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Chemi-ionization of mercury atoms: Potential curves and estimates
of the total ionization cross sections
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~Received 3 December 2001; published 30 July 2002!

Potential curves for Hg(6s6p)1Hg(6s6p) are calculated in theLS 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 Hg(3P1)1Hg(3P0) collisions at 300 K, of 30–125 Å2, overlaps the range of experimental
measurements. For the only other pair considered in previous experiments, Hg(3P0)1Hg(3P0), 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 atoms Hg(3P2)1Hg(3P2), 8–11 Å2, is also relatively
small. The chemi-ionization cross sections obtained for the other triplet reactants are 33–80 Å2 for
Hg(3P1)1Hg(3P1), 17–31 Å2 for Hg(3P2)1Hg(3P0), and 15–22 Å2 for Hg(3P2)1Hg(3P1). The chemi-
ionization cross sections for the singlet atom are large, 116–226 Å2 for Hg(1P1)1Hg(3P0), 161–285 Å2 for
Hg(1P1)1Hg(3P1), 105–293 Å2 for Hg(1P1)1Hg(3P2), and 132–397 Å2 for Hg(1P1)1Hg(1P1). 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.

DOI: 10.1103/PhysRevA.66.012717 PACS number~s!: 34.50.Fa, 34.20.Cf, 51.50.1v
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I. INTRODUCTION

In chemi-ionization reactions, ionization occurs in the
mal collisions of two atoms, using the electronic excitati
energy to ionize the reactants@1#. Chemi-ionization is essen
tially a Franck-Condon process by which the relative kine
energy and distance of the nuclei tend to be conserved in
transition. Depending on the relative values of the excitat
energy and ionization potential, the result can bePenningor
associativeionization. Inasymmetriccollisions, excitation of
one atom may be sufficient to ionize the other, for examp
the Penning ionization reaction He* (1s2s)1Hg
→He1Hg11e2, where * designates the lowest manifold
excited states. Insymmetriccollisions, associative ionization
may be possible if the interaction is strongly attractive, b
generally a higher excitation is required or both atoms m
be excited. For mercury, two ionization paths are possib

Hg* ~6s6p!1Hg* ~6s6p!

→H Hg2
11e2 ~associative ionization!

Hg11Hg1e2 ~Penning ionization!.
~1!

The pairs Hg(3P0)1Hg(3P0), Hg(3P1)1Hg(3P0),
Hg(3P1)1Hg(3P1), Hg(3P2)1Hg(3P0), and Hg(3P2)
1Hg(3P1) can only associatively ionize in thermal-ener
collisions, while the pairs Hg(3P2)1Hg(3P2), Hg(1P1)

*Electronic address: cohen@lanl.gov
1050-2947/2002/66~1!/012717~18!/$20.00 66 0127
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1Hg(3P0), Hg(1P1)1Hg(3P1), Hg(1P1)1Hg(3P2), and
Hg(1P1)1Hg(1P1) can Penning or associatively ionize, a
can be seen in Fig. 1.

Chemi-ionization is of particular importance in the mo
eling of fluorescent lamps@2–8#, where it is an important
loss mechanism. The reactions affect the ionization bala
and excited-state distributions through subsequent recom
nation. It is of some importance whether the ionization
associative or Penning since dissociative recombination
the molecular ion is much more rapid than recombinat
with the atomic ion. Experimentally@9# the dissociative-
recombination rate constant has been found to be;200
times larger than the associative-ionization rate constant
Hg(3P1)1Hg(3P0). Only the total ionization cross sectio
~sum of the Penning and associative ionization cross s
tions! is calculated in the present work, although some qu
tative observations about the anticipated relative contri
tions are made.

Three independent experiments@9–11# have measured as
sociative ionization in mercury at thermal temperatures; th
disagree with each other on the magnitude of the cross
tion by about a factor of three but, more importantly, d
agree as to what states are involved, Hg(3P0)1Hg(3P0) or
Hg(3P1)1Hg(3P0). In this regard, the dissociation energ
D0 of the product molecular ion Hg2

1 is critical; it must be at
least I P22E(3P0)51.10 eV to enable associative ioniza
tion in collisions of Hg(3P0)1Hg(3P0) at near-zero energy
Some studies~see Sec. II A! indicate a smaller value ofD0,
while others indicate it is large enough, although this is no
sufficient condition to prove that associative ionization o
©2002 The American Physical Society17-1
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curs in the actual dynamics. In the present work, we calcu
the potential energy curves for Hg2

1 as well as potentia
curves for Hg2* needed for all ten of the Hg* (6s6p)
1Hg* (6s6p) reactions.

Besides the chemi-ionization reactions, energy pooling

Hg* 1Hg* →Hg** 1Hg, ~2!

where Hg** is an excitation to a shelln>7, is possible.
Reactions 1 and 2 compete, but chemi-ionization is expe
to have the larger cross section when allowed; such a r
tionship has been observed experimentally@12,13#. Our po-
tential curves are relevant to both, but the basis set is p
cipally designed for chemi-ionization. In a discharge, t
highly excited state Hg** is fairly easily ionized by electron
collisions so that the result may effectively be the sam
albeit attained with an additional step.

II. POTENTIAL CURVES

A. Configuration-interaction calculations

Our theoretical approach@14# describes the interatomi
interactions affecting chemi-ionization by a complex pote
tial: the real part is the potential energyV and the imaginary
part is ~half! the autoionization widthG. These quantities
depend on the internuclear distanceR and are different for
each molecular state formed from the pair of reactant ato
states. We have calculated the potential curves with theab
initio code MESA @15#. It determines the molecular wav
functions in theLS representation using a Gaussian orbi
basis set and configuration interaction~CI! based on the self

FIG. 1. Potential curve for Hg2
1 and asymptotic energy level

(1 a.u.527.21 eV) for Hg(6s6p)1Hg(6s6p) with and without
spin-orbit coupling. The zero of the energy axis is taken as
energy of Hg (ground state)1Hg1. The atomic ionization poten
tial of Hg is 10.44 eV and the excitation energies of the two exci
(6s6p) atoms range from 9.33 to 13.41 eV relative to the grou
state atoms. The range of our theoretical dissociation energie
shown with circles, that of experimental dissociation energies w
diamonds. The dashed line indicates the minimum dissociation
ergy required for associative ionization to occur in Hg(3P0)
1Hg(3P0) collisions at zero incident energy.
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consistent-field~SCF! orbitals. Relativistic effects are impor
tant for atoms as heavy as mercury. The calculations utiliz
‘‘small-core’’ relativistic effective-core potential and assoc
ated double-zeta basis set due to Stevenset al. @16,17#. In
this potential, the 5s, 5p, and 5d semicore orbitals are
treated explicitly and not folded into the potential. At ea
internuclear distanceR, the SCF molecular orbitals for th
ground state of Hg2 are determined. These SCF orbitals for
the basis for a CI in which the 18 molecular orbitals orig
nating from the semicore atomic orbitals are frozen, an
full four-electron CI is performed for the remaining ele
trons. This full valence CI generates correlated approxim
tions to the ground and excited states.1

There have been a number ofab initio studies of the po-
tential curves of Hg* 1Hg @18–23#,2 but none of the curves
arising from Hg* 1Hg* , with both atoms asymptotically ex
cited. The calculation is complicated by the fact that t
Hg(6s6p)1Hg(6s6p) states are partially embedded in a
electronic continuum. It is not possible to include the infin
continuum of states, but the interactions are stabilized
doing a full CI. A further complication in the identification o
curves comes from the configurations of Hg11Hg2.3 These
states start above the3P13P asymptote but plunge throug
the neutral manifold of states at finite values ofR and, there-
fore, require careful disentanglement. This is a large calc
tion; with 45 virtual orbitals, as many as;50 000 configu-
rations result, depending on the symmetry. Up to 15 roots
these large matrices must be extracted; this is done using
Davidson method@25# and is the most computationally time
consuming part of the calculation. There are 36 distinct sta
in theLS representation having 18 different molecular sy
metries 1,3,5(S1,2,P,D)g,u , where the numerical super
script gives the spin multiplicity,1 or 2 the reflection sym-
metry of S states,S, P, or D the component of electronic
angular momentum along the internuclear axis~0, 1, or 2!,
and the subscriptg or u, the parity. They are listed in Table I
The calculatedLS potential energies are shown in Fig.
@26#.

It can be seen that some of the otherwise attractive po
tial curves exhibit small barriers (&0.001 a.u.) at large dis
tances~6–8 Å). Such barriers could drastically reduce t
ionization cross sections at low temperatures, but long-ra
barriers are notoriously difficult to get accurately inab initio
electronic-structure calculations. In addition to the attract
R26 van der Waals potentials, some of the states are
pected to haveR25 potentials, which may be attractive o
repulsive. The latter interactions come from the long-ran

1The four highest lying virtual orbitals were omitted from the C
as they correspond primarily to thes-like components ofd functions
in the core and are not expected to contribute significantly to
valence correlation energy.

2Some of these results were actually based on calculations on
Mg2 or Zn2 molecules.

3The atomic negative ion Hg2 does not exist~i.e., the electron
affinity is negative@24#!, but such configurations are still importan
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TABLE I. Symmetries of states formed from Hg(6s6p)1Hg(6s6p) without spin-orbit coupling@Hund’s
case~a!#. The orbital angular momentum projections (mL1

,mL2
) on the internuclear axis are given after th

molecular symmetry, and their designations in Tables III–XIII are given below.

3P13P singlet states
1Sg

1(00) 1Sg
1(12) 1Su

2(12) 1Pg(10) 1Pu(10) 1Dg(11)
E1

g E2
g E1

u E3
g E2

u E4
g

3P13P triplet states
3Su

1(00) 3Su
1(12) 3Sg

2(12) 3Pg(10) 3Pu(10) 3Du(11)
E3

u E4
u E5

g E6
g E5

u E6
u

3P13P quintet states
5Sg

1(00) 5Sg
1(12) 5Su

2(12) 5Pg(10) 5Pu(10) 5Dg(11)
E7

g E8
g E7

u E9
g E8

u E10
g

1P13P triplet states
3Sg

1(21) 3Sg
2(12) 3Su

1(21) 3Su
2(12) 3Sg

1(00) 3Su
1(00)

E11
g E12

g E9
u E10

u E13
g E11

u

3Pg(01) 3Pg(10) 3Pu~01! 3Pu~10! 3Dg(11) 3Du(11)
E14

g E15
g E12

u E13
u E16

g E14
u

1P11P singlet states
1Sg

1(00) 1Sg
1(12) 1Su

2(12) 1Pg(10) 1Pu(10) 1Dg(11)
E17

g E18
g E15

u E19
g E16

u E20
g
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interaction of the quadrupole moments of the atoms, nei
of which is in anS state@27#. Bumps appearing at smalle
distances in the potential curves are generally due to avo
crossings.

In addition to the excited states, the potential curve of
molecular ion Hg2

1 is also needed. This is a relatively simp
calculation. Using the same core potential, basis set, an
full valence CI based on the Hg2

1SCF orbitals, we obtain a
dissociation energyDe51.27 eV at Re52.95 Å, which
may be compared with experimental values of 0.9 eV@28#,

FIG. 2. Ab initio potential curves for Hg(6s6p)1Hg(6s6p)
and Hg1Hg1 without spin-orbit coupling~in the LS representa-
tion! @26#. The molecular symmetry@in Hund’s case~a!# is desig-
nated as follows: number dots511angular momentum ofg states,
number dashes511angular momentum ofu states, exceptSg

2

5dot dash, andSu
15dash dot.
01271
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1.1 eV@29#, and 1.4060.02 eV@30# and a previous theoret
ical value of 0.67 eV@31#. The largest of these values, from
a photoionization experiment@30#, is the most precise, but i
possibly inconsistent with experiments@12,32#, which ob-
served excitation of Hg** above 9.0 eV. A dissociation en
ergy of 1.4 eV would preclude dissociative-recombinati
excitation of Hg** above 9.0 eV@12#, but emission from
states lying above that level has been observed@12,32#. This
interpretation supports a smaller value ofDe'1.0 eV @33–
35#, but the observation may be alternatively explained
nonthermal electron collisions with Hg* or recombination
with vibrationally excited Hg2

1 @12#.
We also did a hybrid~B3LYP! density-functional calcula-

tion @36,37# on Hg2
1 and obtainedDe51.50 eV at Re

53.02 Å. Thus our two calculations bracket the precise
perimental value, and both would allow associative ioniz
tion in thermal Hg(3P0)1Hg(3P0) collisions. In subsequen
considerations, we use the Hg2

1 potential curve obtained in
the configuration-interaction calculation since consisten
with the excited-state calculations is most important.

B. Spin-orbit coupling

The above states are not yet usable to describe the
served interactions since spin-orbit coupling is essentia
understanding the mercury atom or dimer. In the real ato
the 3P and 1P LS states are split into3P0 , 3P1 , 3P2, and
1P1 levels. The spin-orbit matrix elements are derived fro
the experimental atomic energy levels. Because the mole
is symmetric and core breaking is weak, we assume that
same spin-orbit matrix elements can be used at finite in
nuclear distances; this approach proved satisfactory in ea
noble-gas excimer calculations@38#.

The matrices representing the spin-orbit coupling are
termined as symmetrized, spin-adapted sums over theLS
7-3
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states. With spin-orbit coupling, the 36LS @Hund’s case~a!#
states are turned into 90 spin-orbit states@Hund’s case~c!#,
listed in Table II. For this purpose we need to transform
spin-orbit coupling matrix from theVS representation to the
LS representation, in which the molecular potential curv
are calculated. We start with the spin-orbit~SO! matrix for
one excited 6s6p atom,

VSO~LS j;L8S8 j 8!5F 2z 0 0 0

0 2z/2 0 lz/A2

0 0 z/2 0

0 lz/A2 0 e

G dmj ,m
j8
,

~3!

where the order of the elements is3P0 , 3P1 , 3P2, and 1P1,
with parameters derived by Mieset al. @19#, z
54265.65 cm21, l50.757693, and e5E(L51,S50)
2E(L51,S51)511 793.024 cm21. This yields the experi-
mental Hg(6s6p,2S11PJ) energies correctly to three decim
places~in cm21).

For one atom,

TABLE II. Symmetries of states formed from Hg(6s6p)
1Hg(6s6p) with spin-orbit coupling@Hund’s case~c!#. The num-
ber of times each molecular symmetry occurs is shown in paren
ses if greater than one.

3P213P2 0g
1(3),0u

2(2),1g(2),1u(2),2g(2),2u ,3g ,3u ,4g
3P213P1 0g

1 ,0u
1 ,0g

2(2),0u
2(2),1g(3),1u(3),2g(2),2u(2),3g ,3u

3P213P0 0g
1 ,0u

1 ,1g ,1u ,2g ,2u
3P113P1 0g

1(2),0u
2 ,1g ,1u ,2g

3P113P0 0g
2(2),0u

2 ,1g ,1u
3P013P0 0g

1

1P113P2 0g
1 ,0u

1 ,0g
2(2),0u

2(2),1g(3),1u(3),2g(2),2u(2),3g ,3u
1P113P1 0g

1(2),0u
1(2),0g

2 ,0u
2 ,1g(2),1u(2),2g ,2u

1P113P0 0g
2 ,0u

2 ,1g ,1u
1P111P1 0g

1(2),0u
2 ,1g ,1u ,2g
01271
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uLSmLmS&5(
j ,mj

^LSmLmSu jmj&u jmj&. ~4!

The asymptotic limit of a molecule of spinS, without inver-
sion or reflection symmetry, is given by

uR;L1S1L2S2mL1
mL2

;LS&

; (
mS1

,mS2

^S1mS1
S2mS2

uSmS&uL1S1mL1
mS1

&

3uL2S2mL2
mS

2
&, ~5!

where the asymptotes are designated by subscripts 1 an
L5umL1

1mL2
u, andmS5mS1

1mS2
. Note that there can be

more than one molecular state with the sameL,S asymptotes
but distinguished bymL1

,mL2
.

We assume that the spins are not recoupled at finiteR and
that the asymptotic spin-orbit coupling constants are sti
reasonable approximation at finiteR. Spin-orbit interactions
with other atomic configurations@39#, e.g., 6s7p or those
that would open the core, are partially taken into account
the effective values of the parameters. We neglect spin-o
orbit and spin-spin couplings as well as two-center effe
and the small hyperfine interaction with the nuclear spins

With these assumptions,

uR;L1S1L2S2mL1
mL2

;LS&

' (
j 1 ,mj 1

, j 2 ,mj 2

^L1S1mL1
mS1

u j 1mj 1
&^L2S2mL2

mS2
u j 2mj 2

&

3^S1mS1
S2mS2

uSmS& uR;S1 j 1S2 j 2 ;Vmj 1
mj 2

&, ~6!

e-
TABLE III. Spin-orbit matrix for 0g
1 states.a[221/2, b[321/2.

E1
g 0 0 a21bz 0 0 0 0 0 2blz 0 0 0

0 E2
g a21bz 2bz 0 0 0 0 ablz 0 2ablz 0 0

0 a21bz E5
g a3z 0 bz 2a3z 0 0 0 a2lz 0 0

a21bz 2bz a3z E6
g2a4z 2a2bz a3bz a4z 2a2z a3lz a3lz 0 0 0

0 0 0 2a2bz E7
g 0 a2b21z 0 0 2ablz 0 0 0

0 0 bz a3bz 0 E8
g a3b21z 0 2blz 0 2a2blz 0 0

0 0 2a3z a4z a2b21z a3b21z E9
g2a4z a2z a3lz a3lz 0 0 0

0 0 0 2a2z 0 0 a2z E10
g 2z 0 0 alz 0 0

0 ablz 0 a3lz 0 2blz a3lz 0 E12
g 2a2z 0 0 alz

2blz 0 0 a3lz 2ablz 0 a3lz 0 2a2z E14
g 0 0 alz

0 2ablz a2lz 0 0 2a2blz 0 alz 0 0 E15
g 2a2z lz 0

0 0 0 0 0 0 0 0 0 0 lz E17
g 0

0 0 0 0 0 0 0 0 alz alz 0 0 E18
g

7-4
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whereV5umj 1
1mj 2

u, mj 1
5mL1

1mS1
, andmj 2

5mL2
1mS2

. The quantum numbersmj 1
,mj 2

distinguish different molecular

states having the sameV and asymptoticS1 , j 1 ,S2 , j 2. The symmetrized molecular wave function is then given by

uR;L1S1L2S2mL1
mL2

;LSpr&'@cr~1!21cr~2!2#21/2@cp~1!21cp~2!2#21/2(
i 51

2

cr~ i !(
k51

2

cp~k!

3 (
j 1 ,mj 1

, j 2 ,mj 2

^L1S1mL1
mS1

u j 1mj 1
&^L2S2mL2

mS2
u j 2mj 2

&^S1mS1
S2mS2

uSmS&

3uR;S1 j 1S2 j 2 ;Vmj 1
mj 2

&, ~7!

wherep designates the parity~inversion symmetry! of the homonuclear molecule andr designates the reflection symmetry
V50 states. The symmetrization coefficients are given by

cr~1!51,

cr~2!5H ~21!Sr if V50 and $L5” 0 or @~S1 ,L1!5” ~S2 ,L2! and mL1
5” 0#%

0 otherwise ,
~8!

with r 511(21) for 01(02) states and

cp~1!51,

cp~2!5H ~21!(S11S21S)p if ~S1 ,L1 ,ML1
!5” ~S2 ,L2 ,ML2

!

0 otherwise,
~9!

with p511(21) for g(u) states.
We designate the initial and final states by unprimed and primed quantum numbers, respectively, and transf

spin-orbit coupling matrix to theLS representation, where theab initio potential curvesV0 are calculated. The final form is
given by

V(Vrp)~RL1S1L2S2mL1
mL2

LSpr0 ;RL18S18L28S28mL1
8 mL2

8 L8S8pr08!

5^RL1S1L2S2mL1
mL2

LSpr0uHe
(LS)1VSOuRL18S18L28S28mL1

8 mL2
8 L8S8pr08&

5V0~RL1S1L2S2mL1
mL2

LSpr0!dL1 ,L
18
dL2 ,L

28
dS1 ,S

18
dS2 ,S

28
dS,S8dmL1

,m
L1
8 dmL2

,m
L2
8 dL,L8

1@cr~1!21cr~2!2#21/2@cp~1!21cp~2!2#21/2@cr8~1!21cr8~2!2#21/2@cp8~1!21cp8~2!2#21/2

3(
i 51

2

cr~ i !(
k51

2

cp~k! (
i 851

2

cr8~ i 8! (
k851

2

cp8~k8! (
j 1 , j 2 , j 18 , j 28

mj 1
,mj 2

,mj 1
8 ,mj 2

8

@VSO~L1S1 j 1 ;L18S18 j 18!dL2 ,L
28
dS2 ,S

28

1VSO~L2S2 j 2 ;L28S28 j 28!dL1 ,L
18
dS1 ,S

18
#^L1S1mL1

mS1
u j 1mj 1

&^L2S2mL2
mS2

u j 2mj 2
&

3^L18S18mL1
8 mS1

8 u j 18mj 1
8 &^L28S28mL2

8 mS2
8 u j 28mj 2

8 &^S1mS1
S2mS2

uSmS&^S18mS1
8 S28mS2

8 uS8mS8& dmj 1
,m

j 1
8 dmj 2

,m
j 2
8 , ~10!
f-

e
-
se
where r 0 designates the reflection symmetry of theL50
states. All nonzero values ofV satisfying the triangle in-
equalitiesuV6Lu<S occur.V50 states occur foruV2Lu
<S if S1r 01r is even and foruV1Lu<S if S1r 01r is
odd. By virtue of thed functions and Clebsch-Gordan coe
ficients, mj 1

5mj 1
8 , mj 2

5mj 2
8 , and mj 1

1mj 2
5mj 1

8 1mj 2
8

5V, so three of the sums in Eq.~10! are trivial. It can be
seen that the non-S states contribute in pairs to both the 01

and 02 states. TheS6 states contribute to only one of th
01271
01 or 02, the same reflection symmetry for evenS and the
opposite for oddS. The parityp is not affected by spin-orbit
coupling. In all cases presently considered,L15L251.

The analytic matrices resulting from Eq.~10! are given in
Tables III–XIII for the 0g

1 , 0g
2 , 1g , 2g , 3g , 4g , 0u

1 , 0u
2 ,

1u , 2u , and 3u states, respectively. The 4u sum vanishes,
and, as can be seen in Table VIII, the 4g state is pure5Dg ,
shifted by energyz. The unitary transformations yield sym
metric matrices, but they are shown in full for clarity. The
7-5
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matrices take all molecular symmetries into account and
irreducible. In particular, theV50 states, in Tables III, IV,
IX, and X, separate 01 and 02 states, which has not alway
been done@38,19#. These matrix elements depend only
theab initio Hund’s case~a! energies, as a function ofR, and
the two fixed spin-orbit parametersz andl. Before the nu-
merical diagonalization, theab initio asymptotic energies ar
shifted slightly to agree with the experimental values. In
cases, the energies obtained in theR→` limit then agree
precisely with the experimental atomic energies.

The matricesV(Vrp) are diagonalized to get the potenti
curves with spin-orbit coupling as a function ofR as linear
combinations of themL1

mL2
LS states. In the adiabatic de

scription of chemi-ionization, these states are uncoupled,
more precisely, transitions may sometimes occur betw
them due to dynamical effects. A case where such couplin
essential is found in the Hg(3P0)1Hg(3P0) reaction.

III. CHEMI-IONIZATION CONSIDERATIONS

A. Model

The chemi-ionization reactions are described by comp
potentials of the form@14#

W~R!5V~R!2
i

2
G~R!. ~11!

The interatomic potentials, for the resonant statesf r par-
tially embedded in the electronic continuum, are

V~R!5^f r uHuf r&, ~12!

whereH is the total Hamiltonian. Theab initio calculations
are performed in theLS representation and spin-orbit cou
pling is taken into account as described in Sec. II B.

The autoionization width is given by the on-shell expre
sion

G52prEu^Af1xe~E!uH2Euf r&u2, ~13!

wheref1 is the molecular-ion wave function,xe(E) is the
scattering wave function of the emitted electron at ene
E, A is the antisymmetrizing operator, andrE is the corre-
sponding density of states. We have not calculated the
ization widths directly but can make preliminary estimates
the chemi-ionization cross sections by taking into acco
the following expected behaviors:

TABLE IV. Spin-orbit matrix for 0g
2 states.a[221/2.

E6
g2a4z a4z 2a2z a3lz 2a2lz a3lz 0
a4z E9

g2a4z a2z a3lz a2lz a3lz 0
2a2z a2z E10

g 2z 0 0 0 alz

a3lz a3lz 0 E11
g 0 a2z 0

2a2lz a2lz 0 0 E13
g 0 az

a3lz a3lz 0 a2z 0 E14
g 0

0 0 alz 0 az 0 E15
g 2a2z
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TABLE VI. Spin-orbit matrix for 2g states.a[221/2, b[321/2.

E4
g bz 0 0 0 0 0 ablz 2ablz 0

bz E6
g1a4z 2a2z a3z a4z 2a3bz 2a3lz 0 a3lz 0

0 2a2z E7
g 0 a2z 0 2alz 0 0 0

0 a3z 0 E8
g a3z 0 0 2a2lz 0 0

0 a4z a2z a3z E9
g1a4z a3b21z a3lz 0 2a3lz 0

0 2a3bz 0 0 a3b21z E10
g 0 a2blz blz 0

0 2a3lz 2alz 0 a3lz 0 E14
g 0 a2z 2alz

ablz 0 0 2a2lz 0 a2blz 0 E15
g 1a2z 0 0

2ablz a3lz 0 0 2a3lz blz a2z 0 E16
g alz

0 0 0 0 0 0 2alz 0 alz E20
g
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~1! The potential curves arising from the asymptote of
reactant pair of atoms are most important for chem
ionization, though other curves may participate via cu
crossings.

~2! The attractive curves contribute most to therm
chemi-ionization since the ionization width can be expec
to decrease exponentially with increasing internuclear
tance.

~3! The ion core plus free electron can be in a singlet
triplet state, and its interaction with the resonant state c
serves spin. Thus quintetLS states cannot chemi-ionize, an
spin-orbit states that have mainly quintet parentage will h
widths correspondingly reduced.

~4! The ionization widths tend to be larger when the e
ergies of the ejected electrons are small and to be appr
mately proportional to the overlap of the two atomic char
densities.

The approach we use to estimate the cross sections
black-sphere model in which ionization is assumed to oc
if and only if the classical turning point is less thanR0

5min(Rx ,Rs), whereRx is the distance at which the neutr
potential energy becomes higher than that of the molec
ion @infinity for Hg(3P2)1Hg(3P2) and higher asymptotes#
andRs is the black-sphere radius. We take, as a comprom
Rs54 Å in all cases—by point~4! above, chemi-ionization
in the lower-lying states might be favored by being closer
the ion curve, but the higher states might be favored by th
smaller atomic ionization potentials and correspondin
greater overlaps. For the lowest four asymptotes (3P0
13P0 , 3P113P0 , 3P113P1, and 3P213P0), Rx&Rs and
the results are fairly insensitive to the choice ofRs , but for
the higher asymptotesRs is essential.

Ignoring, for the moment, the three-turning-point cas
which may arise from long-range barriers or curve crossin
the largest impact parameterb0 that will penetrate toR
5R0 in a collision at energyE satisfies

TABLE VII. Spin-orbit matrix for 3g states.a[221/2.

E9
g1a2z a2z 2a2lz

a2z E10
g 1a2z a2lz

2a2lz a2lz E16
g 1a2z
01271
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V~R0!1
Eb0

2

R0
2

5E, ~14!

so

b05S 12
V~R0!

E D 1/2

R0 ~15!

and the cross section is

s~E!5pb0
25pR0

2S 12
V~R0!

E D . ~16!

Since the largest contributions to thermal reactions are du
attractive potential curves, which can bring in large impa
parameters, the cross sections can be much larger thanpR0

2

at low collision energies—up to one order of magnitude
300 K. A cross section of the form of Eq.~16! has the pecu-
liar property that the thermal average cross section, in
grated over a Maxwellian distribution, is of the same form

s̄~T!5pR0
2S 12

V~R0!

kT D . ~17!

If, at some distanceR.R0,

V~R!1
Eb0

2

R2
.E, ~18!

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

bx5S 12
V~Rx!

E D 1/2

Rx , ~19!

bs5S 12
V~Rs!

E D 1/2

Rs , ~20!

and

TABLE VIII. Spin-orbit matrix for 4g states.

E10
g 1z
7-7
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bb5minF S 12
V~R!

E D 1/2

RG
for R>min~Rx ,Rs! and V~R!<E. ~21!

We defineRb to be the value ofR that maximizesV(R)
1Ebb

2/R2 at R>min(Rx ,Rs). Then the cross section withou
a barrier is

s (nb)~E!5p@min~bx ,bs!#
2, ~22!

and with a barrier,

s (b)~E!5p@min~bx ,bs ,bb!#2. ~23!

Associative and Penning ionization cannot be quant
tively separated, or electron energy distributions obtained
the present model. The total chemi-ionization cross sect
are given by a statistically~angular momentum! weighted
sum over all the potential curves arising from the pair
reactantsi[2S11PJ and i 8[2S811PJ8 ,

s i 1 i 85~2 j i11!21~2 j i 811!21~22d i ,i 8!
21

3(
V,r

~22dV,0!s i 1 i 8
(Vr ) , ~24!

where the sum goes over the molecular states listed in T
II. This sum reflects the double degeneracy of theV5” 0
states and the pairing ofg-u states in the case of nonidentic
states.

In the general case, including Eq.~23!, the thermal aver-
age of the cross section is not as simple as Eq.~17! and is
obtained by 15-point Gauss-Laguerre quadrature of the i
gral,

TABLE IX. Spin-orbit matrix for 0u
1 states.a[221/2.

E5
u2a4z a4z a3lz 2a3lz 0

a4z E8
u2a4z a3lz 2a3lz 0

a3lz a3lz E10
u 2a2z 0

2a3lz 2a3lz 2a2z E12
u 0

0 0 0 0 E13
u 2a2z
01271
-
y

ns

f

le

e-

s̄ i 1 i 8~T!5~kT!22E
0

`

s i 1 i 8~E!E exp~2E/kT!dE,

~25!

at temperatureT.

B. Cross sections

The chemi-ionization cross sections are calculated in t
black-sphere approximation. Because of the uncertainty
the long-range parts of the potential curves and the sensi
ity of the thermal reaction to this region, we present cro
sections both with and without the potential barriers. Tunne
ing can be expected to be quite improbable for the hea
mercury atoms, so the chemi-ionization reaction will almo
certainly not occur at collision energies much below the ba
rier height ~making the Maxwellian tail particularly impor-
tant!. Certainly the centrifugal effect is real; however, th
effective barriers depend on the sum of the centrifugal p
tential and the various long-range interatomic forces. Th
barriers seen in theab initio curves generally appear in the
regionR56 –8 Å. Forces, repulsive or attractive, at smalle
distances are largely due to the molecular electron dens
Based on these considerations, the test calculations suppr
ing long-range effects were done by ignoring barriers occu
ring at R.5 Å, but not modifying the potentials atR
,5 Å.

We now consider each of the ten possible reactions se
rately at specific energyE5kT50.000 95 a.u. and the ther-
mal average atT5300 K. The relevant parameters for the
various potential curves contributing to the cross sections
this energy are given in Table XIV.

1. Hg(3P0)¿Hg(3P0)

The potential curves relevant to associative ionization
collisions of two Hg(3P0) atoms are shown in Fig. 3. From
this asymptote there is only one potential curve~of 0g

1 sym-
metry!, and it does not cross the molecular-ion curve. Thu
ionization isadiabaticallyforbidden. However, this potential
curve has an avoided crossing with a potential curve, arisi
from the 3P113P1 asymptote, which does cross the molecu
lar ion. At the avoided crossing, there is a finite probabilit
Phop of switching curves, which can be estimated by th
TABLE X. Spin-orbit matrix for 0u
2 states.a[221/2, b[321/2.

E1
u 0 a21bz 2bz 0 0 ablz 0 0 2ablz 0

0 E3
u 0 a2z 0 a2z 0 0 alz 0 0

a21bz 0 E4
u a3z bz 2a3z 0 0 0 a2lz 0

2bz a2z a3z E5
u2a4z a3bz a4z a3lz a2lz 2a3lz 0 0

0 0 bz a3bz E7
u a3b21z 2blz 0 0 2a2blz 0

0 a2z 2a3z a4z a3b21z E8
u2a4z a3lz 2a2lz 2a3lz 0 0

ablz 0 0 a3lz 2blz a3lz E9
u 0 a2z 0 alz

0 0 0 a2lz 0 2a2lz 0 E11
u 0 az 0

0 alz 0 2a3lz 0 2a3lz a2z 0 E12
u 0 2alz

2ablz 0 a2lz 0 2a2blz 0 0 az 0 E13
u 2a2z 0

0 0 0 0 0 0 alz 0 2alz 0 E15
u
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Landau-Zener-Stu¨ckelberg~LZS! model using the propertie
of the potential curves in the vicinity of the avoided crossin
In terms of the diabatic5Dg ~labeled 1! and 3Sg

2 ~labeled 2!
potential curves, the probability of hopping is given by

Phop5e22g, ~26!

where

g5
p~V12

d !2

vU d

dR
~V11

d 2V22
d !U . ~27!

At the crossing distance,Rx
d53.12 Å, the slopes are

dV11
d /dR520.0130 a.u. anddV22

d /dR50.0268 a.u., and the
coupling is given by half the adiabatic splitting, i.e.,V12

d

5 1
2 (E22

a 2E11
a )50.001 63 a.u. The crossing potential ener

is V11
d 5V22

d 520.0130 a.u., which yields the velocityv5
(22V1 /m)1/2'3.831024 a.u. for thermal collisions (E
!V1), neglecting the centrifugal potential~only small im-
pact parameters can reach the crossing with the ion cu
which occurs very slightly below the asymptotic energ!.
Thus we obtaing50.55 andPhop50.33, sensibly indepen
dent of collision energy at low-to-moderate temperatures

The cross section can then be written

s5pbxd
2 PhopPion , ~28!

wherebxd is the largest impact parameter that will penetra
to the distance where theuppercurve crosses the Hg2

1 curve
and Pion is the conditional probability that ionization wil
then occur. A barrier in theab initio incident curve at;7 Å
would preclude the reaction atE50.000 95 a.u. With the
barrier suppressed, theupper limit on the associative ioniza
tion cross section for Hg(3P0)1Hg(3P0), obtained with
Pion51, would bes (nb)567.9 Å2. The hotter atoms, con
tributing to the thermal average at 300 K, enable some re
tion cross section even with the barrier,s̄ (b)512.4 Å2, and,
neglecting the barrier,s̄ (nb)562.1 Å2. In this case, however
the black-sphere model is not expected to be realistic.
value ofPion can be expected to be significantly smaller bo

TABLE XII. Spin-orbit matrix for 2u states.a[221/2.

E5
u1a4z a3z a3z a4z a3lz 0 a3lz

a3z E6
u 0 a3z 0 a2lz 0

a3z 0 E7
u a3z 0 2a2lz 0

a4z a3z a3z E8
u1a4z 2a3lz 0 2a3lz

a3lz 0 0 2a3lz E12
u 0 a2z

0 a2lz 2a2lz 0 0 E13
u 1a2z 0

a3lz 0 0 2a3lz a2z 0 E14
u

TABLE XIII. Spin-orbit matrix for 3u states.a[221/2.

E6
u1a2z a2z a2lz

a2z E8
u1a2z 2a2lz

a2lz 2a2lz E14
u 1a2z
7-9



s at

JAMES S. COHEN, RICHARD L. MARTIN, AND LEE A. COLLINS PHYSICAL REVIEW A66, 012717 ~2002!
TABLE XIV. DistancesR, potential energiesV, and corresponding impact parametersb of black sphere
~subscripts), crossing with molecular-ion curve if any~subscriptx), and potential~including centrifugal!
barrier outsideRs if any ~subscriptb), for potential curves contributing to chemi-ionization cross section
collision energy 0.000 95 a.u. Numbers in square brackets denote powers of 10.

Black sphere Continuum crossing Centrifugal barrier
Reaction Symmetry Rs Vs bs Rx Vx bx Rb Vb bb

3P013P0
a

0g
1 4.00 -9.54@-3# 13.29 2.97 -6.20@-3# 8.15 7.60 1.19@-3# 0.00

3P113P0

0g
2 4.00 -1.69@-2# 17.33 2.96 -1.39@-2# 11.70 7.71 9.74@-4# 0.00

1g 4.00 -8.31@-3# 12.49 3.20 -1.16@-2# 11.65 7.50 1.31@-3# 0.00
0u

2 4.00 -1.95@-4# 4.39 3.70 -7.12@-4# 4.89 7.59 7.12@-4# 3.80
3P113P1

0g
1 4.00 -8.20@-3# 12.41 2.97 -2.23@-2# 14.69 7.68 2.82@-4# 6.44

1g 4.00 2.69@-4# 3.39 4.12 2.03@-4# 3.65 7.57 8.57@-4# 2.37
2g 4.00 -6.37@-3# 11.10 3.64 -1.03@-2# 12.54 7.54 1.51@-3# 0.00

3P213P0

2g 4.00 -1.78@-3# 6.78 5.07 1.01@-4# 4.79 7.55 1.15@-3# 0.00
2u 4.00 -4.75@-3# 9.79 5.05 -3.98@-5# 5.15 7.59 1.01@-3# 0.00

3P213P1

1g 4.00 8.97@-4# 0.95 8.13 2.08@-4# 7.19
3g 4.00 -1.48@-2# 16.29 8.42 6.17@-4# 4.99 7.64 9.49@-4# 0.22
1u 4.00 -1.29@-3# 6.14 8.11 1.83@-4# 7.29 6.56 5.28@-4# 4.37
2u 4.00 -3.55@-3# 8.70 8.29 4.41@-4# 6.07 7.35 6.52@-4# 4.12

3P213P2

0g
1 4.00 -1.34@-3# 6.22 4.68 5.97@-5# 4.53

3g 4.00 -4.78@-4# 4.90 7.63 9.83@-4# 0.00
4g 4.00 -2.22@-2# 19.76 7.73 6.36@-4# 4.44
0u

2 4.00 -5.67@-4# 5.05 4.94 4.74@-4# 3.50
1P113P0

0g
2 4.00 -1.74@-2# 17.56 8.48 -4.5@-4# 10.30

1g 4.00 -3.19@-4# 4.62
0u

2 4.00 -7.59@-4# 5.37
1u 4.00 -8.00@-4# 5.43 4.11 -4.92@-4# 5.06

1P113P1

0g
1 4.00 -1.41@-2# 15.92 9.47 -4.76@-4# 11.60

0g
1 4.00 -5.22@-3# 10.19 7.55 -3.29@-4# 8.76

0g
2 4.00 -1.74@-3# 6.73

1g 4.00 -4.54@-3# 9.61 8.05 -3.35@-4# 9.36
2g 4.00 -2.28@-3# 7.37 4.17 -1.70@-3# 6.97
0u

1 4.00 -2.19@-2# 19.62 9.52 -4.76@-4# 11.66
0u

1 4.00 -2.09@-2# 19.20 5.99 -1.05@-3# 8.70
1u 4.00 -7.64@-3# 12.02 7.99 -3.98@-4# 9.52
1u 4.00 -5.13@-3# 10.12 7.36 -2.01@-4# 8.10

1P113P2

0g
1 4.00 -1.18@-2# 14.67 7.53 -3.79@-4# 8.91

1g 4.00 -1.43@-2# 16.00 7.56 -4.45@-4# 9.16
1g 4.00 6.02@-5# 3.87
2g 4.00 -2.14@-2# 19.39 9.47 -4.76@-4# 11.60
1u 4.00 -2.54@-2# 21.05 7.77 -4.16@-4# 9.32
1u 4.00 8.23@-4# 1.46
2u 4.00 -2.11@-2# 19.26 9.46 -4.77@-4# 11.59
3u 4.00 -6.08@-3# 10.88 5.89 9.52@-5# 5.59

1P111P1

0g
1 4.00 -2.57@-2# 21.18 10.00 -5.29@-4# 12.48

0g
1 4.00 -5.80@-3# 10.66 7.39 -7.30@-4# 9.83

1g 4.00 -3.84@-3# 8.98 10.00 1.55@-3# 0.00
2g 4.00 -8.20@-3# 12.41 6.85 4.81@-4# 4.81
0u

2 4.00 -1.57@-2# 16.76 6.96 -4.74@-4# 8.52

aWith curve crossing.
012717-10
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because the time spent in the continuum is very short and
state that penetrates the continuum is primarily a quintet s
state, which has zero width. In any event, the upper li
obtained is already smaller than the value 160640 Å2 given
experimentally by Sepmanet al. @11#, which has been chal
lenged experimentally by Majetichet al. @12,9#. Experimen-
tal evidence against chemi-ionization in3P013P0 collisions
was also presented by Sibataet al. @34#.

2. Hg(3P1)¿Hg(3P0)

In the case of Hg(3P1)1Hg(3P0), there are four potentia
curves that arise from the asymptote, as shown in Fig. 4.
asymptote is lower than the Hg11Hg asymptote but all the
curves cross the Hg2

1 curve at smaller distances and, in pri
ciple, can contribute to associative ionization with their
spective statistical weights. One of them (1u) is significantly
repulsive at its crossing with the molecular ion (V
50.0043 a.u.) and can be practically ignored for therm
collisions. The 1g curve barely penetrates the continuum b
fore it is repelled by an avoided crossing with a curve of
same symmetry coming from the3P113P1 asymptote. This
crossing is more weakly avoided than the one discusse
Sec. III B 1, and a similar LZS analysis yields a hoppi
probability of 0.78. That is, most of the 1g flux will continue
further into the continuum and, in keeping with the upp
bound nature of the present estimates, we will ignore
possible reduction. The cross-section contributions, ca
lated with (s (b)) and without (s (nb)) the long-range barriers

FIG. 3. Potential-energy curves contributing to chemi-ionizat
in Hg(3P0)1Hg(3P0) collisions. In this and subsequent figures, t
molecular symmetry@in Hund’s case~c!# is designated as follows
number dots5 1 1 angular momentum ofg states, number dashe
5 1 1 angular momentum ofu states, except 0g

25dot dash, and
0u

15dash dot.
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at energyE5kT and thermal average (s̄ (b) and s̄ (nb)) at T
5300 K, are4

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
2 0.00 430.20 62.75 430.20

1g 0.00 136.40 36.55 136.36

0u
2 45.35 46.51 41.47 46.11

1u 0.00 0.00 0.53 0.53

Total 7.56 124.92 29.73 125.0

~29!

With barriers, the Maxwellian tail is needed to get contrib
tions from the 0g

2 and 1g states and substantially increas
the cross section~by a factor of ;4). In the absence o
barriers, the thermal spread of energies has little effect.

This cross section has been the subject of experim
that utilize collisions with N2 to convert Hg(3P1) to
Hg(3P0) @34#. Our value may be compared with the expe
mental values 460 Å2 ~no error bar given! of Tan and von
Engel @10# and 99625 Å2 of Majetich et al. @9#.5 This

4Cross sections are given in units of Å2 (510216 cm2). The ac-
curacy of the cross sections is not expected to be better t
;10%, though theprecisionis to the figures given.

5The value of 139634 Å2 given in Ref.@9# apparently resulted
from use of the atomic mass instead of the reduced mass in
verting the measured rate constant~there is also a typo in the rat
constant given in this paper; it should be 2.54310210 cm3 s21 in-
stead of 2.5431028 cm3 s21). Another simulation of this experi-
ment yielded kAI51.65310210 cm3 s21, which corresponds to
sAI564 Å2 @9#.

FIG. 4. Potential-energy curves contributing to chemi-ionizat
in Hg(3P1)1Hg(3P0) collisions. See Fig. 3 caption for designatio
of symmetries; the most important curves are also labeled.
7-11
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agreement suggests that the black-sphere model yields
sonable estimates for cases where the continuum is am
accessed.

3. Hg(3P1)¿Hg(3P1)

Of the six potential curves arising from Hg(3P1)
1Hg(3P1), shown in Fig. 5, half, representing 5/9 of th
total flux, are attractive and contribute to associative ioni
tion in thermal-energy collisions. Here, and in the poten
curves from higher asymptotes, there are numerous c
crossings, generally weakly avoided, that complicate the
teractions but have no effect on the ionization cross sect
within the black-sphere model. The 1g curve is attractive but
rather flat outside the crossing into the continuum, so adm
only small-impact-parameter reactions. The largest contr
tion comes from the strongly attractive curve of 0g

1 symme-
try. The cross-section contributions are

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 130.33 477.78 132.38 468.6

0g
1 0.00 0.00 0.06 0.06

1g 17.71 36.04 34.51 38.12

2g 0.00 67.63 30.01 68.41

0u
2 0.00 0.00 3.42 3.42

1u 0.00 0.00 16.29 16.29

Total 18.42 76.12 33.06 79.7

~30!

Thus it would appear that associative ionization
Hg(3P1) self-collisions could be competitive with associ
tive ionization in collisions of Hg(3P1) with Hg(3P0) if the
populations are comparable. As in the case of Hg(3P1)

FIG. 5. Potential-energy curves contributing to chemi-ionizat
in Hg(3P1)1Hg(3P1) collisions. See Fig. 3 caption for designatio
of symmetries.
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1Hg(3P0), the cross section is significantly reduced by t
potential barriers. The temperature dependence is no
strong even with the barriers.

4. Hg(3P2)¿Hg(3P0)

Collisions between metastable atoms may be most imp
tant in the afterglow after the allowed Hg(3P1) and Hg(1P1)
populations have radiatively decayed@40,2,41#. Only the 2g
and 2u potential curves from Hg(3P2)1Hg(3P0), shown in
Fig. 6, are attractive~apart from weak barriers at;7 Å).
Two other curves, 0u

1 and 1u , become attractive at smallR
due to curve crossings, but are too repulsive outside the c
tinuum crossing to accommodate chemi-ionization. T
cross-section contributions are

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 0.00 0.00 0.04 0.04

1g 0.00 0.00 0.01 0.01

2g 0.00 72.20 35.80 69.99

0u
1 0.00 0.00 2.39 2.39

1u 0.00 0.00 0.12 0.12

2u 0.00 83.47 46.59 83.11

Total 0.00 31.13 16.75 30.89

~31!

This cross section is relatively small but possibly still si
nificant since both states are metastable.

5. Hg(3P2)¿Hg(3P1)

The cross section for Hg(3P2)1Hg(3P1) is potentially
important in discharges for the same reason as Hg(3P1)

FIG. 6. Potential-energy curves contributing to chemi-ionizat
in Hg(3P2)1Hg(3P0) collisions. See Fig. 3 caption for designatio
of symmetries.
7-12
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1Hg(3P0), but has not been measured. Theoretically,
radiative allowed/metastable nature of the states is of l
relevance to the chemi-ionization cross sections. As liste
Table II, a large number~18! of distinct potential curves
come from the3P213P1 interaction. As shown in Fig. 7, the
asymptotic energy is just below that of the molecular io
and all these potential curves cross into the ionization c
tinuum at large distances (;8 Å). However, only four
(1g ,3g ,1u ,2u) are sufficiently attractive that associativ
ionization is likely in a thermal-energy collision. The cros
section contributions are

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 0.00 0.00 0.00 0.00

0g
2 0.00 0.00 5.68 5.68

0g
2 0.00 0.00 0.04 0.04

1g 2.83 2.83 19.92 19.92

1g 0.00 0.00 0.70 0.70

1g 0.00 0.00 0.00 0.00

2g 0.00 0.00 1.73 1.73

2g 0.00 0.00 0.03 0.03

3g 0.16 78.09 64.84 114.34

0u
1 0.00 0.00 0.32 0.32

0u
2 0.00 0.00 2.98 2.98

0u
2 0.00 0.00 0.01 0.01

1u 60.05 99.22 60.15 87.57

1u 0.00 0.00 0.15 0.15

1u 0.00 0.00 0.00 0.00

2u 53.30 115.78 73.11 96.82

2u 0.00 0.00 0.70 0.70

FIG. 7. Potential-energy curves contributing to chemi-ionizat
in Hg(3P2)1Hg(3P1) collisions. See Fig. 3 caption for designatio
of symmetries.
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State s (b) s (nb) s̄ (b) s̄ (nb)

3u 0.00 0.00 2.75 2.75

Total 7.76 19.73 15.24 21.95

~32!

This is considerably smaller than the Hg(3P1)
1Hg(3P0) cross section. Under somewhat hot thermal co
ditions, Penning ionization may also occur but is relative
unlikely because the expected Franck-Condon behavio
the transition will usually result in a molecular ion deep in
potential well.

6. Hg„3P2…¿Hg„3P2…

Because of its high statistical weight and metastabil
self collisions of Hg(3P2) may be the most common colli
sions under some discharge conditions at late times. T
this cross section is of particular concern. Of the 15 ass
ated potential curves, shown in Fig. 8, only the 4g state is
strongly attractive. In fact, this potential curve suffers
avoided crossings and is the most attractive of all the po
tial curves resulting from the Hg(6s6p)1Hg(6s6p) inter-
actions. If chemi-ionization could occur in this state, t
black-sphere approximation would give;1310214 cm2.
However, the 4g state is pure5Dg , unmixed by spin-orbit
coupling, and quintet states are not coupled to the c
tinuum. Consequently there are only small contributions
self collisions of Hg(3P2), mainly by three other states,

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 64.48 64.48 62.37 62.37

0g
1 0.00 0.00 0.21 0.21

0g
1 0.00 0.00 0.01 0.01

FIG. 8. Potential-energy curves contributing to chemi-ionizat
in Hg(3P2)1Hg(3P2) collisions. See Fig. 3 caption for designatio
of symmetries.
7-13
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State s (b) s (nb) s̄ (b) s̄ (nb)

1g 0.00 0.00 0.00 0.00

1g 0.00 0.00 0.00 0.00

2g 0.00 0.00 0.13 0.13

2g 0.00 0.00 0.00 0.00

3g 0.00 75.56 37.81 75.56

4g 62.00 858.45 94.56 858.4

0u
2 38.41 38.41 42.61 42.61

0u
2 0.00 0.00 0.25 0.73

1u 0.00 0.00 2.48 2.48

1u 0.00 0.00 0.00 0.00

2u 0.00 0.00 3.34 3.34

3u 0.00 0.00 0.39 0.39

Total 4.12 10.16 7.75 10.79

~33!

Thus, chemi-ionization destruction of the3P2 state, even
when combined with the contributions of collisions with th
3P0 and 3P1 states, is predicted to be relatively small. T
cross section is small even with the barriers suppressed;
wise the hot thermal tail does not greatly enhance it. In s
of the asymptote being well above that of the ion, t
Franck-Condon principle suggests that the ionization t
does occur will be mainly associative since the upper-le
wells are shallow.

7. Hg(1P1)¿Hg(3P0…

The Hg(1P1) state rapidly radiates,A57.463108 s21

@42#, and so chemi-ionization might not be expected to
competitive. However, this radiation is often strongly trapp
under gaseous discharge conditions, so it is not a foreg
conclusion that this is true. First we consider its collisio

FIG. 9. Potential-energy curves contributing to chemi-ionizat
in Hg(1P1)1Hg(3P0) collisions. See Fig. 3 caption for designatio
of symmetries.
01271
e-
te

t
l

e
d
ne
s

with the metastable Hg(3P0). In this case, all four of the
potential curves, shown in Fig. 9, are attractive and can c
tribute at thermal energies, though the reaction is domina
by the strongly attractive 0g

2 state. The cross-section contr
butions are

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
2 333.37 968.36 309.83 968.3

1g 67.12 67.12 65.98 67.12

0u
2 90.44 90.44 90.44 90.44

1u 80.58 80.58 80.41 80.41

Total 119.87 225.70 115.51 225.6

~34!

For the Hg(1P1) reactions the energies of the eject
electrons will be relatively higher (*1 eV) than for the
triplet-triplet reactions, and, by point 4 in Sec. III A, th
width may be smaller and the black-sphere model more o
overestimate of the cross section. Even so, for the reac
rate to be competitive with the vacuum radiative loss rate
Hg(3P0) number density of;1018 cm23 would be required,
which would be quite high. However, with very strong radi
tion trapping, the collisional rate could still be significant.

8. Hg(1P1)¿Hg(3P1)

Collisions betweentwo allowed states are even less likel
The vacuum radiative decay rate of Hg(3P1) is A
58.403106 s21 @42#. However, most of the Hg(1P1)
1Hg(3P1) potential curves, shown in Fig. 10, are attractiv

FIG. 10. Potential-energy curves contributing to chem
ionization in Hg(1P1)1Hg(3P1) collisions. See Fig. 3 caption fo
designation of symmetries.
7-14
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especially the two 0u
1 states, and the black-sphere mod

yields a quite large cross section, with contributions

State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 422.92 796.45 389.69 796.4

0g
1 241.11 326.36 207.10 326.3

0g
2 142.48 142.48 126.16 142.4

1g 275.35 290.29 211.89 290.2

1g 0.00 0.00 1.07 1.07

2g 152.65 152.65 121.98 152.6

0u
1 427.41 1209.07 401.14 1209.0

0u
1 237.72 446.76 210.69 446.7

0u
2 0.00 0.00 17.02 17.02

1u 284.60 396.65 245.52 396.6

1u 206.23 240.17 175.34 238.8

2u 0.00 0.00 14.03 14.03

Total 183.85 282.26 160.64 284.7

~35!

The curves with symmetry pairs, 0g
1 , 1g , 0u

1 , and 1u ,
exhibit weakly avoided crossings atR'4 Å. The second 1g
curve has energy atR54 Å below the asymptote, but has
large barrier outside due to a higher curve crossing. The P
ning component of the total chemi-ionization reaction co
be significant in Hg(1P1)1Hg(3P1) collisions since some o
the potential curves are more attractive than the Hg2

1 curve
nearR54 Å.

9. Hg(1P1)¿Hg(3P2)

The potential curves for Hg(1P1)1Hg(3P2) are shown in
Fig. 11. Half the flux enters in attractive potential curves a

FIG. 11. Potential-energy curves contributing to chem
ionization in Hg(1P1)1Hg(3P2) collisions. See Fig. 3 caption fo
designation of symmetries.
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the black-sphere cross-section contributions
State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 249.28 573.16 229.28 572.8

0g
2 0.00 0.00 1.02 1.02

0g
2 0.00 0.00 0.00 0.00

1g 263.64 753.94 240.52 752.1

1g 47.08 47.08 47.08 47.08

1g 0.00 0.00 0.00 0.00

2g 422.85 1180.83 396.15 1180.8

2g 0.00 0.00 13.38 13.38

3g 0.00 0.00 0.12 0.12

0u
1 0.00 0.00 0.02 0.02

0u
2 0.00 0.00 3.21 3.21

0u
2 0.00 0.00 0.01 0.01

1u 272.62 796.21 253.05 796.2

1u 6.71 6.71 21.62 21.62

1u 0.00 0.00 0.00 0.00

2u 422.21 1164.83 395.44 1164.8

2u 0.00 0.00 0.01 0.01

3u 98.07 132.57 93.25 132.51

Total 110.52 291.25 105.16 293.1

~36!

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

10. Hg(1P1)¿Hg(1P1)

For completeness, we also treat Hg(1P1)1Hg(1P1),
shown in Fig. 12. Even though the black-sphere cross s
tion, with contributions

- FIG. 12. Potential-energy curves contributing to chem
ionization in Hg(1P1)1Hg(1P1) collisions. See Fig. 3 caption fo
designation of symmetries.
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State s (b) s (nb) s̄ (b) s̄ (nb)

0g
1 488.99 1245.02 472.20 1244.9

0g
1 303.36 356.93 249.84 356.9

1g 0.00 253.20 45.62 253.20

2g 72.75 483.91 84.56 483.9

0u
2 228.13 495.66 206.30 495.6

1u 0.00 0.00 0.15 0.15

Total 129.55 396.87 132.11 396.9

~37!

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

IV. CONCLUSIONS

The present calculations suggest that the experime
disagreement, as to whether Hg(3P0) associative ionization
is mainly due to self collisions or collisions with Hg(3P1), is
resolved in favor of Hg(3P1). The Hg(3P0)1Hg(3P0) cross
section would appear to to quite small, even though
avoided curve crossing could still make it non-negligible. A
pairs of Hg(6s6p) atoms, except possibly for Hg(3P0)
1Hg(3P0), will have significant chemi-ionization cross se
tions, but the cross sections for3P2 with itself and with the
other triplet states are predicted to be relatively sm
Chemi-ionization cross sections for the metastab
metastable collisions are found to be considerably sma
than for the allowed atomic states, Hg(3P1) and especially
Hg(1P1). There is little a priori reason to expect such
relation, but it is serendipitous for lamp efficiency. Assoc
tive ionization is expected to dominate in all cases thou

FIG. 13. Thermally averaged cross sections at 300 K for
Hg(6s6p)1Hg(6s6p) chemi-ionization reactions in the black
sphere model@see Sec. III B 1 for discussion of the Hg(3P0)
1Hg(3P0) cross section, not shown#. The lower values designat
the calculation with the unadjustedab initio potential curves, the
higher values the cross section with long-range barriers suppre
The experimental values for Hg(3P1)1Hg(3P0) are from Tan and
von Engel~solid triangle! @10#, Majetichet al. ~solid diamond! @9#,
and an alternative analysis of Majetich~open diamond! @9#.
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FIG. 14. Thermally averaged cross sections for chemi-ioniza
in Hg(3P1)1Hg(3P0) collisions as a function of temperature: ca
culated with long-range potential barriers~open circles! and without
long-range potential barriers~solid circles!, and experiments atT
'300 K of Tan and von Engel~solid triangle! @10#, Majetichet al.
~solid diamond! @9#, and alternative analysis of Majetich~open dia-
mond! @9#.

FIG. 15. Dependence of the chemi-ionization cross section
300 K for Hg(3P1)1Hg(3P0) and Hg(3P2)1Hg(3P2) on the
black-sphere radiusRs , with and without potential barriers. Th
cross section for the former reaction, in which only associat
ionization can occur, is limited by the crossing distance between
neutral and molecular-ion potential curves. The cross section for
latter, in which ionization isenergeticallyallowed even at infinity,
would increase quadratically with very large~unphysical! Rs .
7-16
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the Hg(1P1) reactions may have non-negligible Penning io
ization cross sections.

Several of theab initio potential curves exhibit small bar
riers, which, if correct, could dramatically reduce the chem
ionization cross sections at temperatures below;300 K.
The thermal average cross sections at 300 K are show
Fig. 13, with and without the effect of these barriers. T
cross sections for different pairs of reactant atomic states
quite different, and an accurate predictive model of merc
lamps would need to account for the separate populati
The barriers and temperature dependences are most ma
when both of the interacting atoms are in triplet states. In
these cases, the cross sections increase as a function o
ergy and temperature in the range 0–1000 K. On the o
hand, when one of the atoms is1P1, the cross sections ar
decreasing functions. If the barriers are suppressed, all
cross sections tend to be flat or decrease with increa
energy and temperature.

An example is shown in Fig. 14 for the Hg(3P1)
1Hg(3P0) reaction, which seems to be most amenable
afterglow experiments. The more recent experimental m
surements, at;300 K, fall in between the results obtaine
with and without the potential barriers in question and do
provide much basis for discrimination. However, a futu
measurement of the temperature dependence, over a r
;200–400 K, could clearly establish the reality of the b
riers. The measurement of the energy dependence in a c
beam experiment, even without absolute calibration, wo
also be informative.
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The present calculations were done in the black-sph
model. The choice of the black-sphere distanceRs is based
on the overlap of the atomic orbitals but is still somewh
arbitrary. In addition, the assumption that ionization is co
plete withinRs is unverified, though it is a reasonable expe
tation for low-energy collisions. The chemi-ionization cro
sections with reactants for which only associative ionizat
is energetically possible, as shown in Fig. 15 for Hg(3P1)
1Hg(3P0), depend rather weakly on reasonable values
Rs . For reactants with energies above the atomic ionizat
threshold, as is the case for the Hg(3P2)1Hg(3P2) reaction
shown in Fig. 15, the sensitivity toRs is considerably
greater, even within the range 3.5,Rs,4.0 which might be
considered the uncertainty. Comparison with the experim
tal Hg(3P1)1Hg(3P0) cross sections suggests that t
black-sphere model is realistic. Of course, no value ofRs can
yield the actual energy-dependent results and, in future w
we plan to calculate the autoionization widths and elimin
this approximation.
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