level due clude that reaction4) did not contribute to the chemi-
to radiation trapping and is the natural lifetime of the reso- ionization current in this experiment. Experiments do, how-
nance level. Tan and von Engel used a constant valug of ever, provide strong evidence for chemi-ionization involving
=2, which is a gross underestimate for the range of vapobinary collisions of 6P, atoms and the reported rate coeffi-
pressures used. Using the formula of Lawler and C[26}, cient should be regarded as an upper estimate of the chemi-
with mercury density divided by 5 to allow for the presenceionization rate due to reactidi®).
of five isotopes of natural mercury, the valuespfs found to Assuming that reactiofb) was solely responsible for the
be between 100 and 1000. The value used by Tan and vavbserved chemi-ionization current in their experiments, Sep-
Engel therefore greatly underestimates the densities of thman et al. deduced a value of the rate coefficient for this
participating atomic species and consequently leads to a sigeaction ofky,=4x 107°cm®s™ (T=295K) which corre-
nificant overestimate of the cross section. sponds to a thermally averaged cross-sectionogf=2.8
Tan and von Engel did not provide enough information tox 1074 cnm?. The derivation accounted for symmetry of the
make quantitativex postiericalculations of concentratiomg  collision, i.e., they assumed that the chemi-ionization current
andn, since the spatially averaged densities of th°’e§’§and in their experiment, caused by binary collisions O?FQ is
63PO atoms in such an optically thick medium strongly de- |A|:%e0'001)01n%v_
pend on the geometry of the cell, which is not sufficiently ~ Another chemi-ionization experiment in a mercury vapor
described in the paper. Further, it is not clear which of thecell was conducted Majeticét al.[13]. In contrast with ear-
atomic levels was responsible for the current, since the relier experiments by Tan and von Engel and Sepeetaal., the
sults may also be accounted for by collisions between twaapor in this experiment was excited by a shdetw nano-

Hg(6 °P,) atoms[reaction(5)] or two Hg(6 °P,) atoms second pulse from a Nd:YAG-pumped dye laser tuned to the
61S-6°P,, transition(253.4 nm and the temporal behavior
Hg(6°P,) + Hg(6 °P,) — Hg} + €, (7)  of the current between two planar electrodes was analyzed.
Majetich et al. reported a rate coefficient for reactiof) of
or combinations of these processes. kio=2.5X 1078 cm® s (T=298 K) which was subsequently

Sepmaret al.[12] performed a similar experiment to that corrected tdkyp=2x 10°1° cn®s™! (see Ref[15]). The latter

of Tan and von Engel, but overcame the major limitations ofcorresponds to a thermally averaged cross-sectiomrgf
the earlier experiment. As in Tan and von Engel's experi-=1.4x 1074 cn?.

ment, the vapor in a mercury cell was irradiated by the reso-
nant radiation253.7 nm filtered from a mercury discharge _ _ o _
lamp, but the mercury vapor pressure was maintained below C. Theoretical estimates of chemi-ionization cross sections
10 mTorr, by controlling the temperature of the cold spotin  Any analysis or theoretical treatment of chemi-ionization
the cell. The chemi-ionization current in the mercury celldynamics requires that the appropriate potential curves are
was measured using a pair of planar electrodes and the coknown with high accuracy, as well as the probability of tran-
centrations of H¢6°P;) and Hg6 °P,) were obtained by sition between the terms of the quasimolecule and the mo-
absorption measurements of théf6— 6 °D transition lines. lecular ion. The ionization probability, the so-called elec-
The current between the electrodes was not detected untilonic width of the quasimolecular term, may be calculated
nitrogen at a pressure of at least 0.05 Torr was added to theased on a particular interaction model. Rigorous theoretical
vapor cell. The energy deficit betweerif, and 6°P, levels  treatments of chemi-ionization are described in RET], but
of mercury (AE=0.218 eV is almost exactly equal to the possibly due to their extreme complexity, no attempt has
vibrational quantum energy of the nitrogen molecule, whichbeen made to calculate cross sections for Al and Pl in colli-
facilitates the effective energy transfer fron?m, to 6P,  sions of mercury 8P atoms until recently15].
mercury atoms in collisions with nitrogen molecules. The Cohenet al. [15] used a semiclassical representation to
fact that no chemi-ionization current was observed in theobtain potential curves of the form illustrated in Fig. 1. The
experiment without adding nitrogen to the cell suggests thatross sections were calculated using a black-sphere approxi-
the 63P0 state is involved in the production of charged par-mation for the short range interactiofi®., the ionizing tran-
ticles, through reactiong&!) and (5). sitions were assumed to occur with unit probability when the
In an effort to determine the dominant reaction contribut-potential curve corresponding to the particular collision
ing to the chemi-ionization current, Sepmeanal. fitted the  crosses the molecular ion term, as given in Fig.The re-
experimentally observed dependence of the current on nitrcsults therefore represent upper estimates of the cross sec-
gen gas pressure to two model functions, one assumingons. Theab initio calculations gave a full set of cross sec-
chemi-ionization solely due to reactio@) and the other tions for chemi-ionization in collisions of @0'1,2 and 6'P,
solely due to reaction(5). At low nitrogen pressure, one mercury atoms, for every combination of the colliding part-
would expect a linear dependence of the current on nitrogeners(see Table | in the paper by Cohenal.[15]), and new
pressure for reactiofd) and a quadratic dependence for re- data for the dissociation energy of Hgwhich is in a good
action (5), with both results converging at sufficiently high agreement with latest experimental measurement by einn
nitrogen pressures. The experimental dependence appearsalo[18]. The cross sections calculated by Colet¢ral. for Al
be nonlinear at low nitrogen pressures, suggesting that reagivolving the 63P0 and 63Pl states are presented in Table |
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TABLE I. Published estimates of Al cross sections in Hgg, To vacuum system
Diagnostic

reaction(4); o, reaction(s); o4, reaction(7). 9!
windows

Stopcock
J10 J00 011 /
(10¥cm?) (10%cem?) (104 cm?) I

Electrodes
el

Tan and von Engél11] 4.6 beam|[T~""""""77
Sepmaret al. [12] 2.8 pg— Asgg:i?:gg
Majetich et al.[13] 1.4

Cohenet al.[15] <0.3 <0.12 <0.17

Excitation
window ' """""""
resistor

along with the earlier reported experimental values.

. _ R Mercury '"'v '
The theoretical cross sections are considerably lower thar
the experimentally obtained values. An experiment designec To measurement
- . . . . Thermostat ;
to help resolve these discrepancies is described in the follow electronics

ing section. .
FIG. 3. (Color online) Mercury cell.

1. EXPERIMENT lamp and observing an optogalvanic signal in the lamp cur-

rent. The same lamf@an Hg-Ar Oriel-model No. 6035 pencil

The experiment followed a traditional approach of irradi- L
ating a vacuum diode containing mercury vapor with reso-s.’tyle spectral calibration soulcevas used to measure the

nant radiation, and observing a current through the diode. Agnewidth of the 253.7 radiation. Calibration of the dye laser

in the study by Majetictet al. [13], the vapor was excited wavelength dial using a 0.5-m m_onochromator and tunir]g
using a nanosecond laser pulse tuned to 253.7 nm. The e 1e laser wavelength off the maximum of the optogalvanic

perimental setupFig. 2) included a vacuum cell with elec- signal provided the linewidth of the 253.7 nm laser radiation

trodes, a Nd:YAG-pumped dye laser, and chemi-ionizatiorfu!l Width of half maximum(FWHM) of 0.20+0.05 nm.

current measurement electronics. All parts were controlledh The [asc_er bea_m:j enteredd a cyllgdrrl]cal Pﬁ’ rehx ceIIl through
by a host computer. the excitation window and passed through the volume be-

A mode-locked Nd:YAG laser, a product of Quantel Inter- tween the electrodes, before being trapped in a carbon-coated

national, model YG471, was used to excite the dye laser. Thgorn-shaped cone with negligible reflection back into the

fundamental wavelength of the Nd:YAG las&t064 nm) electrode areésee Fig. 3. Six-by-four centimeter rectangu-
was multiplied by a third-harmonic generatéivo KD'P lar electrodes were made from 0.5-mm-thick nickel sheet

; o : : and separated by a distance of 2 cm. The optical windows
ccrgjﬁg)ritno gggagyglsi?gl:gf |zét:;2[£§%lgr)e%vg)sr I?Jl;?g ”:g awgre 25 mm in diameter and made from fused silica 012
double the dye lase{Molecron Corporation, model DLAI with 175 nm uv cutoff. A droplet .Of 99.999% pure mercury
output producing a radiation of 253.7 nm, the color require as placed into the cold spot, which could be separated from
for the excitation of mercury atom from thelﬁb ground he cell by a stopcock. The temperature of the mercury cold

state to the épl state. A photodiode and calibrated grey spot was controlled by a thermostat. The cell and the cold

filters were used to measure laser output. To increase thsémt were preheated at 350 °C under vacuum to eliminate

excitation volume in the mercury cell, the laser beam Waémpurities which could potentially depopulate the excited

expanded to approximately 1 cm by a telescope. Radiation O§tates of mercury during the measurements. The mercury
ressure at a given temperature of the cold spot was calcu-

253.7 nm was locked to the corresponding mercury line b ated using the Nesmeianov's table]
directing a part of the radiation into a mercury discharge '9 . s o
Following the irradiation of the cylindrical volume be-

tween the electrodes with the 253.7 nm laser light, electrons

Power Frequenc and ions which were created in chemi-ionization reactions
meter dgumery Dye-laser | |3 harmonic ~ YAG (4) or (5) drift towards the corresponding electrodes. Any
N ] | — i :l resultant current in the external electrical circuit could then
: — = be measured using a load resistor. The voltage pulse on the
........................................................................ load resistor was amplified, then digitized and stored in a fast
Beam_L M. memory to be collected by the data acquisition circuit in
shutter Monochromator

N

Mercury
lamp [,:I

Beam
expander

AR

P To measurement

electronics and host

I -+ T T - computer

FIG. 2. Schematics of the experimental apparatus.

pauses between the laser pulses. The measurement circuit
was calibrated by observing single-electron current pulses
from a photomultiplier. The minimal measurable current was
found to be 0.25 nA, with temporal resolution of 100 ns.

In most of the experiments, the mercury cell was filled
with a buffer gas, nitrogen. As mentioned earlier, collisions
between nitrogen molecules andm, mercury atoms facili-
tate the effective energy transfer from®, to the 6°P,
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0.6
05 — Series 1
Series 2
04 | Series 3
03 | ! — Series 4
— Series 5
02 +
3 0.1 FIG. 4. (Color online) Current
‘g’ 0 signal. Mercury and nitrogen
£ o pressures are 2.5 mTorr and
o™ 2.56 Torr, respectively. Applied
0zt electric field is 27.5 V crit
03 |
04 |
05 |
06 : : : - .
-1 0 1 2 3 4 5
Time (1s)

metastable level of the mercury atom. In the reported experiSince the duration of the laser pulse7 ng is much smaller
ments, high purity nitrogen gas was obtained by thermallythan the time it takes for a mercury atom to move between
decomposing a small amount of sodium azidaN;), which  the electrodes, it is safe to assume that the excitatior?BﬁG
was placed inside the vacuum system in advance and thoatoms is instantaneous. The temporal evolution of tﬁ916
oughly decontaminated by pumping out gaseous admixturesnd 63P0 atoms is then determined by the processes of en-
Chemi-ionization measurements were carried out in theergy transfer between ¥, and 6°P, levels in collisions
following range of parameters: nitrogen pressure fromwith nitrogen molecules, radiative decdfor 6°P;) and
0.5 to 8 Torr, the electrode bias voltage from 1 to 350 V,diffusion (for 63Py): n,(t)=n,(0)e M7 1/m,)t and ny(t)
and the value of the load resistor from ©Qko 1 M(). The :nl(O)(]_+7-N2/Teﬁ)_l(l—e_(]-/’feff*'l/TNz)t)e‘t/Td_ Here my,=1/
mercury cell was kept at room temperature and the tempergy, ny ), whereny, is the concentration of nitrogen mol-
ture of the cold spot with a mercury droplet was varied be-gcyles andy, is the rate coefficient of energy transfer from
tween 0 °C and the room temperature. 6°P, to 6°P, mercury atoms in collisions with nitrogen
molecules, andy is the diffusion time for 6P, atoms. The
losses due to chemi-ionization and energy transfer from
6 3P, to 6°P, atoms are neglected. The rate of electron and
In our experiments we were unable to detect any currenon production due to chemi-ionization ign/dt=dn/dt
between the electrodes which could be attributed to chargedkmni(t)ny(t), where the subscriptd, m=0, 1) indicate ei-
particles formed in the cell under the influence of thether 6‘°’P0 or 63P1 state. The total electron current between
253.7 nm radiation. Figure 4 shows the results of five indethe electrodes is then

IV. RESULTS

pendent series of measurements, carried out at nitrogen gas (drw)2
pressure of 2.56 Torr in the mercury cell at a cold spot tem- 1(t) = | (t)édx (8)
perature of 30 °C. Each series is an average of 150 differen- (d-w)/2 dT

tial signals and each differential signal represents the differ-

ence between a two consecutive current measurements, withered andw are the distance between the electrodes and

the beam shutter open and closed, respectively. The measuif€ Width of the laser beam, respectivedge Fig. , Ais the

ment series were repeated at nitrogen pressures of 5.5 affer beam projection area to the electrédewL, L is the

8.2 Torr resulting in similar current dependencies. electrode lengthand the current from the elementary layer
It can be seen from Fig. 4 that all five measurement serieB, X+dx] is given byl (t) = [tevkinn (N §)dé. Herev, is

provided roughly the same results. Following the start of théhe electron drift velocity and

laser pulsgt=0), the current exhibited a bipolar disturbance

ranging between -400 and 400 nA, returning to the preirra- =% for t=2,

diation level of noise of £150 nA approximately 1.5 later. _ Ve Ve

The disturbance is most likely caused by electromagnetic €= X

influence on the measurement circuits from the YAG-laser 0 for t< o

power supply, rather than by motion of electrical charges N

between the electrodes. The chemi-ionization currents due to reactigdy (5), or

The magnitude and duration of chemi-ionization current(7) which would have maximum values of 400 rfor reac-
is determined by the number of charged particles created bjons (4) and (7)] and 150 nA[for reaction(5)], calculated
the irradiation and by their travel time to the electrodes.numerically using Eq(8), are given in Fig. 6. The current
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TABLE II. Upper limits for Al cross sections in Hg obtained in
the present study. Terminology as in Table I.

1
1
1
1
i
LIS J10 J00 011
.............. LR (10%cm?d) (10%cemd) (10 cnd)
X 1
i Present study <0.1 <0.07 <0.02
- i +
— : [——
l observationg25]; however, in the calculation of the chemi-
- ionization rate coefficient, they used the saturated concentra-
. tion of 3x 10" cm3 [13].
i
. V. DISCUSSION
—»—i_‘_

Excitation of mercury vapor with nanosecond laser pulses
does not seem to be particularly useful for chemi-ionization
experiments in mercury. At high mercury densities, laser ex-
citation leads to a strongly nonuniform distribution of the
excited mercury atoms in the volume. Due to the quadratic
maxima were chosen equal to the noise level observed in th@ependence of the chemi-ionization output on the excited
experiment, see Fig. 4. The effective cross sections inferregiate concentrations, the accurate prediction of the rate coef-
from these calculations represent the upper limit estimateficients is only possible if this distribution is well defined,
(see Table I which is not a straightforward theoretical or experimental

In these calculations, the following parameters of thetask. However, since.; at low mercury pressures is small,
problem have been used-=5cm, w=1cm, ny,=8.2  sych excitation would not result in significant concentrations
X10"cem™,  ky,=3.0x10"cm’s™  [12], 74=15 of 6°P, mercury atoms and chemi-ionization electrons, be-
X10°s [22], 74=5.9x1073s [23], v,=4.6x10F cms?! cause most of the &, atoms, instantaneously excited by a
[24], and the mean relative velocity of mercury atoms wadaser pulse, would decay radiatively before they have a
found to bev=2/7(2kT/ u)*?=1.4x 10* cm s. Estimation  chance to collide with another atom.
of the initial concentration of éPl atoms produced in the Majetich et al. [13] observed a maximum in the current
volume by the laser pulse is one of the most important andome 2us after the laser pulse, followed by an exponential
difficult tasks in chemi-ionization experiments. At the tem- decay with a characteristic time of 2i (see line 1 in Fig.
perature of mercury cold spot 30 °C, the absorption coeffi-7). This current cannot be explained by collisions involving
cient in the center of the 253.7 line is 85¢hand the lightis 6 3P, mercury atomssee Fig. 6. It is also unlikely that this
fully absorbed in 2 mm of its travel path inside the cell. Thecurrent is due to binary collisions of3ﬂ§’0 atoms|[reaction
excitation between the electrodes occurs on the far wings df7)] since this assumption leads to an unrealistically high
the absorption profile. Based on this assumption, we estivalue for the chemi-ionization rate coefficient.
mated the spatially averaged initial density 03ﬂ=§ atoms in A possible explanation for the electron current observed
our experiment to be,;(0)=10"? cm 3. The same value was in the experiments by Majetickt al. is the photoelectric-
initially obtained by Majetichet al. through spectroscopic effect at the cathode. In that experiment, the laser beam

FIG. 5. (Color online) Schematics of electron motion between
the electrodes. Shadowed area represents laser beam.

0.45
—_—1-1
0.4 —10
—00
0.35
0.3
2 oz . .
= FIG. 6. (Color online) Model chemi-
§ 02 ionization current signals for different types of
© collisions.
0.15
0.1
0.05
0 3 3 3 3 3
0 1 2 3 4 5 10 310 510 7-10 9-10

Time (US)
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30

20 4 FIG. 7. (Color online) Chemi-ionization cur-
rent reported by Majetictet al. [13] (1) and

2 photoionization current obtained in present study
by illuminating the cathode with laser radiation
(2, enlarged five timgsThe electrode gap, nitro-
10 1 gen pressure, and bias voltage were 1.2 cm,
5 Torr, 150V and 2cm, 0.6 Torr, 235V,
respectively.

Current, pA

o} 20 40 60 80
Time, us

passed through a cylindrical cell fitted with two windows at sections for reactions chemi-ionization between excited Hg
the ends. In contrast to the cell configuration used in thetoms. They represent an attempt to show the relative impor-
present work(Fig. 3), this would result in the significant tance of all relevant interactions between the lower levels of
reflection of radiation from the second window, a fraction of excited Hg atoms. In particular, the conclusion that chemi-
which would arrive at the cathode resulting in a photoelectridonization processes are of associative, rather than Penning
emission of electrons. The high bias voltage used by Majettype, even when the latter is energetically allowed, will have
ich et al. (E/p>20V/cm Tory most probably leads to a a profound influence on numerical modeling of FL dis-
prebreakdown regime of electron propagation between theharges.

electrodes, with formation of scattered avalanches. We tested The ab initio calculations by Cohert al. [15] show a

this assumption by intentionally directing the lased beam asubstantial cross section for reactions between i@, 6at-

the cathode, and obtained current pulses consistent witbms, which has never been confirmed experimentally. There
those observed by Majetict al. In a further experiment, we is a clear need for a new, definitive experiment to resolve the
detuned the laser wavelength away from the mercury line oéibove issues. Such an experiment should be based on the
253.7 nm and obtained similar current pulses. Figure 7 givesontinuous, rather then pulsed, excitation of the mercury at-
a comparison of typical current signals obtained in theoms either in a low mercury pressure cell or in a cross-beam
present experiment with those obtained by Majetithal.  apparatus, and on direct measurement of the excited state and
The shape of the photocurrent signal in the two experimentshange particle densities in the experimental volume.

is similar, the differences in signal magnitude and decay time Finally, chemi-ionization processes are not the only inter-
probably resulting from differences in the cathode luminanceatomic reactions which may play a role in the physics of FL.
and nitrogen pressure used in these experiments. We therenergy pooling, in which two mercury atoms in particular
fore conclude that the current measured by Majesital.  excited states interact to produce atoms in different atomic

was not due to chemi-ionization. states may influence both the radiation and ionization bal-
ance in these discharges. Experimental observation of these
VI. CONCLUSIONS processes is even more challenging, but use of a similar

) model to that of Cohemt al. could provide valuable insight
We have shown that experiments to measure cross sefgr modeling FL.

tions for chemi-ionization reactions between mercury atoms

are difficult_ both to impleme_nt and to interpret: For reasons ACKNOWLEDGMENTS

discussed in the text, we believe that the experiments to mea-

sure chemi-ionization currents performed to date have been This research was cofunded by ERElectric Power Re-

unable to conclusively identify the atomic processes insearch Instituteand Osram Sylvania, Inc. as part of the

volved or to determine definitive values for these cross secEPRI Advanced Light Source Research Consortium

tions. (ALITE-I: 1997-200). Discussions with James Cohen and
In the absence of reliable experimental data, the calculakee Collins during the course of this work are gratefully
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