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Chemi-ionization of mercury atoms: Potential curves and estimates
of the total ionization cross sections
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Potential curves for Hg(®p) + Hg(6s6p) are calculated in thd S representation and transformed to the
spin-orbit representation using empirical spin-orbit coupling constants. With these potential curves, total
chemi-ionization cross sections are estimated using a black-sphere approximation for the short-range interac-
tion. Long-range barriers, found in some of the potential curves, reduce the thermal-energy cross sections.
Because these barrier heights are rather uncertain, the cross sections are also calculated with their suppression.
The result, for HgtP;) +Hg(®P,) collisions at 300 K, of 30—125 A overlaps the range of experimental
measurements. For the only other pair considered in previous experimentRHgHg(CP,), chemi-
ionization was found to be energetically allowed but dynamically improbable. An upper limit, already lower
than the posited measured value, was established, and the actual cross section is expected to be considerably
smaller; this finding provides additional evidence that the reactants were misidentified in the experiment. The
cross section for the statistically dominant metastable atom8R4y¢ Hg(®P,), 8—11 A2, is also relatively
small. The chemi-ionization cross sections obtained for the other triplet reactants are 33-8f A
Hg(®P,) +Hg(®P,), 17-31 & for Hg(®P,) + Hg(®*P,), and 15-22 & for Hg(®*P,) + Hg(®*P;). The chemi-
ionization cross sections for the singlet atom are large, 116—-2260dHg(*P,) + Hg(®P,), 161-285 X for
Hg(*P,) +Hg(®P,), 105-293 R for Hg(*P,)+Hg(®P,), and 132-397 Afor Hg(*P,) +Hg(*P;). Though
we do not yet have the autoionization widths required for quantitative distinction, the relative shapes of the
neutral and ion potential curves suggest that most of the chemi-ionization will be of the associative, instead of
the Penning type, even when the latter is energetically allowed.
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- INTRODUCTION +HY(*Po), HG("P1)+HQ(Py), HY(*Py)+Hg(*Py), and
Hg(*P,)+Hg(*P;) can Penning or associatively ionize, as
In chemi-ionization reactions, ionization occurs in ther-can be seen in Fig. 1.

mal collisions of two atoms, using the electronic excitation  chemi-ionization is of particular importance in the mod-

energy to ionize the reactarts]. Chemi-ionization is essen- eling of fluorescent lampf2—8], where it is an important

tially a Franck-Condon process by which the relative kineticiyss mechanism. The reactions affect the ionization balance

energy and distance of the nuclei tend to be conserved in the, gy cited-state distributions through subsequent recombi-

transition. D_epgndl_ng on the_relatlve values of the excitation,ation. It is of some importance whether the ionization is

energy and ionization potential, the result canFaningor associative or Penning since dissociative recombination of

associativaonization. Inasymmetriccollisions, excitation of o ) o

L o the molecular ion is much more rapid than recombination
one atom may be sufficient to ionize the other, for exampleWith the atomic ion. Experimentall§d] the dissociative-
the Penning ionization reaction HKgls2s)+Hg - EXP

—He+Hg" +e~, where * designates the lowest manifold of rgcombination rate constant .has. b('aen'found to~1200
excited states. Isymmetriccollisions, associative ionization UMeS larger tr;an the associative-ionization rate constant for
may be possible if the interaction is strongly attractive, but19CP1) +Hg("Po). Only the total ionization cross section
generally a higher excitation is required or both atoms mustSUm of the Penning and associative ionization cross sec-

be excited. For mercury, two ionization paths are possible, tions) is calculated in the present work, although some quali-
tative observations about the anticipated relative contribu-

tions are made.
Hg* (6s6p) +Hg™ (6s6p) Three independent experimeis-11] have measured as-
Hg, +e~ (associative ionization sociative ionization in mercury at thermal temperatures; they
disagree with each other on the magnitude of the cross sec-
tion by about a factor of three but, more importantly, dis-
agree as to what states are involved, #Ry) + Hg(®P,) or
The pairs HglPy)+Hg(CPy), Hg(P,)+HgCPy), Hg(CP,)+Hg(®Py). In this regard, the dissociation energy
Ho(®Py) +Hg(®P1), Hg(P,)+Hg(®Py), and HgfP,) D, of the product molecular ion Hgis critical; it must be at
+Hg(®P,) can only associatively ionize in thermal-energy least1p,—2E(°Py)=1.10 eV to enable associative ioniza-
collisions, while the pairs HdP,)+Hg(*P,), Hg(*P1) tion in collisions of HgEP,) +Hg(®P,) at near-zero energy.
Some studiegsee Sec. Il Aindicate a smaller value dd,
while others indicate it is large enough, although this is not a
*Electronic address: cohen@lanl.gov sufficient condition to prove that associative ionization oc-

= L
Hg" +Hg+e~ (Penning ionization
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0z0 ' ' T T T T T consistent-fieldSCH orbitals. Relativistic effects are impor-
tant for atoms as heavy as mercury. The calculations utilize a
0% E “small-core” relativistic effective-core potential and associ-
ated double-zeta basis set due to Stevetal. [16,17]. In
o0 =P1+1P1 4p,1p this potential, the §, 5p, and 5 semicore orbitals are
treated explicitly and not folded into the potential. At each
ER :_1P1+3P21P+3P internuclear distanc®, the SCF molecular orbitals for the
W :};}:g;a ground state of Hgare determined. These SCF orbitals form
Po+3P2 the basis for a Cl in which the 18 molecular orbitals origi-
000 |- «‘E’ 3p.3p nating from the semicore atomic orbitals are frozen, and a
* 1+3p) full four-electron Cl is performed for the remaining elec-
005 | \*/ Po+3Po trons. This full valence CI generates correlated approxima-
tions to the ground and excited states.
o010 P There have been a number @ initio studies of the po-
2 3 4 5 R‘(’» 7 8 8 ® tential curves of H&+Hg [18—23,2 but none of the curves

arising from Hg +Hg*, with both atoms asymptotically ex-
FIG. 1. Potential curve for Hj and asymptotic energy levels Citéd. The calculation is complicated by the fact that the
(1 a.u=27.21 eV) for Hg(&6p)+Hg(6s6p) with and without ~ HQ(6s6p) +Hg(6s6p) states are partially embedded in an
spin-orbit coupling. The zero of the energy axis is taken as theelectronic continuum. It is not possible to include the infinite
energy of Hg (ground state)Hg*. The atomic ionization poten- continuum of states, but the interactions are stabilized by
tial of Hg is 10.44 eV and the excitation energies of the two exciteddoing a full CI. A further complication in the identification of
(6s6p) atoms range from 9.33 to 13.41. eV rglatlvg tp the gro‘fnd‘purves comes from the configurations of HgHg~ 3 These
state atoms. The range of our theoretical dissociation energies States start above thP + 3P asymptote but plunge through

shown with circles, that of experimental dissociation energies with[he neutral manifold of states at finite valuesrodnd. there-

diamonds. The dashed line indicates the minimum dissociation eq‘_ore require careful disentanalement. This is a larae calcula
ergy required for associative ionization to occur in ERg) » e 9 ) 9

+Hg(®Py) collisions at zero incident energy. tion; with 45 virtual orbitals, as many as50 000 configu-
rations result, depending on the symmetry. Up to 15 roots of
curs in the actual dynamics. In the present work, we calculatéhese large matrices must be extracted; this is done using the

the potential energy curves for Kigas well as potential Davidson methogi25] and is the most computationally time-
curves for H§ needed for all ten of the Hg6s6p)  consuming part of the calculation. There are 36 distinct states

+Hg* (6s6p) reactions. in the A S representation having 18 different molecular sym-
Besides the chemi-ionization reactions, energy pooling, metries »*3X* 7 II,A),,, where the numerical super-
script gives the spin multiplicity;- or — the reflection sym-
Hg* + Hg* —Hg** +Hg, (2)  metry of S statesy, II, or A the component of electronic
angular momentum along the internuclear aXis 1, or 2,
nd the subscrig or u, the parity. They are listed in Table I.
he calculatedAS potential energies are shown in Fig. 2

where Hg* is an excitation to a shelh=7, is possible.
Reactions 1 and 2 compete, but chemi-ionization is expecte.
to have the larger cross section when allowed; such a rel

tionship has been observed experimentgllg,13. Our po- 26]. b h  the otherwi )
tential curves are relevant to both, but the basis set is prin- |t ¢n be seen that some of the otherwise attractive poten-

cipally designed for chemi-ionization. In a discharge, thetial curves exhibit small barriers0.001 a.u.) at large dis-

highly excited state Hg is fairly easily ionized by electron tances(6-8 A). Such barriers could drastically reduce the
collisions so that the result may effectively be the samelonization cross sections at low temperatures, but long-range

albeit attained with an additional step. barriers are notoriously difficult to get accuratelyaib initio
electronic-structure calculations. In addition to the attractive
Il. POTENTIAL CURVES R~® van der Waals potentials, some of the states are ex-
pected to haveR™° potentials, which may be attractive or
A. Configuration-interaction calculations repulsive. The latter interactions come from the long-range

Our theoretical approachl4] describes the interatomic
interactions affecting chemi-ionization by a complex poten-
tial: the real part is the potential eneryyand the imaginary ~ *The four highest lying virtual orbitals were omitted from the Cl,
part is (halfy the autoionization width. These quantities as they correspond primarily to tisdike components ofl functions
depend on the internuclear distarReand are different for in the core and are not expected to contribute significantly to the
each molecular state formed from the pair of reactant atomi¥alence correlation energy.
states. We have calculated the potential curves withatihe 2Some of these results were actually based on calculations on the
initio code MESA [15]. It determines the molecular wave Mg, or Zn, molecules.
functions in theA S representation using a Gaussian orbital *The atomic negative ion Hgdoes not existi.e., the electron
basis set and configuration interacti@@l) based on the self- affinity is negative24]), but such configurations are still important.
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TABLE I. Symmetries of states formed from Hgg®p) -+ Hg(6s6p) without spin-orbit couplingHund’s
case(a)]. The orbital angular momentum projectionsL(l,mLz) on the internuclear axis are given after the
molecular symmetry, and their designations in Tables IlI-XIII are given below.

3P+ 3P singlet states

'35 (00) S5 (+-) S (+-)
EY E3 =
3P +3P triplet states
*%; (00) Bi(H0) (o)
EY EY E¢
3P+ 3P quintet states
°3 5 (00) 34 (+-) 53 (+-)
EY EY EY
1P+ 3P triplet states
(=) g (+-) OMEES
Ed El, Es
*M4(0+) [14(+0) ST1,(0+)
E%4 E?S ELZEZ
1P+ 1P singlet states
'35 (00) i) S (+-)
Ed; Eds Els

I4(+0) I,(+0) TAG(++)
Eg EY EY
*[4(+0) 5TI,(+0) SAL(++)
E¢ Es Es
*[14(+0) SII,(+0) PAg(++)
ES Eg Ef
33, (+-) %34 (00) 33 1(00)
Elo Efs El
31,(+0) W(++) AL+ )
Els Ef Els
HI,(+0) HI,(+0) AL(++)
9 u [¢]
Ef Els Ed

interaction of the quadrupole moments of the atoms, neithet.1 eV/[29], and 1.46-0.02 eV[30] and a previous theoret-
of which is in an§ state[27]. Bumps appearing at smaller ical value of 0.67 e\[31]. The largest of these values, from
distances in the potential curves are generally due to avoidegl photoionization experimef80], is the most precise, but is

crossings.

possibly inconsistent with experiment$2,32, which ob-

In addition to the excited states, the potential curve of theserved excitation of Hgf above 9.0 eV. A dissociation en-

molecular ion Hg is also needed. This is a relatively simple
calculation. Using the same core potential, basis set, and
full valence CI based on the H@CF orbitals, we obtain a
dissociation energyD,=1.27 eV atR.=2.95 A, which
may be compared with experimental values of 0.9[28],

020

E (au)

[} 7

R(A)
FIG. 2. Ab initio potential curves for Hg(€p) +Hg(6s6p)

and Hg+ Hg" without spin-orbit coupling(in the AS representa-
tion) [26]. The molecular symmetrlin Hund’s casega)] is desig-
nated as follows: number detd +angular momentum of states,
number dashesl+angular momentum ol states, excepk
=dot dash, an&} =dash dot.

ergy of 1.4 eV would preclude dissociative-recombination
&citation of Hg* above 9.0 eM[12], but emission from
states lying above that level has been obsef1€¢32. This
interpretation supports a smaller valuef~1.0 eV[33-
35], but the observation may be alternatively explained by
nonthermal electron collisions with Pigor recombination
with vibrationally excited Hg [12].

We also did a hybridB3LYP) density-functional calcula-
tion [36,37 on Hg, and obtainedD.,=1.50 eV atR,
=3.02 A. Thus our two calculations bracket the precise ex-
perimental value, and both would allow associative ioniza-
tion in thermal HgéP,) + Hg(®Py) collisions. In subsequent
considerations, we use the Hgotential curve obtained in
the configuration-interaction calculation since consistency
with the excited-state calculations is most important.

B. Spin-orbit coupling

The above states are not yet usable to describe the ob-
served interactions since spin-orbit coupling is essential to
understanding the mercury atom or dimer. In the real atom,
the 3P and P LS states are split intdP,, 3P,, 3P,, and
1p, levels. The spin-orbit matrix elements are derived from
the experimental atomic energy levels. Because the molecule
is symmetric and core breaking is weak, we assume that the
same spin-orbit matrix elements can be used at finite inter-
nuclear distances; this approach proved satisfactory in earlier
noble-gas excimer calculatiofi38].

The matrices representing the spin-orbit coupling are de-
termined as symmetrized, spin-adapted sums overAtBe
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TABLE Il. Symmetries of states formed from Hgt6p)
+Hg(6s6p) with spin-orbit couplingHund’s casec)]. The num- [LSmmg)= E (LSm mg|jm;)|jm;). (4)
ber of times each molecular symmetry occurs is shown in parenthe- J.m;
ses if greater than one.

3p,+3p, 0 (3),0(2),15(2),1,(2),24(2),2, 34,34, 44 T'he asymptot!c limit of a mo!ecu_le of sp® without inver-
3P,+3P; 07,00 ,05(2),0;(2),14(3),1,(3),24(2),2,(2),34,3,  Sionor reflection symmetry, is given by
3p,+3pP, 0.0, .14,1,,24,2,

3 3 + —
P,+3P, 04 (2).0; ,14,1,,24
3P, +3P, 0,(2),0, 14,1, [RiL1S;LoSmy,mAS)
3Py+3Py 0y
P3P, 04,04 ,05(2),0,(2),14(3),14(3),24(2),2,(2).3;.3, ~ > (S1ms S,ms |SMs)|L;Symy ms )
1p,+3p, 04(2),05(2),05,0, ,14(2),1,(2), 24,2, Sy TS,
1 3 - -
P.+°P, 0y .0, 14,1,
X|L,S;m _mg ), 5
1P1+1P1 og(z)’oa’lg’lu,zg | 282 L2 SZ> ( )

states. With spin-orbit coupling, the 365 [Hund’s casda)] ~ Where the asymptotes are designated by subscripts 1 and 2,

states are turned into 90 spin-orbit stafelsind's case(c)], A =[m_ +m_|, andmg=mg +ms . Note that there can be

listed in Table II. For this purpose we need to transform themore than one molecular state with the sdm® asymptotes

spin-orbit coupling matrix from th€ S representation to the but distinguished byn_,m.

AS representation, in which the molecular potential curves e assume that the spins are not recoupled at fitéad

are calculated. We start with the spin-ort0) matrix for  that the asymptotic spin-orbit coupling constants are still a

one excited 86p atom, reasonable approximation at finie Spin-orbit interactions
with other atomic configurationg39], e.g., &7p or those

- 0 0 0 that would open the core, are partially taken into account by
the effective values of the parameters. We neglect spin-other

0 -¢g2 0 )\gl\/f ) orbit and spin-spin couplings as well as two-center effects

0 0 L2 0 mj»m;? and the small hyperfine interaction with the nuclear spins.

0 M/\/E 0 e With these assumptions,

)

Vso(LSj;L'S'j")=

|R;L181L282mL1mL2;AS>
where the order of the elementsiB,, P, 3P,, and P,
with parameters derived by Miesetal. [19], ¢

=4265.65 cm?!, A=0.757693, and e=E(L=1,S=0) ~ > <|_151lemSl|j1mjl><|_252mL2msz|j2mj2>
—E(L=1,5=1)=11793.024 cm®. This yields the experi- j1miiz.mj,

mental Hg(&6p,25"1P;) energies correctly to three decimal oo

p|aces(in Cmfl). ’ X<SlmSlSZmSZ|S%> |Rrslj ISZJZ;Qmjlmj2>1 (6)

For one atom,

TABLE lIl. Spin-orbit matrix for 0; statesa=2""2 b=3712

EY 0 0 a bs 0 0 0 0 0 —bN¢ 0 0 0
0 EJ a 'b¢ -b¢ 0 0 0 0 abn{ 0 —abn¢ O 0
0 a bs EZ a’; 0 b —a¥ 0 0 0 a’\{ 0 0
a bs —b¢ as¢ Ed-a%, —ab¢ a’b¢ a*z —a%;  a\¢ a\{ 0 0 0
0 0 0 —a’b¢ EY 0 a’b 1 0 0 —ab\/ 0 0 0
0 0 b¢ ab¢ 0 = a’b ¢ 0 —bx¢ 0 —a’bn¢ 0 0
0 0 —a’; a‘t a’b ¢  av 't E-a%t a?; a’\¢ a’\¢ 0 0 0
0 0 0 —a?; 0 0 a%; Efo—¢ 0 0 an{ 0 0
0 abn ¢ 0 a\¢ 0 —b\¢ a\¢ 0 EY, —a? 0 0 anxg
—bn¢ 0 0 ad\¢ —ab\{ 0 ad\¢ 0 —a’%¢ EY, 0 0 ant
0 —abNg  a\{ 0 0 —a’bn¢ 0 an{ 0 0 Ed—a%. N 0
0 0 0 0 0 0 0 0 0 0 N ES, O
0 0 0 0 0 0 0 0 an{ an{ 0 0 EY%
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where(Q) = |mj1+ mj2|, mj, =m_ +msg, and m;,=mg,+mMs,. The quantum numbemjl,mj2 distinguish different molecular
states having the sanf® and asymptotiS; ,j1,S,,j,. The symmetrized molecular wave function is then given by

2 2
[RiLiSiLaSome,me i ASPH~[e (1) +6,(2)2] M ep(1)*+65(2)%] 722, er(i) 2, cp(k)

Xj mEj N (LiSimy mg |jam; )}(LoSmy ms [jom; ){(Sims S,ms | Sm)
1Mjpd20 M,
X|R;S1j1S5)2;my m; ), @)

wherep designates the paritynversion symmetryof the homonuclear molecule amdiesignates the reflection symmetry of
(=0 states. The symmetrization coefficients are given by

Cr(l)=11
(=15 if Q=0 and {A+#0 or[(S;,L;)#(S,,L,) and m,_lqéO]}
¢ (2)= . 8
0 otherwise,
with r=+1(—1) for 0*(0~) states and
cp(1)=1,
(=)= 9pif (Sy,Ly, ML) #(S,L2, M)
Cp(2)= . ©
0 otherwise,

with p=+1(—1) for g(u) states.

We designate the initial and final states by unprimed and primed quantum numbers, respectively, and transform the
spin-orbit coupling matrix to thé\ S representation, where tlab initio potential curved/, are calculated. The final form is
given by

vmfp)(RLllezsszlmLzASpro;RLisiLgs;mﬁlmLZA's'prg)
=(RL1$1LZSZmL1mL2ASprO|Hg‘s)+vso|RLiSiLéSém,’_lmﬁzA’S’pr[))
:VO(RLlleZSZlemLZASprO)5L1,Ling,Lé5Sl,81582,%58,8’5mL1,m|’_15mL2,ml’_25A,A’
+e(1)2+¢1(2)%1 M ep(1)?+¢p(2)%1 Y e/ (1)2+¢/(2)%] Y ep(1)?+cy(2)2]17H2
2 2 2 2
X2 e 2 (k) 2 erli) 2 cpk) X [VsdLaSijaiLiSlina, 1yds, s,

i'=1 k'=1 jllinjivjé
’ r
MMy My, My,

+VsoL2Sj2;L5Si2) 01, ,Li‘sSl,SiKLlSllemSl“ 1m; N(LoS,m mg [jom;,)

X(LiSimi, ms,|j1m] XL2Sm{,Ms |j2M] )($1Ms, S;Ms, |SMy)(Si Mg, $;Ms|S'Ms) Sy vy Sy iy .+ (10)

wherer, designates the reflection symmetry of the=0 0" or 07, the same reflection symmetry for evérand the
equalities| Q= A|<S occur.Q =0 states occur fofQ—A[  coupling. In all cases presently considereg=L,=1.
<Sif S+ro+r is even and fofQ+A[<Sif S+ro+r is The analytic matrices resulting from E@.0) are given in
odd. By virtue of thes functions and Clebsch-Gordan coef- Tgples 111-XIII for the 05 , 05, 14, 24, 34, 44, Oy, OF ,
ficients, mj =m; , m_=m;, and m; +m_=m; +m{ 1 2 and 3 states, respectively. The,4um vanishes,
=), so three of the sums in E@L0) are trivial. It can be and, as can be seen in Table VIII, thg gtate is pure5Ag,
seen that the noR- states contribute in pairs to both thé 0 shifted by energy. The unitary transformations yield sym-
and 0 states. The& ™ states contribute to only one of the metric matrices, but they are shown in full for clarity. These
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TABLE IV. Spin-orbit matrix for Q; statesa=2""2 NN e
OO0 o0 OO0 oS o N‘5 o N(U o (\,‘< &< ﬁr
Ed—a% a*¢  —a% ad\{ -—-ad\{ a’\¢ 0 | P e a
a*¢ EJ-a*? at  a\¢ a; ad\{ 0
—a % B¢ 0 0 0 ang Z s Z %
a\¢  a\¢ 0 EY, 0 a?¢ 0 GOH OOy OL e oy m'g‘fs
—a’\; a\¢ 0 0 EY, 0 al l \ L
a’\¢ a’\¢ 0 a?¢ 0 ES, 0
0 0 ax 0 a 0 E%-a? = P ~\n -
£ ¢ 15— 2 <:><:,<<:>c:>f‘°;;c:><:>(<,<<:>cacfé“s’“o5’5')0(:,<
© © ©
|
matrices take all molecular symmetries into account and are || |
irreducible. In particular, th€)=0 states, in Tables llI, 1V, 2 (;2" Yoo oS
IX, and X, separate 0 and 0 states, which has not always we° © CLeFwCoWe W
been dondg38,19. These matrix elements depend only on '
theab initio Hund’s casda) energies, as a function &, and . . -
the two fixed spin-orbit parametetsand \. Before the nu- P P o s =
. . . . . . QOMMOO_QNGOOOOHON ONCU
merical diagonalization, thab initio asymptotic energies are o | % © |
shifted slightly to agree with the experimental values. In all,-
cases, the energies obtained in Re»x limit then agree T(:o - - -
precisely with the experimental atomic energies. u chf U P ‘©
. (Qrp) . . . o & é o T Q OO0 4+ ©o o oo
The matricesv are diagonalized to get the potential = W | T o
curves with spin-orbit coupling as a function Bfas linear S w
combinations of them,_ my, AS states. In the adiabatic de- «
| [\ a ot [\
scription of chemi- |on|zat|on these states are uncoupled, bu {q ool o Poodio ol
more precisely, transitions may sometimes occur betweef @ 2 rlvs @lﬂ © X
them due to dynamical effects. A case where such coupling i§ w
essential is found in the H&P,) + Hg(®P,) reaction. & .
-§ o~ g & EEEN
o “ ! = = ©
lll. CHEMI-IONIZATION CONSIDERATIONS E CTCCe %%
© L
A. Model -
The_ chemi-ionization reactions are described by complex S &: N‘j N;" o
potentials of the fornj14] £ ‘|‘5 °C%w®° L° clts © clu ©c oo
n w
i >
W(R)—V(R)—EF(R). (12) f ERY o,
2|ogfontfonoisisos©
. ) . o < ™ ™, ™
The interatomic potentials, for the resonant staggspar- "~ ' © © © o © [
tially embedded in the electronic continuum, are
-~
S N o0 o
V(R)=(¢:[H| o), (12 O% s O W oy O‘*;';mrlﬁ e Omtlﬁ °°
©
whereH is the total Hamiltonian. Thab initio calculations -
are performed in the\ S representation and spin-orbit cou- o o T s o ;,2" oo o
pling is taken into account as described in Sec. II B. CefUeCaweee @ ©
The autoionization width is given by the on-shell expres- ©
sion -
S N BN )
) %"%"ﬁmmﬁhgﬁnommofﬁoofo
I'=2mpe|(Ad . xe(E)[H—E[)|*, 13 Poe e ©
where ¢, is the molecular-ion wave functiory(E) is the oy, N
. . . S oy S w9 m < < n
scattering wave function of the emitted electron at energy SOy p oogyoosoo
E, A is the antisymmetrizing operator, apg is the corre- ! Lo ©
sponding density of states. We have not calculated the ion-
ization widths directly but can make preliminary estimates of . o 2o
the chemi-ionization cross sections by taking into account v e £ 2 Nc‘; Nc‘;
the following expected behaviors: TS S8ocoocococoo%®™ ol o
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TABLE VI. Spin-orbit matrix for 2, statesa=2""2 b=3"12

EY b¢ 0 0 0 0 0 ab\{ —ab\{ 0
b Ed+a%l —a%f at a*t —a’b¢ —ad\¢ 0 a\¢ 0
0 —a? EY 0 a% 0 —ang 0 0 0
0 a’; 0 ES at 0 0 —a’\{ 0 0
0 a‘t a’l a’¢ Ed+a*s a’b 1 a’\¢ 0 —ad\¢ 0
0 —a’b¢ 0 0 a’h1¢ EY, 0 a’bng br{ 0
0 —ad\¢ —an{ 0 ad\¢ 0 ES, 0 a%¢ —an{
abn{ 0 0 —a’\{ 0 a’bng 0 Ed+a?¢ 0 0
—ab\{ a’\¢ 0 0 —ad\¢ br¢ a’¢ 0 EY ang
0 0 0 0 0 0 —an{ 0 ang EY
(1) The potential curves arising from the asymptote of the Ebﬁ
reactant pair of atoms are most important for chemi- V(Ro)+ —=E, (14
ionization, though other curves may participate via curve Ro
crossings.
(2) The attractive curves contribute most to thermal*°
chemi-ionization since the ionization width can be expected V(Ry) | 2
to decrease exponentially with increasing internuclear dis- boz( - T) 0 (15
tance.
(3) The ion core plus free electron can be in a singlet orgnd the cross section is
triplet state, and its interaction with the resonant state con-
serves spin. Thus quintdtS states cannot chemi-ionize, and 5 ) V(Ry)
spin-orbit states that have mainly quintet parentage will have o(B)=mbo=mRg| 1— ——]. (16)

widths correspondingly reduced.
(4) The ionization widths tend to be larger when the en-Since the largest contributions to thermal reactions are due to
ergies of the ejected electrons are small and to be approxgttractive potential curves, which can bring in large impact
mately proportional to the overlap of the two atomic chargeParameters, the cross sections can be much larger#Rgn
densities. at low collision energies—up to one order of magnitude at
The approach we use to estimate the cross sections is30 K. A cross section of the form of E(L6) has the pecu-
black-sphere model in which ionization is assumed to occuli@r property that the thermal average cross section, inte-
if and only if the classical turning point is less thaty grated over a Maxwellian distribution, is of the same form,
=min(R,Ry), whereR, is the distance at which the neutral V(Ro)
. . — 0
potential energy becomes higher than that of the molecular U(T):WRS< 1— )
ion [infinity for Hg(®P,) + Hg(®P,) and higher asymptotgs kT
andR; is the black-sphere radius. We take, as a compromise
Rs=4 A in all cases—by point4) above, chemi-ionization
in the lower-lying states might be favored by being closer to Ebg
the ion curve, but the higher states might be favored by their V(R)+ — > E, (18
smaller atomic ionization potentials and correspondingly R
greater overlaps. For the lowest four asymptoté®,(
+3Py, 3P1+3Pg, 3P;+3Py, and®P,+3Py), R=Rsand

17

' If, at some distanc®&> R,

then the cross section will be reduced. For convenience, we

the results are fairly insensitive to the choiceRyf, but for define
the higher asymptoteR, is essential. V(Ry) | Y?
Ignoring, for the moment, the three-turning-point cases, bx=( TTE ) X s (19
which may arise from long-range barriers or curve crossings,
the largest impact parametdy, that will penetrate toR V(Ry)| 12
=Ry in a collision at energy satisfies b= ( 1— ?S) < (20)
TABLE VII. Spin-orbit matrix for 3, statesa=2"%2 and
E§+a’l a’f —a’\{ TABLE VIII. Spin-orbit matrix for 4, states.
a’¢ Edy+a?l a’\¢
—a’\{ a’\¢ Edst+a’l Edot{

012717-7
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TABLE IX. Spin-orbit matrix for Q statesa=2"12

Emr<T>=(kT>—2fwai+w<E>Eexp(—E/kT)dE,
0

Ei—a’? a*t ad\¢ —a\¢ 0 o5
a*f Ei-als  a\{ —ad\¢ 0 (25
a’\¢ a’\¢ = —a% 0
—ad\¢ —ad\¢ —a% EY, 0 at temperaturd.
0 0 0 0 Ef,—a?¢
B. Cross sections
V(R)| 12 The chemi-ionization cross sections are calculated in the
b= min (1_ ( )) R} black-sphere approximation. Because of the uncertainty in
b . .
E the long-range parts of the potential curves and the sensitiv-
for R=min(R,Ry) and V(R)<E. 1) ity of the thermal reaction to this region, we present cross

sections both with and without the potential barriers. Tunnel-
ing can be expected to be quite improbable for the heavy
mercury atoms, so the chemi-ionization reaction will almost
certainly not occur at collision energies much below the bar-
rier height(making the Maxwellian tail particularly impor-
tany. Certainly the centrifugal effect is real; however, the

We defineR, to be the value oR that maximizesV(R)
+ Ebf,/R2 at R=min(R,Ry). Then the cross section without
a barrier is

nb _ ; 2
o"(E) = {min(b,by)T*, (22) effective barriers depend on the sum of the centrifugal po-
and with a barrier tential and the various long-range interatomic forces. The
' barriers seen in thab initio curves generally appear in the
a(b)(E)zw[min(bX,bs,bb)]z. (23) regionR=6-8 A. Forces, repulsive or attractive, at smaller

distances are largely due to the molecular electron density.
Associative and Penning ionization cannot be quantitaBased on these considerations, the test calculations suppress-

tively separated, or electron energy distributions obtained, bj’d ong-range effects were done by ignoring barriers occur-
the present model. The total chemi-ionization cross sectiondnd at R>5 A, but not modifying the potentials aR

are given by a statisticallyangular momentuinweighted <3 i . )

sum over all the potential curves arising from the pair of Ve now consider each of the ten possible reactions sepa-

. 25+1 25 +1 rately at specific energig=kT=0.00095 a.u. and the ther-

reactants = Py andi’= Par, mal average af =300 K. The relevant parameters for the

(2 1) Y21, 4 1) Y2—5 )L various potential curves contributing to the cross sections at
o= (201 2]+ D)2 6) this energy are given in Table XIV.

X er (2= 8000, (24) 1. Hg@Po)+Hg(°Py)

The potential curves relevant to associative ionization in
where the sum goes over the molecular states listed in Tabkollisions of two HgéP,) atoms are shown in Fig. 3. From
[I. This sum reflects the double degeneracy of the-0 this asymptote there is only one potential cu(m‘eoér sym-

states and the pairing gfu states in the case of nonidentical metry), and it does not cross the molecular-ion curve. Thus
states. ionization isadiabaticallyforbidden. However, this potential

In the general case, including E@3), the thermal aver-
age of the cross section is not as simple as (@ and is
obtained by 15-point Gauss-Laguerre quadrature of the intdar ion. At the avoided crossing, there is a finite probability

curve has an avoided crossing with a potential curve, arising
from the 3P, + 3P, asymptote, which does cross the molecu-

gral, Phop Of switching curves, which can be estimated by the
TABLE X. Spin-orbit matrix for q, statesa=2"2 b=3"12
E} 0 a bs —b¢ 0 0 abx{ 0 0 —abn¢ 0
0 = 0 a’¢ 0 a?¢ 0 0 ang 0 0
a bs 0 E4 a¢ b —a¥ 0 0 0 a’\¢ 0
—b¢ a’¢ as¢ El—a% a’b¢ a*t a\{ a’\{ —a’\¢ 0 0
0 0 b ab/ EY a®b 1 —b\¢ 0 0 —a?b\{ 0
0 a?¢ —a¥ a‘t a1t Eg—a‘l a’\¢ —a\{ —ad\¢ 0 0
ab\{ 0 0 a\¢ —b\{ an\¢ Es 0 a?{ 0 an{
0 0 0 a’\¢ 0 —a’\¢ 0 EY, 0 al 0
0 an{ 0 —a\¢ 0 —a\¢ a% 0 EY, 0 —ang
—abx¢ 0 a’\¢ 0 —a%bn¢ 0 0 alz 0 EY—a%l 0
0 0 0 0 0 0 an{ 0 —an? 0 ESs
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—a’bn¢

a’bn¢ 0
a’\¢ 0

—a’bn¢
0

341/2

, b=
a’bn¢
0

E241/2

0
0

0
ab¢
—a’b¢
a’b¢
asb¢

TABLE XI. Spin-orbit matrix for 1, statesa
a4b41§

—-b¢ abZ abZ -b¢
5 0 a’¢ 0

E>
—b¢

ab?
abl
_bé’

a%¢
a*¢
0

at¢
Es

0 EY

a’¢
0

as¢
Eg—a?¢

a*t
0

a?¢
—a*b¢

a¢
a*t
a’b¢

u
7
a4b41§

0
a’b¢

0
a’b¢
_a2§

0
0
0
0
a’bn¢
—a’bn{

0
0
abn¢
—abn¢

_a3g
—ad\¢
—a\¢

0
0
0
0

0
0
a’\¢
a’\¢

a¢
a’\¢
—ad\¢

a

0
0
0

a’\¢
0

0

0

—ab\{
0
—asbn¢

0

0 0
a’\{ —a\¢

—a’\¢

0
0

0
a’\¢

a’bn¢
0

0 0 a’\¢ 0
0 0 0 0 0

—a’bn¢
0
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TABLE XII. Spin-orbit matrix for 2, statesa=2"2

Ed+a®y &%  a¥% a*t a\¢ 0 ad\¢
a3 = 0 a’¢ 0 a’\¢ 0
a’¢ 0 EY a’¢ 0 —a\¢ 0
a*¢ a’¢  a% Egt+at? —ad\¢ 0 —a\¢
ad\¢ 0 0 -a®\¢  EY, 0 a%¢
0 a’\¢ —ai\{ 0 0 EYs+a%s 0
ad\¢ 0 0 -a®\¢  a% 0 EY,

Landau-Zener-Sttkelberg(LZS) model using the properties
of the potential curves in the vicinity of the avoided crossing.
In terms of the diabatic?Ag (labeled 3 and 32§ (labeled 2
potential curves, the probability of hopping Is given by

Phop=€" 27, (26)
where

m(V],)?

Y= : (27)

v

d
ﬁ ( Vgl_ ng)

At the crossing distanceRS=3.12 A, the slopes are
dV¢/dR=—0.0130 a.u. andV3,/dR=0.0268 a.u., and the
coupling is given by half the adiabatic splitting, i.é/ﬁz
=3(E5,—E$)=0.00163 a.u. The crossing potential energy
is V4,=V%,=—0.0130 a.u., which yields the velocity=
(—2V,/u)¥?~3.8x10 % a.u. for thermal collisions E
<V,), neglecting the centrifugal potentignly small im-
pact parameters can reach the crossing with the ion curve,
which occurs very slightly below the asymptotic energy
Thus we obtainy=0.55 andPy,,=0.33, sensibly indepen-
dent of collision energy at low-to-moderate temperatures.
The cross section can then be written

_ 2
o= bedphoppion )

whereb,q is the largest impact parameter that will penetrate
to the distance where theoppercurve crosses the Hgcurve

and P,,, is the conditional probability that ionization will
then occur. A barrier in thab initio incident curve at~7 A
would preclude the reaction &=0.00095 a.u. With the
barrier suppressed, thgper limiton the associative ioniza-
tion cross section for HJP,)+Hg(P,), obtained with
Pi,n=1, would bes("?=67.9 A2, The hotter atoms, con-
tributing to the thermal average at 300 K, enable some reac-
tion cross section even with the barrief?=12.4 A%, and,
neglecting the barrier("?=62.1 A2. In this case, however,
the black-sphere model is not expected to be realistic. The
value of P;,, can be expected to be significantly smaller both

(28)

TABLE XIIl. Spin-orbit matrix for 3, statesa=2"%2

Ei+a?l a’l a’\¢
a’¢ Ey+a’l —a’\{
a’\{ —ai\¢ EY,+a?¢

012717-9



JAMES S. COHEN, RICHARD L. MARTIN, AND LEE A. COLLINS PHYSICAL REVIEW A66, 012717 (2002

TABLE XIV. DistancesR, potential energie¥, and corresponding impact parametbraf black sphere
(subscripts), crossing with molecular-ion curve if angubscriptx), and potentialincluding centrifugal
barrier outsideR if any (subscriptb), for potential curves contributing to chemi-ionization cross sections at
collision energy 0.000 95 a.u. Numbers in square brackets denote powers of 10.

Black sphere Continuum crossing Centrifugal barrier

Reaction Symmetry Rg Vs bs Ry Vy by Ry Vp by
3Py+3Py @

Og+ 4.00 -9.54-3] 1329 297 -6.20B3] 8.15 7.60 1.1p3] 0.00
3py+3Py

Oy 400 -1.69-2] 17.33 296 -1.392] 11.70 7.71 9.744] 0.00

1, 400 -8.31-3] 1249 320 -1.12] 1165 7.50 1.3k3] 0.00

0, 400 -19%4] 439 370 -7.1p4] 489 759 7.1p4] 3.80
3py+3P,

Og+ 4.00 -8.20-3] 1241 297 -2.2B2] 1469 7.68 2.824] 6.44

1, 400 2.694] 339 412 2.0B4 365 757 85F4] 237

24 400 -6.37-3] 11.10 3.64 -1.082] 1254 7.54 1.513] 0.00
3p,+3P,

24 400 -1.783] 6.78 507 1.0f4 479 755 1.1B3] 0.00

2, 400 -4.7%3] 9.79 505 -39B5] 515 7.59 1.0#3] 0.00
3p,+3P,

1, 400 897-4] 095 813 2.0B4] 7.19

34 400 -1.482] 16.29 842 6.4 499 7.64 9.4p4] 0.22

1, 400 -1.29-3] 6.14 811 1.884] 7.29 6.56 5.2B4] 4.37

2, 400 -3.5%3] 870 829 4.4f4 6.07 735 6.5p4] 4.12
3p,+3P,

Og 4.00 -1.34-3] 6.22 468 5.9F5] 4.53

3 400 -4.784] 4.90 7.63 9.834] 0.00

44 4.00 -2.2%-2] 19.76 7.73 6.3p64] 4.44

0, 4.00 -5.67-4] 5.05 494 A744] 3.50
P+3P,

0y 4.00 -1.74-2] 17.56 8.48 -4p4] 10.30

1, 400 -3.19-4] 4.62

0, 4.00 -7.59-4] 5.37

1, 4.00 -8.00-4] 5.43 411 -49p4] 5.06
py+3P,

(O 4.00 -1.41-2] 15.92 9.47 -4.764] 11.60

0f 400 5223 10.19 755 -3.204] 8.76

04 400 -1.74-3] 6.73

1, 400 -4543] 961 8.05 -3.3p4] 9.36

2 400 -2.283] 7.37 417 -1.7B3] 6.97

03 4.00 -2.19-2] 19.62 9.52 -4.764] 11.66

o 4.00 -2.09-2] 19.20 599 -1.053] 8.70

1, 4.00 -7.64-3] 12.02 7.99 -3.984] 9.52

1, 4.00 -5.133] 10.12 7.36 -2.014] 8.10
p,+3P,

Og 400 -1.182] 14.67 7.53 -3.784] 891

1, 4.00 -1.432] 16.00 756 -4.454] 9.16

1, 4.00 6.02-5] 3.87

24 4.00 -2.14-2] 19.39 9.47 -4.764] 11.60

1, 4.00 -2.54-2] 21.05 777 -4.1B4] 9.32

1, 400 8.28-4] 1.46

2, 4.00 -2.11-2] 19.26 9.46 -4.774] 11.59

3u 4.00 -6.08-3] 10.88 5.80 9.525] 5.59
p+tP,

o 4.00 -2.57-2] 21.18 10.00 -5.294] 12.48

03 4.00 -5.80-3] 10.66 739 -7.304] 9.83

14 4.00 -3.84-3] 8.98 10.00 1.553] 0.00

24 4.00 -8.20-3] 1241 6.85 4.8%4] 4.81

0, 4.00 -1.57-2] 16.76 6.96 -4.744] 852

ANith curve crossing.
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-0.060
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FIG. 3. Potential-energy curves contributing to chemi-ionization R(A)

in Hg(®Py) + Hg(®P,) collisions. In this and subsequent figures, the
molecular symmetryin Hund's cas€gc)] is designated as follows:
number dots= 1 + angular momentum df states, number dashes
= 1 + angular momentum ofi states, except;)=dot dash, and
0. =dash dot.

FIG. 4. Potential-energy curves contributing to chemi-ionization
in Hg(®P,) + Hg(®P,) collisions. See Fig. 3 caption for designation
of symmetries; the most important curves are also labeled.

at energyE=kT and thermal averages{® ando"?) at T
=300 K, aré

because the time spent in the continuum is very short and the

. . . ) . . (b) (nb) o o(nb)

state that penetrates the continuum is primarily a quintet sp|§tate 7 7 7 T
statg, wh_ich has zero width. In any event, the gpper Iimitog 0.00 430.20 62.75 430.20
obtamed is already smaller than the va!ue 1@ A? given 1 0.00 136.40 36.55 136.36
expenmentall'y by Sepmaet all. [.11], which has been chal- 0, 45.35 4651 41.47 4611
lenged experimentally by Majetiokt al.[12,9]. Experimen-

. . S 3 . 1, 0.00 0.00 0.53 0.53
tal evidence against chemi-ionization if,+ 3P, collisions Total 7 56 124.92 2073 195 02
was also presented by Sibaghal. [34]. ota ' ' : :

(29)
2. Hg@Py)+Hg(Py) With barriers, the Maxwellian tail is needed to get contribu-

tions from the § and 1, states and substantially increases

In the case of Hg{P;) + Hg(®Py), there are four potential the cross sectiorfby a factor of~4). In the absence of
curves that arise from the asymptote, as shown in Fig. 4. Thbarriers, the thermal spread of energies has little effect.
asymptote is lower than the Hg-Hg asymptote but all the This cross section has been the subject of experiments
curves cross the Hgcurve at smaller distances and, in prin- that utilize collisions with N to convert Hg¢P;) to
ciple, can contribute to associative ionization with their re-Hg(®Pg) [34]. Our value may be compared with the experi-
spective statistical weights. One of them,] Is significantly ~mental values 460 A (no error bar givenof Tan and von
repulsive at its crossing with the molecular oV ( Engel [10] and 99-25 A% of Majetich et al. [9].° This
=0.0043 a.u.) and can be practically ignored for thermal
collisions. The } curve barely penetrates the continuum be- _ S e
fore it is repelled by an avoided crossing with a curve of the 'Cross sections are given in units of #=10"*° cn). The ac-
same symmetry coming from ”TOEP1+3P1 asymptote. This curacy of the cross sections is not expected to be better than

. . . . ~10%, though theprecisionis to the figures given.
crossing is more weakly avoided than the one discussed N5y o valuegof 139& 34 A2 given in Rgef.[g] %pparently resulted

Sec. I”_ B 1, and a S'm'l_ar LZS analysis y|EI_dS a hOppmgfrom use of the atomic mass instead of the reduced mass in con-
probability of 0.78. That is, most of the, Hlux will continue  yering the measured rate constétitere is also a typo in the rate
further into the continuum and, in keeping with the upper-constant given in this paper; it should be 2640 ° cm® s 2 in-
bound nature of the present estimates, we will ignore thgtead of 2.5% 1078 cm® s™1). Another simulation of this experi-
possible reduction. The cross-section contributions, calcument yielded ky;=1.65<107° cn® s™%, which corresponds to
lated with ((®) and without ¢("?) the long-range barriers, o,,=64 A2 [9].
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_ FIGs' 5. Potenstial—ener_gy curves contributing to chemi-ionization  FIG. 6. Potential-energy curves contributing to chemi-ionization
in Hg(*P1) +Hg("P4) collisions. See Fig. 3 caption for designation in Hg(*P,) + Hg(®P,) collisions. See Fig. 3 caption for designation
of symmetries. of symmetries.

agreement suggests that the black-sphere model yields reaq3p y the cross section is significantly reduced by the
sonable estimates for cases where the continuum is amplyorential barriers. The temperature dependence is not as

accessed. strong even with the barriers.
3. Hg(3P1)+Hg(3Pl) 4. Hg(3P2)+Hg(3PO)
Of the six potential curves arising from HtR;) Collisions between metastable atoms may be most impor-

*+Hg(*Py), shown In Fig. 5, half_, representing 5./9 qf the tant in the afterglow after the allowed Hit;) and HgdP,)
total flux, are attractive and contribute to associative 'On'za'populations have radiatively decayptD,2,41. Only the 2

tion in thermal-energy collisions. Here, and in the potennaland 2, potential curves from HG@,) + Hg(3Py), shown in

curves from higher asymptotes, there are numerous curvlgig. 6, are attractivéapart from weak barriers at 7 A).

crossings, generally weakly avoided, that complicate the inTwo other curves, D and 1,, become attractive at sma¥
teractions but have no effect on the ionization cross sectio ’ '

n ! : X
within the black-sphere model. The Eurve is attractive but 3ue to curve crossings, but are too repulsive outside the con-

. o : _tinuum crossing to accommodate chemi-ionization. The
rather flat outside the crossing into the continuum, so admits . oo

. . . Cross-section contributions are
only small-impact-parameter reactions. The largest contribu-

tion comes from the strongly attractive curve @f 8ymme-

try. The cross-section contributions are State o o o o™
_ _ 0g 0.00 0.00 0.04 0.04
State o o™ o o™ g 0.00 0.00 0.01 0.01
o; 130.33 477.78 132.38 468.69 29 0.00 72.20 35.80 69.99
0; 0.00 0.00 0.06 006 Ou 0.00 0.00 2.39 2.39
1, 17.71 36.04 3451 3812 Lu 0.00 0.00 0.12 0.12
2, 0.00 67.63 30.01 68.41 2u 0.00 83.47 46.59 83.11
0, 0.00 0.00 342 34 Total 0.00 31.13 16.75 30.89
1, 0.00 0.00 16.29 16.29 (3D
Total 18.42 76.12 33.06 79.76 _ o _ _ o
(30) _ _Th|s cross section is relatively small but possibly still sig-
nificant since both states are metastable.

Thus it would appear that associative ionization in 5 3
Hg(3P,) self-collisions could be competitive with associa- 5. Hg(P2)+Hg(*P)
tive ionization in collisions of Hg{P;) with Hg(®Py) if the The cross section for H3P,) + Hg(®P,) is potentially
populations are comparable. As in the case of 3Rg] important in discharges for the same reason as3Pig(
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. L L FIG. 8. Potential-energy curves contributing to chemi-ionization
FIG. 7. Potential-energy curves contributing to chemi-ionization. 9y 9

3 3 i ) . oo

in Hg(®P,) + Hg(®P,) collisions. See Fig. 3 caption for designation in Hg(*P2) + Hg(*P) collisions. See Fig. 3 caption for designation
. of symmetries.

of symmetries.

State a® oo a® oo
+Hg(®Py), but has not been measured. Theoretically, the
radiative allowed/metastable nature of the states is of littles, 0.00 0.00 2.75 2.75
relevance to the chemi-ionization cross sections. As listed ifotal 7.76 19.73 15.24 21.95
Table II, a large numbef18) of distinct potential curves
come from the®P,+ 3P interaction. As shown in Fig. 7, the (32

asymptotic energy is just below that of the molecular ion,

and all these potential curves cross into the ionization con- This is considerably smaller than the Hg()
tinuum at large distances~@8 A). However, only four +Hg(®Py) cross section. Under somewhat hot thermal con-
(14.34.1,,2,) are sufficiently aftractive that associative ditions, Penning ionization may also occur but is relatively
ionization is likely in a thermal-energy collision. The cross- unlikely because the expected Franck-Condon behavior of

section contributions are the transition will usually result in a molecular ion deep in its
potential well.
3 3
State o® o o (o) & RoCP2)+HO (P
Because of its high statistical weight and metastability,
0 0.00 0.00 0.00 0.00 self collisions of HgéP,) may be the most common colli-
0y 0.00 0.00 5.68 5.68 sions under some discharge conditions at late times. Thus
0, 0.00 0.00 0.04 0.04 this cross section is of particular concern. Of the 15 associ-
1 283 283 19.92 19.92 ated potential curves, shown in Fig. 8, only thg state is
g strongly attractive. In fact, this potential curve suffers no
1, 0.00 0.00 0.70 0.70 . . . .
avoided crossings and is the most attractive of all the poten-
1g 0.00 0.00 0.00 0.00 tial curves resulting from the Hg&®p) + Hg(6s6p) inter-
2g 0.00 0.00 1.73 1.73  actions. If chemi-ionization could occur in this state, the
24 0.00 0.00 0.03 0.03 black-sphere approximation would give 1x 104 cn?.
34 0.16 78.09 64.84 114.34 However, the 4 state is pureSAg, unmixed by spin-orbit
o} 0.00 0.00 0.32 0.32 coupling, and quintet states are not coupled to the con-
0, 0.00 0.00 298 29g tinuum. Consequently there are only small contributions in
0; 0.00 0.00 0.01 001 Self collisions of HgeP,), mainly by three other states,
1y 60.05 99.22 60.15 8757 o ) () ) —ob)
1, 0.00 0.00 0.15 0.15
1, 0.00 0.00 0.00 0.00 0; 64.48 64.48 62.37 62.37
2, 53.30 115.78 73.11 96.82 0; 0.00 0.00 0.21 0.21
2, 0.00 0.00 0.70 0.70 Og 0.00 0.00 0.01 0.01
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FIG. 9. Potential-energy curves contributing to chemi-ionization ~ F!G- 10 Potential-enaergy curves  contributing to chemi-
in Hg(*P,) + Hg(®P,) collisions. See Fig. 3 caption for designation 1onization in Hg{P,)+Hg(*Py) collisions. See Fig. 3 caption for
of symmetries. designation of symmetries.

State o o o®) () with the metastable H3P,). In this case, all four of the
potential curves, shown in Fig. 9, are attractive and can con-

1g 0.00 0.00 0.00 0.00  Hibute at thermal energies, though the reaction is dominated
14 0.00 0.00 0.00 000 hy the strongly attractive  state. The cross-section contri-
29 0.00 0.00 0.13 0.13 butions are
24 0.00 0.00 0.00 0.00
3 0.00 75.56 37.81 75.56 State ol o) a® o)
4, 62.00 858.45 94.56 858.45 o 333.37 968.36 309.83 968,35
0, 38.41 38.41 42.61 42.61 19 67'12 - '12 o5 '98 . '12
O 0.00 0.00 025 073 0"i 90.44 90.44 90.44 90.44
1, 0.00 0.00 2.48 248 M ' ' ' '
1 0.00 0.00 0.00 0.00 1, 80.58 80.58 80.41 80.41

" . . . .
2 0.00 0.00 334 334 Total 119.87 225.70 115.51 225.64
3. 0.00 0.00 0.39 0.39 (34)
Total 4.12 10.16 7.75 10.79

(33

Thus, chemi-ionization destruction of ti®, state, even For the Hg(P,) reactions the energies of the ejected

when combined with the contributions of collisions with the €léctrons will be relatively higherX1 ev) than for the
3p, and 3P, states, is predicted to be relatively small. Thetn_plet-trlplet reactions, and, by point 4 in Sec. lll A, the
cross section is small even with the barriers suppressed:; likdVidth may be smaller and the black-sphere model more of an

wise the hot thermal tail does not greatly enhance it. In spit@Verestimate of the cross section. Even so, for the reaction
of the asymptote being well above that of the ion, thefate to be competitive with the vacuum radiative loss rate, a

3 H 18 —3 H
Franck-Condon principle suggests that the ionization thafi9("Po) number density of-10~ cm™ would be required,
hich would be quite high. However, with very strong radia-

does occur will be mainly associative since the upper-levelV X o ) S
wells are shallow. tion trapping, the collisional rate could still be significant.

7. Hg(*Py)+Hg(®Py)

1
The Hg(P,) state rapidly radiatesA=7.46x10% s ! 8. Hg(PY+Hg(Py
[42], and so chemi-ionization might not be expected to be Collisions betweerwo allowed states are even less likely.
competitive. However, this radiation is often strongly trappedThe vacuum radiative decay rate of Hgg) is A
under gaseous discharge conditions, so it is not a foregone 8.40< 1P s™* [42]. However, most of the HJgP,)
conclusion that this is true. First we consider its collisions+Hg(®P;) potential curves, shown in Fig. 10, are attractive,
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0.10

1

\ Hg(1P,)+Hg(3P,)
L\ i

L\
)

0.08

E {au)
E (au)

0.04

0.02 1 I 1 1 1 1 1

] 7 8 s ©
RA)

FIG. 12. Potential-energy curves contributing to chemi-
ionization in HglP,) + Hg(*P,) collisions. See Fig. 3 caption for
designation of symmetries.

FIG. 11. Potential-energy curves contributing to chemi-
ionization in Hg¢P,) +Hg(®P,) collisions. See Fig. 3 caption for
designation of symmetries.

the  black-sphere  cross-section  contributions  are
especially the two ) states, and the black-sphere modelstate o (o) o b
yields a quite large cross section, with contributions

0, 249.28 573.16 229.28 572.85
State o® o a®) () 0y 0.00 0.00 1.02 1.02
or 422.92 796.45 389.69 796.45 Og 0.00 0.00 0.00 0.00
9 ’ ' ' B 263.64 753.94 240.52 752.12
0, 241.11 326.36 207.10 326.36
J 14 47.08 47.08 47.08 47.08
0, 142.48 142.48 126.16 142.48
1, 0.00 0.00 0.00 0.00
1, 275.35 290.29 211.89 290.29
. 0.00 0.00 107 107 24 422.85 1180.83 396.15 1180.83
g ‘ ' ' ' 24 0.00 0.00 13.38 13.38
2, 152.65 152.65 121.98 152.62
or 427.41 1209.07 401.14 1209.07 3 0.00 0.00 0.12 0.12
oli 237.72 446-76 210.69 446 .76 0y 0.00 0.00 0.02 0.02
O‘i 0'00 0 '00 17 '02 17 62 0, 0.00 0.00 3.21 3.21
1u 284. 60 396 65 245 52 396 65 Ou 0.00 0-00 0.01 0.01
1” 206‘23 240'17 175'34 238'87 1, 272.62 796.21 253.05 796.21
2” o.oo 0 '00 " '03 4 (‘)3 1, 6.71 6.71 21.62 21.62
T(u)tal 183- 85 282. 26 166 64 284 73 Ly 0.00 0.00 0.00 0.00
' ' ' T2, 422.21 1164.83 395.44 1164.83
(35 2, 0.00 0.00 0.01 0.01
The curves with symmetry pairs,go 14, Oj , and 1,, 3y 98.07 132.57 93.25 132.51
Total 110.52 291.25 105.16 293.15

exhibit weakly avoided crossings Bt~4 A. The second d
curve has energy ®&=4 A below the asymptote, but has a
large barrier outside due to a higher curve crossing. The Pen- (36)
ning component of the total chemi-ionization reaction could
be significant in HgtP,) +Hg(®P,) collisions since some of
the potential curves are more attractive than thg tegrve
nearR=4 A.

This reaction is likely to have the largest Penning ioniza-
tion fraction.

10. Hg(tP)+Hg(*Py)

For completeness, we also treat HB()+Hg(*P,),
The potential curves for HJP,) +Hg(®P,) are shownin  shown in Fig. 12. Even though the black-sphere cross sec-
Fig. 11. Half the flux enters in attractive potential curves andion, with contributions

9. Hg(*P,)+Hg(®P,)
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5 500
~ [ 4 m without barrier T=300 K
~ F = 3 3
=4 mwith barrier 450 | A Hg(P\)+Hg(Py) |
[es]
\; 3 =3P, 400 —8—theory with barriers
o 1 =3p
.2 =3P, ) !
g R o 3P2 350 F —O—theory without barriers
w 1'= 1P A Tan & von Engel[10]
» = 1 &
2 < 300 | & Majetich et al. [9]
=1 c
O -] O Majetich (private
ol I N N R g 250 communication)
o
1+0  1+1 240 241 242 1'+0 1'+1 1'+2 1'+1' 2
8200
(8]

FIG. 13. Thermally averaged cross sections at 300 K for the

Hg(6s6p) +Hg(6s6p) chemi-ionization reactions in the black- sor

sphere modelsee Sec. IlIB1 for discussion of the H) 100 k

+Hg(®P,) cross section, not showinThe lower values designate

the calculation with the unadjusteab initio potential curves, the 50 F

higher values the cross section with long-range barriers suppressed.

The experimental values for H¥p,) + Hg(®P,) are from Tan and 0 L L . L L L .

von Engel(solid triangle [10], Majetichet al. (solid diamondl [9], 0 100 200 300 400 500 600 700 800 900 1000
and an alternative analysis of Majeti¢bpen diamong[9]. Temperature (K)

FIG. 14. Thermally averaged cross sections for chemi-ionization
in Hg(®P,) + Hg(3P,) collisions as a function of temperature: cal-
culated with long-range potential barri€mpen circleyand without

State o o™ o o) long-range potential barriersolid circleg, and experiments af
Og+ 488.99 1245.02 472.20 1244.99 %3(:‘)0 K of Tan and von Enge{lsplid trianglg [10], Majetich et gl.
1 (solid diamondi [9], and alternative analysis of Majeti¢bpen dia-
04 303.36 356.93 249.84 356.93 mond [9].
1, 0.00 253.20 45.62 253.20
24 72.75 483.91 84.56 483.91 140
0, 228.13 495.66 206.30 495.66
1, 0.00 0.00 0.15 0.15
Total 129.55 396.87 132.11 396.90 120
(37)

are largest of all, it is not expected that this reaction, involv-
ing two radiatively short-lived reactants, will be significant
under usual discharge conditions.

80

60

Cross Section (A?)

IV. CONCLUSIONS
40

The present calculations suggest that the experimental
disagreement, as to whether HB¢) associative ionization

is mainly due to self collisions or collisions with HR,), is 20

resolved in favor of Hg{P,). The Hg€P,) + Hg(®P,) cross

section would appear to to quite small, even though an 0 . .

avoided curve crossing could still make it non-negligible. All 20 25 80 35 40 45 50 55 60
pairs of Hg(&6p) atoms, except possibly for HR,) Rs (A)

+Hg(®P,), will have significant chemi-ionization cross sec-
tions, bU_'t the cross sections fa_P2 with itself and_W|th the FIG. 15. Dependence of the chemi-ionization cross sections at
other triplet states are predicted to be relatively smallggg K for Hg@P,)+Hg(®P,) and HgEP,)+Hg(P,) on the

Chemi-ionization ~ cross sections for the metastableyack-sphere radiu®, with and without potential barriers. The
metastable collisions are found to be considerably smallegross section for the former reaction, in which only associative
than for the allowed atomic states, H§() and especially jonization can occur, is limited by the crossing distance between the
Hg(*P1). There is littlea priori reason to expect such a neutral and molecular-ion potential curves. The cross section for the
relation, but it is serendipitous for lamp efficiency. Associa-latter, in which ionization isnergeticallyallowed even at infinity,
tive ionization is expected to dominate in all cases thougtwould increase quadratically with very largenphysical R .
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the Hg(P,) reactions may have non-negligible Penning ion-  The present calculations were done in the black-sphere
ization cross sections. model. The choice of the black-sphere distafRzes based
Several of theb initio potential curves exhibit small bar- on the overlap of the atomic orbitals but is still somewhat
riers, which, if correct, could dramatically reduce the chemi-arbitrary. In addition, the assumption that ionization is com-
ionization cross sections at temperatures belowB00 K.  plete withinRg is unverified, though it is a reasonable expec-
The thermal average cross sections at 300 K are shown iation for low-energy collisions. The chemi-ionization cross
Fig. 13, with and without the effect of these barriers. Thesections with reactants for which only associative ionization
cross sections for different pairs of reactant atomic states arg energetically possible, as shown in Fig. 15 for £Ry)
quite different, and an accurate predictive model of mercuryy Hg(®P,), depend rather weakly on reasonable values of
lamps would need to account for the separate populationgR_. For reactants with energies above the atomic ionization
The barriers and temperature dependences are most manif@gfeshold, as is the case for the BBg) + Hg(3P,) reaction
when both of the interacting atoms are in triplet states. In alshown in Fig. 15, the sensitivity tdRs is considerably
these cases, the cross sections increase as a function of @eater, even within the range 3:R.<4.0 which might be
ergy and temperature in the range 0-1000 K. On the oth&onsidered the uncertainty. Comparison with the experimen-
hand, when one of the atoms 94, the cross sections are g Hg(3P,) + Hg(®P,) cross sections suggests that the
decreasing functions. If the barriers are suppressed, all thgack-sphere model is realistic. Of course, no valuRoan
cross sections tend to be flat or decrease with increasinge|d the actual energy-dependent results and, in future work,

energy and temperature. we plan to calculate the autoionization widths and eliminate
An example is shown in Fig. 14 for the H#1)  this approximation.

+Hg(®P,) reaction, which seems to be most amenable to
afterglow experiments. The more recent experimental mea-
surements, at-300 K, fall in between the results obtained
with and without the potential barriers in question and do not
provide much basis for discrimination. However, a future We thank Barry Schneider, Jeffrey Hay, Russell Pack,
measurement of the temperature dependence, over a rang@mes Babb, Graeme Lister, and Sara Majetich for helpful
~200-400 K, could clearly establish the reality of the bar-discussions. This work was jointly sponsored by the U.S.
riers. The measurement of the energy dependence in a crod3epartment of Energy and the Electric Power Research In-
beam experiment, even without absolute calibration, wouldstitute under a Cooperative Research and Development
also be informative. Agreement.
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