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Collisional studies involving N+ and N2+ ions and Hg X2 (X=Cl, Br, and I)
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Charge transfer reactions involving collisions of N+ and N2+ ions and HgX2 (X =Cl, Br, and I)
molecules have been studied in the kinetic energy range of 1 —1000 eV (laboratory frame). Emission
spectra from the (8 X) t-ransition of HgX radicals as well as mercury atomic lines from various high-

ly excited energy levels have been observed and analyzed. By using the integrated intensity of the
most intense bands of HgX (X =Br or I) radicals and strong mercury atomic lines, emission cross
sections have been measured at various laboratory kinetic energies of the projectile ions.

I. INTRODUCTION

Laser action from the (8-X) band system of HgX
(X=Cl, Br, or I) radicals has been observed by many in-
vestigators in the past' ' either by optical or electrical
discharge pumping of mercury halide vapors, i.e., HgXz
(X=C1, Br, or I) directly or through a mixture of atomic
mercury vapors and halogen-containing molecules. The
efficiency of these lasers has been observed to increase
significantly in the presence of a small amount of neutral
gases, such as Nz and/or Xe, " ' in the discharge
medium. This is due to the efficient energy transfer dur-
ing collisions involving discharge-produced metastables
N2( A ) and/or Xe( P) and the ground-state HgX2 vapors
leading to the formation of HgXz(' X). The HgX2(' X)
is a highly repulsive state' and dissociates into HgX(8
state) and X (X=C1, Br, or I) atoms. The rate of forma-
tion of HgBr(8 state) due to collisions of N2( A ) and
HgBr2 molecules has been measured by Dreiling and Ses-
ter and Chang and Burnham ' and is equal to
2.8)(10 " and 1.0&10 ' cm molecule 'sec ', re-
spectively. No such rate-constant data are available for
the B-state formation of HgC1 and HgI radicals during
the reaction of N2(A ) and HgXz (X=C1 and I) mole-
cules. It is to be noted here that the reaction of N2( A )

and HgC12 leading to the HgC1(8-state) formation is en-
dothermic by about 0.05 eV and no emission has been ob-
served from the B-X transition of HgC1. However,
enhanced laser emission has been observed in the pres-
ence of N2 gas in the discharge medium. ' Thus the
enhancement of the HgCl laser cannot be explained based
on the energy-transfer phenomenon alone. In a discharge
medium containing electrons, HgX2 vapors, and N2 gas,
in the ground and/or electronically excited states, a
variety of processes such as excitation, ionization, disso-
ciation, and energy transfer, etc. , may take place, leading
to the formation of HgX2+, HgX+, Hg+, Nz+, and N+,
etc., in addition to HgX(8 state} and N2(A ) formation
during collisions of electrons and HgX2 and N2 mole-
cules. The ionization eSciency of N2( A ) and other high-
ly excited states of N2 present in the medium, if any, is
expected to be much higher than that of the ground-state
N2. Armentrout et al. have measured the cross sections

for the process e+Nz(A }~Nz+(X)+2e in the elec-
tron energy range of 11—240 eV with peak cross section
of 1.16&10 ' cm at 45 eV, whereas Rapp et al. have
measured the ground-state ionization cross sections of N2
in the electron energy range of 16—240 eV with peak
cross section of 1.9)&10 ' cm at 100 eV. Recently,
Gorman and Zipf have observed the formation of
N2+(8 state) and N(3P) and ground-state N atoms dur-
ing the collisions of electrons and N2( A ) and have mea-
sured the cross sections of these processes, which are
more than 0.5)&10 ' cm at 20 eV. Thus collisions of
electrons and Nz( A ) in a mercury halide discharge medi-
um may present a serious loss of N2( A ) molecules, lead-
ing to the formation of a large number of N2+, N+, and
N atoms. However, these ions, i.e., N2+ and N+, when
colliding with HgX2 molecules in the discharge medium,
may play a major role in controlling the HgX(8-state)
formation kinetics at different energies of the projectile
ions. Johnsen and Biondi have studied the ion-molecule
reactions involving N2+ and N+ with HgBr2 at thermal
energy and have observed the formation of HgBr+ and
Hg+ with a rate constant of about 3&&10 ' cm3/sec.
Such rate measurements have not been reported for
HgC12 and HgI2 molecules. To the best of our
knowledge, chemiluminescent studies involving collisions
of these ions at different kinetic energies and ground-state
HgX2 molecules have not been perfortned and reported
in the literature. This information is, however, necessary
in theoretical modeling and proper understanding of the
discharge kinetics of these lasers. ' ' In this paper we re-
port our results on the formation of HgX(8 state) and
highly excited states of atomic mercury during the col-
lisions of Nz+ or N+ and HgX2 vapors at different kinet-
ic energies of these ions. The experimental procedure
used and the results obtained will be described below.

II. EXPERIMENTAL PROCEDURE

The charge transfer experiments with N2+ or N+ and
HgXz molecules were performed by directing mass select-
ed ion beams at a desired kinetic energy into a collision
cell containing HgX2 vapors (Fig. 1). The ions are gen-
erated in a low-voltage dc discharge by flowing N2 gas
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FIG. 1. Experimental setup used in the present study.

through it and extracted from a 0.03-in. hole in the anode
and accelerated to an energy of about 1 keV before enter-
ing into a high-resolution 6-in. Wien velocity filter. The
ions of desired mass at a selected magnetic field pass
through the velocity filter undeflected, while ions of
different velocities or masses are deflected out of the
beam. The desired ions are then decelerated by using a
set of electrostatic lenses at different voltages and direct-
ed into the reaction cell. These ions are collected on a
Faraday cup connected to a high-sensitivity electrometer
(Keithley Instruments model 610C) as shown in Fig. 1, to
measure the ion currents. The kinetic energy of the reac-
tant ions is adjusted by changing the potential on the col-
lision cell. The electrostatic lenses and the collision cell
are made of copper, whereas other focusing elements of
the velocity filter are made of high-quality stainless steel.
The collision cell has one slot (2 cmX2 mm) parallel to
the ion beam and equipped with a sliding suprasil win-
dow for monitoring the emitted photons due to the
ion/molecule reactions inside the collision cell. This cell
also has two apertures for entrance and exit of the ion
beam. The mercury halide vapors are generated by heat-
ing the desired salts, i.e., HgClz, HgBrz, or HgIz, con-
tained in a container located underneath the collision
cell. The container is made of copper and wrapped with
a band heater capable of raising the temperatures to a
maximum of about 450'C. It is to be noted here that the
collision cell and the vapor container are both made of
copper and the collision cell is mounted on top of the va-
por container, and therefore the temperatures of the va-
pors and collision cell are assumed to be the same. The
temperatures of the mercury halide vapors are measured
by a calibrated thermocouple (K-type, Keithley Instru-
ments) and displayed on a digital thermometer. This
temperature is then used to calculate the vapor density of
all the mercury halides studied here. The Wien velocity
filter, collision cell, Faraday cup, and vapor generator are
all housed in a stainless-steel chamber which is attached
with various view ports. The chamber was evacuated by
using two mechanical pumps (Edward model E2M12, 30
CFM) and a cryogenic pump (CTI) model CryoTorr-8)
which has a pumping speed of 4000 1/sec for water va-
por. With these pumps it was possible to evaluate the

chamber to a background pressure of 10 Torr within a
few hours. The pressure was measured by a calibrated
Bayer-Lampert ionization gauge. The Nz+ and N+ ions
were generated by flowing a small amount of Nz gas into
the ion source through a stainless-steel capillary tube,
and its flow was controlled by a precision leak valve
(Grainville Philiphs model 328).

The light emitted from the collision cell due to reac-
tions of Nz+ or N+ ions and HgX2 (X=C1, Br, and I)
molecules was dispersed by a 0.2-m scanning monochro-
mator equipped with 1200 grooves/mm grating (McPher-
son model 275 monochromator and model 789 scanner)
and detected by a cooled ( —25'C) photomultiplier tube
(PMT) (EMI) GenCom model FACT-50 cooler and mod-
el 9863QB/5 PMT). The output from the PMT was
amplified and displayed on a photon counter (EMI Gen-
Com model Ad-100 amplifier and C-10 photon counter).
The signal from the photon counter was either sent to an
X-Y chart recorder or to a multichannel analyzer (MCA)
(Norland Corp. model 5608). The MCA was interfaced
with a digital cassette tape recorder and a plotter for
storing and plotting the data. The optical detection sys-
tem was calibrated by using freshly calibrated deuterium
and quartz-halogen lamps (Optronics models UV-40 and
220c) in the wavelength range of 200—800 nm. Various
wide bandpass interference filters were used to avoid scat-
tered lights and second-order effect of grating, if any.

The mercury salts, i.e., HgClz, HgBrz, and HgIz were
purchased from Alfa Chemical Company with stated pur-
ity of 95%. The N2 gas was supplied by Air-Products
with stated purity of 99.9% and was used without further
purification.

III. RESULTS AND DISCUSSIONS

During the collisions of N+ or Nz+ with HgXz
(X=C1, Br, and I) molecules, the emission spectrum of
the (B-X) transition of HgX radicals and mercury atomic
lines due to radiative transitions from the highly excited
states to lower states, i.e., Hg(7 S, —6 Po, 2) and
Hg(6'D, 2, —6'Po, 2) with the electric dipole selection
rule b J=0,+1, was observed at various laboratory kinet-
ic energies of the projectile ions. In the case of N+ and
HgBr2 collisions, the HgBr (B-X) emission bands were
observed to be slightly stronger than those with Nz+ and
HgBrz collisions, whereas the intensities of the mercury
atomic lines were slightly higher with Nz and HgBrz as
compared to N+ and HgHgBrz collisions at a particular
kinetic energy of the projectile ions, i.e., N+ or Nz+. In
Fig. 2, we show these results with N+ and Nz+ observed
at a laboratory kinetic energy of 700 eV and HgBrz vapor
density of about 0.1 Torr. With N+ or Nz+ and HgBrz
collisions, these emission bands and mercury atomic lines
were observed at laboratory kinetic energy as low as 1

eV. The intensities of these atomic lines and molecular
bands were observed to be consistently increasing with
increasing kinetic energies of these ions. In Fig. 3 we
show these results with N+ and HgBrz collisions. The in-
tensity of the HgBr (B-X) bands at low energy with N2+
ions was much weaker than those due to N+ and HgBrz
collisions. This observation indicates that N+ is more
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served due to HgBr2 reactions at an identical kinetic en-

ergy of N2+ or N+ ions. In Fig. 4, we display the emis-
sion spectrum of the B X-band system of HgX radicals
(X=Cl, Br, and I) and atomic lines of mercury due to
collisions involving HgX2 molecules and N+ ions at a
laboratory kinetic energy of 900 eV. The intensity of the
B-Xbands due to HgC1 and HgI radicals was observed to
follow the same trend as those of the HgBr radical during
the reaction of N+ and N2+, i.e., the emission bands were
more intense with N+ than with Nz+ at a particular ki-
netic energy of these ions. However, we were not able to
observe any mercury atomic lines or molecular bands
with N+ and HgC12 collisions at kinetic energies lower
than 100 eV. With N2+ and HgC12, on the other hand,
we were able to observe atomic lines due to transitions
(Hg 7 S, —6 P2) and (Hg 7 S& —6 P~ ) only and no bands
down to 1 eV. These observations are inconsistent with
the those of N+ or N2+ and HgBr2 collisions. The
reasons for this inconsistency are not known to us at this
time. In the case of N+ or N2+ and HgIz collisions, we
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FIG. 2. Emission spectra observed during the collisions of
HgBr, molecules and N+ and N2+ ions at a laboratory kinetic
energy of 700 eV. The spectra are uncorrected for the detection
eSciency of the optical system. A =Hg(7 'S

&
-6 'P2 ),

B=Hg(7 S]—6 P] ) C=Hg(7 S& —6 Pp) D =Hg(7 D3
-6'P&), E=Hg(7'D2-6'P&). Some of the weaker mercury
atomic lines are not labeled.
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effective in producing HgBr (B X) emis-sion than N2
At kinetic energies higher than 200 eV of both of these
ions, we observed the mercury emission line at 579 nm,
probably due to the (Hg 6'D2 —6'P, ) transition. The
molecular emission bands of the HgBr (B X) transiti-on
were observed to be fully developed in the wavelength
range of 520.0-285.0 nm at a higher kinetic energy of the
projectile ions, i.e., N+, or N2+ as is generally observed

by using the conventional techniques of emission and ab-
sorption (see Figs. 2 and 3). Because of the low resolu-
tion of our monochromator (4.0 nm/mm dispersion and
20 A resolution with 500 pm slit width) it was not possi-
ble to resolve and identify each bandhead of the 8-X
transition. However, the most intense bandhead of the
HgBr (B X) transition at -502 nm corresponding to the
(U'=0)-(U"=22) transition was clearly visible in all the
scans along with intense atomic mercury lines at various
kinetic energies of the projectile ions as shown in Figs.
2 —4. When HgBr2 was replaced by either HgC12 or HgI2
and heated to an appropriate temperature to generate
number densities of these species comparable to HgBr2
and the reaction products were observed and analyzed at
a particular kinetic energy of the ions, i.e., N2+ and N+,
the intensities of the emission bands of the (B X) transi--
tion of HgC1 and HgI radicals were observed to be much
weaker than those of HgBr. However, the intensities of
the mercury atomic lines due to HgC12 and HgI2 reac-
tions were observed to be almost identical to those ob-
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FIG. 3. Variation of intensities of HgBr {B-X)bands and

mercury atomic lines observed at various laboratory kinetic en-

erties (eV) of N+ during collisions with HgBr2 molecules. The
spectra are uncorrected for optical detection eSciency.
A =Hg(7 Sl —6 P2 ) B=Hg(7 S]—6 Pl ) C =Hg(7 S]
—6'Pp), D =Hg(7'D3 —6'P, ), E =Hg(7'D~ —6'P, ).
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FIG. 4. HgX (8 X) bands a-nd atomic mercury lines observed
during collisions of N+ and HgX2 (X=C1, Br, and I) molecules
at laboratory kinetic energy of 700 eV. The spectra are un-

corrected for optical detection efficiency (see text for details).
A =Hg(7 S]—6 P2) B=Hg(7 S]—6 P) ) C=Hg(7 Sl
—6 Po) D =Hg(7 D3 —6 P2 ) E=Hg(7 D2 —6 Pl ).

could not observe any atomic lines or molecular bands at
kinetic energies lower than 500 eV.

Because of the low vapor density of HgI2, it was neces-
sary to heat the sample to get a number density compara-
ble to that of HgClz or HgBr2 molecules. At higher tem-
peratures, we observed slight coating of either HgI2 or
thermally dissociated Iz molecules on the viewing win-
dow. Under these conditions, the weaker emissions could
not be observed even though they were being produced in
the reaction cell. We did not, however, observe any such
coatings due to Hgcl2 or HgBr2 vapors at the tempera-
tures used in the present study.

It is worth noting here that the emission bands and
atomic mercury lines shown in Fig. 4 are not corrected
for the relative response of the optical system at various
wavelengths and therefore it may reflect different intensi-
ties than the actual one. However, the absolute response
of our detection system at the wavelengths of the most in-
tense bands of the HgX radicals (X=C1, Br, and I), i.e.,
557, 502, and 444 nm, respectively, corresponding to the
transition (u'=0)-(u"=22) is not significantly ditferent
to affect the peak height of these emission bands or atom-
ic lines. These corrections have been made in calculating
the cross sections of the emission bands and mercury
atomic lines at various kinetic energies of the projectile
ions (see below).

We were unable to observe emission bands of C-L or
D Xtransition of the H-gX radicals in the kinetic energy
of range 1 —1 keV of the projectile ions N+ or Nz+.
However, these band systems have been observed in

N+ (N +)+HgXq~HgX"(8)+X+N+ (N2+)+bE,

N+ (N2+)+HgX2~Hg" +Xp+N+ (Np+)+bE ) (8)

N+ ( N2+ }+HgX(X )~H gX'(8 }+N+ (N2+ ) +bE,

N+ (N2+)+Hg~Hg*+N+ (N2+)+bE,
N+ (N2+ )+Hg* ~Hg**+N+ (N2+ )+b E .

(c) Radiative decay processes,

HgX2*(' X)~HgX'(8 }+X,
HgX'(8 )~HgX(X, u )+h v,
Hg**~Hg*+ h v,
Hg*~Hg+h v,

(10)

(12)

(13)

(14)

(15)

energy-transfer processes, especially from N2( A ) to
HgBr2 molecules. ' The 8-X band system of the diatom-
ic halogens, which are observed easily in emission or ab-
sorption through the individual vapors and lie in the
same wavelength range as used in the present study to ob-
serve the emission spectrum of the HgX radicals, were
not observed by us. This simply means that either these
bands are too weak to be observed with our detection sys-
tem or these diatomic molecules are not formed during
the charge transfer processes studied here. It is also to be
noted here that the most frequently observed emissions
from the Nz+ (8-X) transition in a charge transfer reac-
tion involving N2+ ions and a variety of target species
with the most intense band at 391.5 nm was also not ob-
served in the present studies. However, this and other
bands of the N2+ (8 X) tra-nsition were observed with
our detection system during collisions involving Nz+ and
He or He2+ and N2 gas as target at different kinetic ener-
gies of the projectile ions. This observation clearly indi-
cates that our detection system is capable of detecting
these emissions, if present. Based on these observations
and those of Johnsen and Biondi, the following set of
reactions may be responsible for the observation of the
emission bands of the 8-X transition of HgX radicals
(X=C1, Br, and I) and the mercury atomic lines in the
present studies and various ions by Johnsen and Biondi.

(a) Direct or collision-induced dissociative charge
transfer processes,

N+ (N2+)+HgX2~HgX2++N (N2)+bE, (1)

N+ (N +)+HgX2~HgX++X+N (Nq)+bE, (2)

N+ (N2+)+HgX2~Hg++Xq+N (N2)+bE, (3)

N+ (N2+)+HgX2~HgX+X++N (N~)+bE, (4)

N+ (N2+)+HgX2~Hg+X2++N (N2)+bE . (5)

(b) Collision-induced dissociative excitation processes,

N+ (N +)+HgX2~HgX2'(' X)+N+ (N2+)+bE,
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where HgXz+, HgX+, Hg+, Xz+ and X+ are the
ground-state ionized species; HgXz'(' X), HgX*(B ),
Hg" (i.e., 7 S, states), and Hg* (i.e., 6 P states) are the
electronically-excited-state species, HgX(X, U) and Hg
are the ground-state species; and hE is the exothermicity
or endothermicity of the reaction. It is known that the
ground-state ionization potentials ' ' of N and N2 are
14.54 and 15~ 58 eV, respectively. The ground-state ion-
ization potentials ' of the mercury halides, i.e., HgX2,
are 11.5, 10.88, and 10.19 eV, whereas those of HgX
(Refs. 31 and 32) are 12.06, 11.83, and 10.88 eV, respec-
tively, with X=C1, Br, and I. For the Hg atom it is
equal to 10.44 eV and, for Xz and X, these values ' ' are
11.5, 10.52, and 9.31 and 12.96, 11.84, and 10.44 eV for
X=C1, Br, and I, respectively. The ground-state dissoci-
ation energies ' leading to HgXz~HgX are 3.5, 3.12,
2.62, and that of HgXz~Hg+Xz are 2.52, 1.86, and
1.15 eV (X=Cl, Br, and I), respectively. By using this in-

formation on the ionization potentials and dissociation
energies of the various species, hE for the processes
(1)—(5) was calculated and found to be highly exothermic
ranging from 0.53 to S.39 eV (Table I). These values of
b,E indicate that a large number of ions such as HgXz+,
HgX+, Hg+, X2+, and X+ are expected to be produced
during the reactions involving N+ or Nz+ and HgXz
molecules. Johnsen and Biondi ' have, in fact, observed
HgBr2+, HgBr+, and Hg+ with HgBr+ and Hg+ being
the dominant species, but no indications of Br2+ and Br+
formation are given during collisions involving N2+ and

HgBr2. These reactions were not studied with HgC12 and

HgI2 molecules and N+ or Nz+ ions. However, the ionic
end products of these reactions are expected to be identi-
cal to those observed during N2+ and HgBr2 collisions,
i.e., HgXz+, HgX+, and Hg+ with no formation of Xz+

or X+ ions (X=Cl and I). In the absence of Xz+ and
X+ ions, the processes (4) and (S) may be ignored. To ex-
plain the emission spectrum observed due to the HgX
(B X-) and highly excited states of atomic mercury transi-
tions, a process analogous to the collision-induced disso-
ciative charge transfer, i.e., collision-induced dissociative
excitation process, may be considered. Such processes
have been observed by many investigators in the past by
using di8'erent species. ' By using the ionization poten-
tials and dissociation energy values given above for all
the species of our interest here, the hE values for the pro-
cesses (6)—(11) were calculated and it was found out that
these processes are highly endothermic ranging from 2.89
to 6.8 eV (see Table I). The observation of the HgX(8
state) and atomic mercury lines from the highly excited
states then may be due to the conversion of the kinetic
energy of the projectile ions into the internal energy of
the reactants. Such a conversion of kinetic energy into
the internal energy of products has been observed in the
past ' in the kinetic energy range of 4-5 eV. The ex-
cited state HgXz(' X) responsible for the formation of
the HgX(8) state due to the predissociative process
lies' ' at 6.8, 6.3, and 5.51 eV, respectively, with X=C1,
Br, and I, which seems to be a little too high, and the
process (6) may not be responsible for the observation of
the emission bands from the 8-X transition of HgX radi-
cals and the mercury atomic lines from highly excited
states. Because of the low dissociation energies of the
ground-state species, we believe that the collision-induced
dissociative processes such as HgX2~HgX(X)+X or
Hg+X2 or HgX~H+X will occur before the excitation
processes during the reactions involving N+ or N2+ mol-
ecules as indicated above [see reactions (9)—(11)]. These
assumptions are supported by the fact that at higher ki-

TABLE I. Exothermicity or endothermicity of the collision-induced processes involving N+ or N&+

and HgX, molecules.

Reactions

N++ HgX, ~HgXz++N
N+ y HgXz HgX+ iX~N
N+ yHgXz Hg+ yXz yN
N+ yHgXz HgXiX+ ~N
N+ yHgX, Hg~Xz+ ~N
N+ ~HgXz~HgXz ("X)+N+
N+ y HgXz ~HgX (B )iX~ N+

N++HgXz~Hg +Xz+N+
N+ iHgX~HgX*(B )iN+
N+ +HgX ~Hg*+X+N+

N, + ~HgXz~HgXz+ ~Nz
N, + ~HgX, HgX+ ~X~Nz
Nz++ HgXz ~Hg++Xz+ Nz
Nz++ HgXz ~HgX+X++Nz
N, ++HgX, ~Hg+Xz +Nz

N, + +HgXz ~HgXz*+ Nz+

N, +iHgXz ~HgX (B ) ~X~ Nz+
Nz+ ~HgXz~Hg +Xz+Nz+
Nz++ HgX~HgX'(B )+Nz+

N, +~HgX Hg*~X~Nz+

X=C1

3.04
—1.01

1.66
—1.91

0.53
—6.88
—6.42
—7.44
—2.89
—5.91

4.08
0.02
2.67

—0.93
1.56

—6.80
—6.42
—7.44
—2.89
—5.91

LE
Br

3.66
0.41
2.26
0.34
1.19

—6.30
—6.07
—6.78
—2.92
—5.62

4.70
1.44
3.29
1.38
2.22

—6.30
—6.07
—6.78
—2.92
—5.62

4.35
0.73
2.97
1.49
4.12

—5.57
—5.66
—6.07
—3.01
—5.28

5.39
1.76
4.0
2.52
5.15

—5.57
—5.66
—6.07
—3.01
—5.28
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1000
900
700
650
500
450
350
300
250
100
50
25
10

5

1

0.54
1.34
7.9
8.55
9.87

16.60
19.87
10.87
11.75
6.21
2.71
2.10
1.87
1.87
0.35

9.4
6.5

2.4

TABLE II. Measured cross sections of HgX(B-state) forma-
tion due to N+ and HgX2 (X=Br and I) collisions at different
laboratory kinetic energies of the projectile ion.

Cross sections (10 "cm )

Kinetic energy (eV) X=Br X=I

0
C4
Q

O

bQ

V
4P

V

4P
C

0
Cl

OJ

0
cd

'a
C
cd

Cl

OO 0 C

0

v ~ &~ v 0 0~g

OO OO0 0 0 0 0

Vl0 0 0

IA0 0 0 0 0

Ch0OO

netic energies of these ions, we have observed substantial
increase in the atomic and molecular emission intensities
(see Figs. 2 —4), indicating a large conversion of kinetic
energy into the internal energy of the reactants. In fact,
at kinetic energies higher than 400 eV, we have observed
emission frotn Hg(6'D2 —6'P, ) at 579.0 nm, which lies
at about 1.10 eV above that of Hg(7 S, ), from which
emissions have been observed at very low kinetic ener-
gies, again indicating an eScient conversion of kinetic en-
ergy into internal energy of the products. It is to be not-
ed here that some contribution to the formation of
HgX(B state) may come from the chemical reactions in-
volving Hg(6 Pz ) and X2 molecules, if present in the sys-
tem. The Hg(6 P2) is a metastable state with the ground
state Hg(6'So), and emission lines from different transi-
tions such as Hg(7 S& —6 P2) and Hg(6 D3 —6 P2) have

900
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10
5
1

1.40
4.40
5.60
4.08
3.78
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4.06
3.47
3.20
3.00
2.90
3.10
2.50
2.80

1.67
5.38
4.80
1.17

TABLE III. Measured cross sections of HgX(B-state) forma-
tion due to Nz+ and HgX2 (X=Br and I) collisions at different
laboratory kinetic energies of the projectile ion.
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FIG. 5. Measured cross sections of HgX(B state) formation
due to N and HgBr& collisions at various laboratory kinetic en-
ergies of the projectile ion. T (HgBr, ) =110'C.

been observed at various kinetic energies of N+ and N2+
in collisions with HgX2 molecules generating a pool of
these atoms. The Hg(6 Pz) atoms, when colliding with

X2 molecules present in the system may produce a sub-
stantial amount of HgX(B-state) radicals. The rate con-
stants for these reactions have been measured to be in
the rangeof 3 to 5)&10 ' cm molecule 'sec

By using the integrated intensities of the emission
bands and atomic lines, an attempt was made to calculate
the cross sections of the formation of the excited-state
species at different kinetic energies of the ions, i.e., N
and Nz+. These cross sections were calculated by using
the expression '
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FIG. 6. Measured cross sections of HgX(B state) formation
due to N2 and HgBr2 collisions at different laboratory kinetic
energies of the projectile ion. T (HgBr~) =110'C.

o =I, /(IznL ),
where cr is the cross section in cm, I, is the number of
emitted photons per second, I is the number of charged
particles per second, n is the number density of the target
species, i.e., HgX2 (X=C1, Br, and I) at a particular tem-
perature, and L is the interaction length of the ion beam
and mercury halide vapors inside the collision cell. It is
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to be noted here that I, is the number of photons per
second corrected for the optical efficiency of the detection
system including the solid angle of light collection sub-
tended by the slit. Because of the weak emissions from
the B-X band system of the HgX radicals at low kinetic
energies of the projectile ions, we have measured cross
sections of the strongest band of this system, i.e., [B,
(v'=0) to X, (v"=22) transition] and only in the case of
HgBr and HgI radicals; the emissions from the
HgC1(B-X) transition were too weak to be used to mea-
sure cross sections and were ignored. In the case of mer-
cury atomic lines we have measured cross sections of
only the intense lines due to transitions such as
Hg(7 S, —6 Po, 2) and Hg(6 D2 —63P2) with b J=0,
+1. It is also to be noted here that there is no experimen-
tal data available on the vapor densities of HgX2 at vari-

ous temperatures and therefore we have used the densi-
ties of these vapors calculated from the thermochemical
data reported by Kubaschewski and Alcock in Eq. (16)
to calculate the cross sections. By substituting the ap-
propriate values of I„I, n, and L in Eq. (16), the cross
sections of the emission bands and mercury atomic lines,
as discussed above, were calculated at different kinetic
energies of N+ and Nz+ separately. These results are
given in Tables II-V and plotted in Figs. 5-10. Because
of the problems associated with the coatings of the HgI2
vapor on the viewing window, we have measured emis-
sion cross sections of HgI(B-X, 0—22) band and atomic
mercury lines only at a few kinetic energies of the projec-
tile ions and listed them in the appropriate Tables II-V.
These cross sections have not been plotted, however. The
accuracy of these cross sections depends upon two fac-
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FIG. 7. Measured cross sections of mercury-atomic-lines for-

mation due to collisions of N+ and HgC12 at various laboratory
kinetic energies of the projectile ion. T {HgC12)= 110 C.
A =Hg(7 Sl —6 P2 ) 8 =Hg(7 Sl —6 Pl ) C= Hg(7 Sl
—6 Po) D =Hg(7 D3 —6 P2 ) E =Hg(7 D2 —6 Pl ).

FIG. 8. Measured cross sections of mercury-atomic-lines for-
mation due to N, + and HgC12 collisions at various laboratory
kinetic energies of the projectile ion. T (HgC1, ) = 110 C.
A =Hg(7 Sl —6 P2) 8 =Hg(7 Sl —6 Pl ) C=Hg(7 Sl
—6 Po) D =Hg(7 D3 —6 P2 )q E=Hg(7 D~ —6 P] ).
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tors. These are the densities of the vapors and efficiency
of detection of the optical system. In the present study,
we calibrated our optical detection system using freshly
calibrated lamps traceable to the U. S. National Bureau
of Standards and rechecked by measuring the emission
cross sections of the hydrogen atomic lines observed in
charge transfer reactions involving He+ and H& gas at
laboratory kinetic energies of 100 and 700 eV. These
cross sections were found to be about 20% higher than
those measured by Isler and Nathan. Assuming that
the calculated vapor densities of the mercury halides, i.e.,
HgXz, are fairly accurate, as has been assumed by many
investigators in the past, ' ' ' ' we believe that our
measured cross sections should be accurate to within
20—30%. It is to be noted here that at low kinetic ener-

gies of the ions, i.e., below 100 eV, the ion currents were
weak and Auctuating and therefore the cross sections at a
laboratory kinetic energy of 100 eV or below may be re-
garded accurate to within 30—50 %.

As indicated earlier in this paper we were unable to ob-
serve emission bands of the frequently observed (B X)-
band system of the N2+ ion during collisions of N2+ and
HgX2 (X=Cl, Br, and I) molecules, but if these ions are
present in the ground vibrationally excited state, they
cannot be monitored by using our present experimental
setup. In addition, both N+ and N2+ have metastable
states and may contribute to the formation of the
excited-state species, but their efFect is expected to be
insignificant and no consideration has been made in
determining the emission cross sections described above.
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FIG. 10. Measured cross sections of mercury-atomic-lines

formation due to N2+ and HgBr2 collisions at various laborato-
ry kinetic energies of the projectile ion. T (HgBr~)=105'C
efficiency of the optical system. A =Hg(7 'S
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In conclusion, we have studied the ion-molecule reac-
tions involving N+ or Nz+ and HgX2 vapors at different
kinetic energies of the projectile ions. The emission spec-
trum due to the HgX(8-X) transition and highly excited
states of atomic mercury has been observed and analyzed.
By using the integrated intensities of these emissions and
calculated values of the vapor densities of HgX2 mole-
cules, cross sections of the strongest bands of the B-X
transition of HgBr and HgI radicals and atomic lines of
mercury have been measured at various kinetic energies
of the ions. It has been observed that N+ ions are more
effective in producing HgX(8-X) emissions than N2
ions. It was possible to observe emissions from
HgBr(8-X) and mercury atomic lines down to I eV of
the kinetic energy only in the case of HgBr2 and N+ or
N2+ collisions as compared to N+ or N2+ and HgC12 or

HgI2 collisions. The collision-induced dissociative pro-
cesses seem to be the dominant mechanism in producing
these emissions.
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