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DETECTION OF S2 BY TUNABLE ATOMIC LINE MOLECULAR SPE~TROSCOPY 
, . 

Enrique Cuellar 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

ABSTRACT 

The technique of Tunable Atomic Line Molecular Spectroscopy CTALMS) 

has been applied to the detection of the molecule S2' TALMS is a 

'non-intrusive optical technique which promises to be extremely useful in 

the detection and quantification of small molecules typically present in 

combustion systems and which exhibit sharp rotational electronic spectra. 

An atomic emission line which is nearly resonant with a molecular 

absorption lis split into Zeeman components by the application of a 
magnetic field. It is possible then to magnetica!ly tune one Zeeman 

component of the atomic emission line into exact resonance with the 

molecular absorption, while the other unmatched Zeeman component monitors 

the background. A differential absorption measurement results in a 

signal which is proportional to the concentration of the molecule of 

interest. 

An atomic transition in the emission spectrum of CrCI) at 3017.57A 

is found to be resonant with a rotational electronic absorption of S2' 

By scanning the magnetic field from 0-20 kGauss, it is possible to map 

out several dis~rete absorptions of S2 belonging to the v' = 7 ~ v" = 2 

band in'the B3~ - ~ X3~ - system. These absorptions are identified as 
u g 

branches arising from the triplet splitting of the rotational states of 
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S2. This experiment demonstrates the very high specificity of the TALMS 

technique, as well as the ability to do high resolution spectroscopy of 

a molecular species by magnetic tuning of the Zeeman components of an 

atomic emission line. 
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I . INTRODUCTION 

The characterization of emissions produced in the combustion of 

alternative and fossil fuels playa very important role in the develop

ment of energy resources. In this context, the chemistry of the com

bustion Of sulfur containing fuels is of great importance, since sulfur, 

in the form of organic and inorganic compounds, can account for a sig

nificant proportion of the f~e.1 mass. Corrosion in power plants due 

to sulfuric acid, atmospheric pollution by oxides of sulfur, and acid 

rain represent enormous,problems which can seriously limit the full 

utilization of fossil fuels. 

Sulfur is present in gaseous fuels, fuel oils, and in coal. 

Gaseous fuels contain sulfur as hydrogen sulfide, and present the least 

serious environmental problem since they can be scrubbed sulfur-free 

with better than 99% efficiency [1]. The total sulfur content of 

heavy oils ranges from 0.5 to 5%, and is principally in the form of 

thiols, organic sulfides, and thiophenes [l]~ Effective hydrodesulfuri

zation processes can significantly reduce the sulfur content of residual 

fuel oil. In coal, sulfur is bound both in inOfi'ganic and organic mate

rial, and, can account for up to 10% of the coal mass; very little occurs 

as free sulfur [2] .. The principal inorganic form of sulfur in coal is 

iron disulfide, while organic sulfur is present in coal in the form of 

heterocyclic rings, the dominant form thought to be thiophene, and in 

lesser amountsmercaptans, sulfides, and disulfides [3]. Physical 
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separation methods can remove inorganic sulfur from coal, but organic 

sulfur can only be removed by drastic chemical treatment. 

Much is known about the combustion chemistry of sulfur containing 

compounds, as indicated in the extensive review by Cullis and Mulcahy [4]. 

However, a ,basic mechanistic understanding of all of the decomposition 

and combustion reactions of relatively simple molecules such as H2S or 

CS2 is not yet available. Furthermore, the combustion kinetics of organic 

sulfur compounds, such as heterocyclic rings, is virtually unknown. Recent 

experimental laser fluorescence measurements of fuel rich H2/02/N2 flames 

have yielded much information about free radical sulfur 

species in the post flame gases [5]. Such new experimental results, combined 

with an improved kinetic data base , promise to help clarify the elementary 

reactions involved in the combustion of sulfur containing compounds. 

The principal sulfur containing product formed in the combustion 

of sulfur compounds is sulfur dioxide (S02)' Considerable attention has 

therefore been given to the development of techniques for both ambient air 

and stationary source S02 monitoring. Of these techniques, UV fluorescence 

methods are clearly recommended for the analysis of S02 [6]. These techniques, 

however, depend on probe sampling of combustion products, and are therefore 

subject to sampling errors associated with probe effects. 

In addition to S02" numerous other sulfur containing species are 

present in flames. Their identification and measurement is cl~arlY of 

great importance if a detailed kinetic understanding of sulfur chemistry 

is to be obtained. Equilibrium concentrations of sulfur containing species 

in hydrocarbon flames have been calculated from thermodynamic data by 

Johnson et al. [7]. These calculations indicate that S02 and SO are( 

the dominant sulfur species present in flame gases. In fuel rich 

• c 
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conditions, however, H2S, S2; and SH are also present in significant 

amounts. 

Experimental verification of.these calculated equilibrium distributions 

has been obtained recently by Muller et.al. [5] using the technique of laser 

fluorescence. These authors report quantitative measurements of the concen-

trations of species such as SH, S2' SO, and S02 in the post flame gases of 

fuel rich H2/02/N2 flames containing added H2S. These results are in 

qualitative agreement with the 'calculated coricentr"ation profiles of 

Johnson et. ~. [7], and again show that H2S, S2' and SH are present in 

the post flame gases in significant proportions. Laser fluorescence 

techniques offer the opportunity fbr making space resolved, optical, non-

intrusive measurements of concentrations of species in flames. As such, 

they do not suffer from the problems associated with probe measurements. 

However, in order to obtain quantitative information these methods require 

.accurate values for transition probabilities and attention to collisional 

quenching effects and energy transfer processes. 

We present here preliminary results on a new optical technique for 

measuring concentrations of species such as might be present in a combustion 

• environment. This technique, called Tunable Atomic Line Molecular Spectroscopy 

(TALMS), is a line of sight, incoherent absorption technique which is 

highly sensitive and selective. TAU.IS is based on the Zeeman effect, which 

allows for magnetic tuning of an atomic line into resonance with a molecular 

absorption [8]. Atomic absorption spectro·scopy based on the Zeeman effect has 

been used in the analytical determinationof numerous atomic species [9], and 
• 

was recently extended to the detection of small molecules which exhibit 

sharp rotational electronic structure (e,g. NO [10,11] " S02 [12]). We have applied 
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this technique to the detection and measurement of S2 formed in the 

equilibrium vapor of elemental sulfur, and from the thermal decompo-

II. EXPERIMENTAL 

A.The Zeeman Effect 

In the presence of an external magnetic field, atomic energy states 

which give rise to spectral lines may be split into new states by the 

Zeeman effect [13]. The interaction of the magnetic field with the magnetic 

moment of the electrons of the atom generates new energy states whose 

energies (in cm-I ) are given by 

Eo is the original energy of the atomic state, H is the magnetic induction 

in gauss, M
J 

is the magnetic quantum number, and the Lande g factor and 

Lorentz unit L are given by 

g = 1 + 
J(J + 1) +S(S + 1) - L (L + 1) 

2J (J + 1) 

where S, L, and J are the spin, orbital,' and total angular momentum 

quantum numbers, respectively, and 

L = 
e 

2 
4mnc 

'. 

-2 -1 = 4.67 x 10 cm /kG 

As an illustration, the normal Zeeman effect in magnesium for the 

transi tion at 285. 2nm is shown in Figure 1. In the presence of the 

external magnetic field, the 1 P 1 upper level of the transition is split 
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into three components, which are identified by the magnetic quantum 
, 

number M
J 

Transitions between these new states and the ground state 

(M " = 0) are given by the selection rule: 
J 

= 0, ±l 

Transitions with ~MJ = 0 give rise to the TI components of the Zeeman 

pattern, and are not shifted from the zero-field value v of the transition, 
o 

while transitions with ~MJ = ±l, called o± components, are shifted 

synunetrically to lower and higher energies about v . 
o 

Besides differing in frequency, the TI and o± components also 

differ in their pola!ization, as shown in Figure 2. With transverse 

observation, that is, observation in a direction perpendicular to the 

direction of the magnetic field, the TI components have their electric 

vectors linearly polarized parallel to the magnetic field, while the 

o± components have their electric vectors linearly polarized perpendicular 

to the magnetic field. For longitudinal observation (observation parallel 

to the magnetic field), TI components are not observed, and o± components 

are circularly polarized: the high frequency 0 component is circularly 
+ 

polarized in a counterclockwise direction (with the direction of the 

magnetic field being up from the plane of the figure), while the low 

frequency 0- component is circularly polarized in the opposite direction. 

The normal Zeeman effect (The Lorentz triplet) is by no means the 

general behavior of spectral lines under the influence of a magnetic 

field. Generally speaking, the Zeeman patterns are much more complicated. 

For historical reasons [13]. these more complex patterns came to be 

called the "anomalous" Zeeman effect. 
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B. Tunable Atomic Line Molecular Spectroscopy 

The splitting of spectral lines produced by the magnetic field as well 

as the polarization of these lines form the basis for the detection of 

molecules by Tunable Atomic Line Molecular Spectroscopy [8-12]. One of the 

Zeeman components of the atomic emission line is tuned (by varying the 

strength of the magnetic field) into exact coincidence with a sharp 

vibrational-rotational transition in the electronic absorption spectrum 

of the molecule to be detected. while the other component is shifted off 

resonance. The matching component indicates the extent of absorption 

by the molecule of interest plus any background absorption due to other 

species present. The unmatched Zeeman component indicates background 

absorption only. A differential measurement of the absorption of the 

matched and unmatched components provides a quantitative measurement of 

the molecule to be detected. 

Absorption and light scattering due to large molecules or small 

particles (e.g. soot or smoke) coexisting in the absorption region generally 

do not interfere with the detection of the molecule of interest. UV 

electronic absorptions of large polyatomic molecules are 'generally broad 

[14] (broader than the sharp rotational electronic structure of the small 

molecules which can be detected by TALMS); and hence would be absorbed 

equally by both Zeeman components. Similarly. both components of the 

Zeeman pattern are attenuated equally by scattering from particulates. and 

hence result in no differential absorption signal. 

The restriction that there be a coincidence or near coincidence between 

an atomic line and a molecular electronic absorption is not as severe as 

it would 'first appear. The magnetic field strength required for producing 

the Zeeman tuning can be obtained with a small electromagnet producing a 

field of less than 30kGauss. Since typical line ,shifts are about 2GHz/kG [13]. 

'ii' 
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magnetic tuning can be achieved over a range of 60 GHz. Furthermore, 

since there are typically at least four atomic emission lines per 
o 

Angstrom[1S] (at 3000 A,this corresponds to a line every 80,GHz), it is 

very likely that an atomic emission line can be found within the Zeeman 

tunable range of the molecule to be monitored. 

A block diagram of the experimental apparatus is shown in Figure 3. 

The light source (see below) is held between the poles of an electromagnet 

(Varian model V-4004) .which has a hole drilled through one pole to allow 

for longitudinal observation, parallel to the magnetic field. A small 
I 

lens was placed in the drilled pole piece to increase the collection of 

light. The light is focused through a 6 cm quartz cell adapted with a 

finger containing elemental sulfur (sublimed sulfur, Mallincrodt). The 

finger is immersed in an oil bath which is heated to Tf = 473K. At 

this temperature, the vapor pressure of sulfur is about 2 torr, and is 

composed of the species S8,S6' S4' and S2 [16; 17] . Since the partial 

-3 
pressure of S2 in this mixture is - 1.2 x 10 torr, the main body of the 

cell is heated to T = 1023K to insure that all the sulfur vapor is 
c 

dissociated into S2 [17] . 

The variable phase retardation plate [18] consists of a block of fused 

quartz mounted at a 45 degree angle in a magnetic clamp. The clamp is 

made from a split laminated transformer core, with a 0.5 mID ,gap maintained 

on one side of the clamp by the fused quartz block. The clamp is actuated 

by a pair of drive coils, and the stress on the quartz block causes an 

optOelastic effect and produces a retardation of the phase of the light 

passing through it. By driving the clamp with an a.c. current, a variable 

retardation effect is produced, which in combination with the fixed linear 

po~arizer in front of the entrance slits of the monochromator, (McPherson 
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o 
model 218, grating blazed at 2000 A, 1200 grooves/mm), allows for the 

alternate transmission of the matched and unmatched Zeeman components of 

the atomic emission line to the photomultiplier tube (Hamamatsu Type YA7l22). 

The signal is processed electronically and displayed on a strip chart 

recorder. 

The light source is a modification of a magnetically confined arc 

lamp described by Hadeishi and Anderson [19] is shown in Figure 4. 

The body of the lamp is made from a one inch stainless steel Varian 

double-sided Conflat flange. Pole pieces made from permendur or iron are 

welded to Conflat flange blanks in order to :increase the magnetic field 

strength at the gap. The cathode is made from a stainless' steel screw 

which 'is hollowed out and packed with the compound or pure metal which gives 

the desired emission spectrum. The anode is construced from a modified 

automobile spark plug. Argon gas is flowed through the light source at 

a pressure of a few torr. A d.c. dischar~e (30-150 rnA) to the cathode 

results in intense atomic emission, which can be coupled out of the lamp 

through either a small hole with a suprasil quartz window in one of the pole 

pieces (for longitudinal observation) or through a window in the main body 

of the lamp (for transverse observation). The intensity and stability of 

the atomic emission are adjusted by varying the pressure in the lamp and 

the strength of the applied current. A machined boron nitride insert 

and sheet mica discs are used to prevent .arcing to the body of the lamp 

or to the pole pieces. 

III. RESULTS AND DISCUSSION 

A. Detection 'of ~ 

The electronic spectrum of S2 has been extensively studied both in 

absorption and emission [20]. Particular attention has been devoted to the 
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B 3 L: - + X 3L: 
u g system, wJ'lich extends from 2500 to 7000 A 

and contains hundreds of bands which are resolved into rotational electronic 

transitions. The emission spectrum of chromium was selected as a good 

candidate for the detection of S2' principally because t~ere are several 

intense atomic lines around 3000A [21], and the emission spectrum was easy 

to excite in a reasonably stable manner [22]. Furthermore, S02' which is the 

principal sulfur containing product in the combustion of sulfur compounds 

(see above) absorbs in the region of 3000 A [23] , and selection of an 

atomic transition in this region would test the ability to detect S2 in the 

presence of S02' 

Several different cathode materials were used to produce the emission 

spectrum of chromium, including Cr powder (99%, Fisher Scientific Co.) packed 

into a hollowed stainless steel screw. Best results are obtained by spot 

welding several turns of nichrome tape (Tophet C, 16%'Cr, 60% Ni and 24% Fe) 

to the tip of the cathode, and thus exciting the emission spectra of Ni, Cr, 

and Fe simultaneously. In this manner, relatively stable discharges could 

be obtained ove~ a period of 2-to 4 hours. The gradual decrease in the 

intensity of the lamp overthis'period of time does not affect the measurements 

since both Zeeman components are equally diminished. Furthermore, by rotating 

the cathode so that the discharge occurs to a different place on the nichrome 

tape, the same cathode can be used several times. Periodic cleaning of the 

lamp housing (by sand blasting) and of the quartz windows is necessary to 

maintain optimum operating,conditions . 

The emission spectrum obtained in this manner is shown in Figure 5. The 

majority of the lines can be readily assigned to these three elements by using 

the tables of line spectra of the elements given in Reference 21. Therichness 

of the spectrum in the region from 2960 to 3100 A, increases the probability 
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that a match can be found between an atomic transition and a molecular 

electronic absorption of $2' 

A higher resolution scan of part of this spectrum is shown in Figure 6. 

Included are two reference lines from a low pressure Hg lamp. The assignment 

of the lines was made with the tables given in Reference 21. and the Cr (I) 

emission line at 3017.57 A (33;129.6 cm- l vac.) was assigned to the transi

tion 503 +- 5F4o [24]. 

Figure 7 shows the differential absorption signal obtained due to the 

matching of the atomic emission lines with individual $2 molecular absorptions. 

The lower trace represents a section of the emission spectrum shown in Figure 

5. The upper trace. recorded sinrultaneously. is the output of the lock-in 

amplifier. The dot.ted lines between the two curves show that several atomic 

emission lines. each one split into its own Zeeman pattern by the external 

magnetic field. give rise to differential absorption signals corresponding 

to a match between one of the Zeeman components of each line with a molecular 

absorption of $2' Although anyone of the matching lines (from Fe or Cr) 

could be used to detect $2' we selected the Cr (I) line at 3018 A because 

of its higher relative intensity. 

B. Magnetic Field Dependence 

The dependence of the differential absorption signal due to $2 on the 

strength of the external magnetic field is shown in Figure 8. The monochromator 

was set at 3017.6 A (100 ]..I slits) to select' the appropriate emission line of Cr (I) 

and reject stray light. The temperature of the absorption cell (Tc = 1023 K) 

and of the finger containing elemental sulfur (Tf '= 473 K) are maintained 

constant for each point measurement to make sure that differences in the recorded 

signal intensity are due to the magnetic field rather than to different concen

trations of $2' Observation is parallel to the magnetic field. so only the 
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0+ and 0- components of the Cr atomic line are present. The shift of o± 

components from Vo is given by ..:1 
~Vs = 0.0438 cm /kG 

As the field is increased from 2.5 kG (a stable discharge could not 

be maintained at lower field strengths), the signal decreases, and passes 

through zero at about 8 kG. Increasing the field strength further results 

in differential absorption signals which are of opposite sign to those 

obtained at lower fields. This change in polarity implies that at lower field 

strengths, one of the circularly polarized Zeeman components of the Cr (I) 

line, 0+ or 0-, is in resonance with a molecular absorption of S2' while 

at higher fields, this component falls off resonance while the other 0 component 

tunes into a different absorption of S2. Furthermore, the increasing 

positive signals observed at the lowest field strengths, where the separation 

between the 0+ and 0- components is small, suggest that the center of the S2 

absorption which results in this positive signal is very close in frequency 

to the frequency of the zero field transition of the Cr (I) atomic line at 

3018 A. In order to interpret further the dependence of the S2 absorption 

signals on the magnetic field strength, it is necessary to examine both 

the Zeeman splitting pattern of the Cr (I) atomic transition, as well as the 

spectroscopy of the B 3 L - X 3 L system of S2 in more detail. 
u g 

1. Cr Zeeman Splitting Pattern 

The chromium l~ne at 3017. 57 A is assigned to the transition 

states are 

split into 9 and 7 new states respectively by the external magnetic field, as 

shown in Figure 9. The ~MJ = 0, ±l selection rule results in a total of 21 

allowed transitions in three. groups of seven, corresponding to 0-, 'IT, and 0+. 

The Zeeman pattern obtained is an excellent example of the anomalous Zeeman 

effect, and is shown in Figure 10. Since the separation between individual 
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lines is almost an order of magnitude smaller than the separation between 

1T andO'± components, each of the groups of closely spaced 0'+ and 0'- lines 

behaves like a single broad component which moves in and out of resonance 

'with the S2 absorptions as the magnetic field is scanned. 

To determine which of these 0' components, 0'+ or 0'-, corresponds to the 

positive and which to the negative S2 absorption signals observed in 

Figure 8, the experimental ~pparatus was modified slightly, as shown 

in Figure 11. A second linear polarizer is introduced in place of the 

S2 absorption cell, and oriented perpendicular to the polarizer in front 

of the entrance slits of the monochromator. For the purpose of this 

discussion, assume that the polarizer in front of the monochromator is 

oriented vertically, in a direction parallel to the slits. The 

variable phase retardation plate is replaced with a block of fused 

quartz mounted in a small vise, and oriented such that the stress axis 

is at 45° relative to the orientation of the linear polarizers. By 

applying stress to the quartz block, light which is initially linearly 

polarized becomes circularly polarized. Stress is applied until the 

intensity of the transmitted light is exactly one half of the intensity 

transmitted when both linear polarizers are parallel to each other and no 

stress is applied to the quartz block. 

The two orientations of the retardation plate at 90° from each other 

(Figure lIb) determine whether the transmission of right or left circularly 

polarized light' is favored. With the retardation plate oriented as shown 

in Figure lla, (the orienta,tion labeled #1), left circularly polarized 

light (the 0'+ component of the Gr(I) Zeeman splitting pattern) would be 

transmitted preferentially, while right circularly polarized light (the 



-15-

a- component) would be favored with the retardation plate rotated by 90° 

(the orientation labeled #2). 

The second linear polarizer is then replaced by the S2 absorption cell 

(at a fixed temperature), and a 5kG magnetic field is applied to the 

chromium emission line. The relative intensities 1/1 are measured for 
o 

both orientations of the retardation plate, and the experiment is then 

repeated at a field strength of 13 kG. In this manner, it was possible 

to determine that the positive absorption signal measured at 5 kG (see 

Figure 8) corresponds to the a- component of the Cr(I) Zeeman pattern, 

while the negative signal in Figure 8 corresponds to 0+. At low fie-ld 

strengths, the a- component is initially in resonance with a sharp 

'"-1 electronic absorption of S2 at about 33,129.6 cm (the frequency of .the 

zero field.transition of the Cr(I) atomic line). As the field is increased, 

. the a- component falls off resonance, while the a+ component falls into 

resonance with another molecular absorption of S2' at a higher frequency. 

The separation between these tw.o absorptions of S2 can be determined from 

the separation between the maxima of the positive and negative signals 

shown in Figure 11, and is estimated to be about 0.56 cm- l 

2. Triplet Splitting of ~2 

In order to assign the two observed S2 absorpttons, it is necessary 

to examine the electronic spectrum of this molecule in more detail. 

Frequencies for e1ectrortic transitions between individual rotational states 

within each vibrational martifo1d were calculated using spectroscopic 

constants given by Huber and Herzberg[2SJ. As a first approximation, 

the finer details (due to electronic spin) of the rotational 

electronic structure of 3E states were ignored, and the 
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rotational ladder within each vibrational level was considered to consist 

of single rotational levels for each value of K, the quantum number' for 

total rotational angular momentum excluding spin. From this initial 

-1 
calculation, the frequency of the er(I) transition at 33,129.6 cm could 

overlap with a low K line in the VI, v" = 7, 2 band or with a high K (K ~ 60) 

line in the (4,0) band. Since S2 is a homonuclear diatomic molecule and 

the nuclear spin of the 32S nucleus is zero, even numbered K states. are missing 

in the X3 l: - state, and odd numbered K states are missing in the B3 l: - state. 
. ,g u 

The rotation of the nuclei couples with the motions of the electrons 

(including spin) in a manner which increases the complexity of the energy 

level diagram of S2' The molecular rotation produces a very slight magnetic 

moment in the direction of K (the total rotational angular momentum 

excluding spin) which causes a slight coupling between K and S (the electronic 

spin angular momentum [26]. This coupling, plus the interaction 

between spins, has the effect that each level given by the quantum number 

K is split into three levels, Fl , F2, and F3 , with J = K + 1, K, and K ~ 1, 

respectively, where.J is the total angular momentum; including spin. 

The resulting energy level diagram for a given value of K" in the (7,2) 

band of S2 is shown in Figure 12 (for K" = 13). The transitions which are 

allowed for these triplet split states are also shown. There are six 

main branches which have ~K = ~J. These are denoted by R. (K) and P. (K), 
1 1 

where i indexes the F. levels involved. There are also four weaker 
1 

satellite branches for which ~K f. liJ: 
P and R13 . 

R 
In addition to. these ten branches, there are also four Q branches, Q21 
R 

Q32 
p p 
Q 12 and Q23' but these have not been observed for S2 [271 

Frequencies for the six main branches and four satellite branches 

were calculated for K" = 1 to 60 using the expressions for Fl , F2, and F3 
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given in Reference 26. These expressions are functions of two spin spli ttin-g 

constants, Y and A , which represent a measure of the magnetic fl.eld produced 

by nuclear rot,ation, and of the magnetic interaction of differen1; spins, 

respectively. Y '?TIdA are functions of the vibrational quantum number v, and 

are different for each of the electronic states. Spectroscopic constants 

for both the B 3 2: - and X 3 2: - states were taken from Reference 2S,J and 
u g 

y and A (for v" = 2) for the ground state from Barrow and Vee [28]. The spin 

splitting constants' for v' = 7 in the excited B state, however, are not 

well known. Meyer and Cross 10/ [29] reported a value of A = -4.7 for the 

v' = 0, 2, and 4 states, and concluded that v' = 7 is also inverted (1..<-0) 

from published data on bands belonging to v' = 7. Barrow and du Parcq [20] 

reported y = 0;05 for v' = 0, 1, and 4. 

These two values, A =--4.7 and y = 0.05, were assumed for v' = 7 

and used to calculate the frequencies shown in Table 1. Only those frequencies 

-1 in the neighborhood of 33,130 cm are included for clarity, although the 

calculation was extended from K"= 1 to 60 [30J. 

Clearly, the differential absorption signals shown in Figure 8 are due 

to the overlap of the 0- and 0+ Zeeman components of the chromium atomic line 

with the rotational branches due to the triplet splitting of 32: electronic 

states of S2' Since a complete experimental rotational analysis (including 

satellite branches) of the (7,2) band of S2 is not available, unambiguous 

assignment of these absorption signals to individual branches of the (7,2) 

band is difficult. The electronic transitions sho~ in Table 1 are calculated, 

and hence subject to errors in the values of the spectroscopic constants, 

partlcularly of the spin splitting constants A and y [31J. The rotational 

analyses for other (v' ,v") bands of S2 generally resolve only the main P and 
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R branches [32], even with the use of high dispersion (- 0.008 A/nun) 

vacuum spectrographs. The weaker satellite branches [33] have been 

detected only in fluorescence experiments, where a particular v', J' 

level is selected for excitation [29, 34]. It is remarkable that very 

high resolution, better that 6 x 104 , is possible using the technique 

of Tunable Atomic Line Molecular Spectroscopy. An additional complication 

arises from the fact that the o~ and 0+ components which are swept across 

the S2 absorptions are themselves quite broad, especially at the higher field 

strengths. Each component is composed of several closely spaced lines, 

and the separation between these lines increases with increasing field 

strength. The absorption signal recorded (see Figure 8) is due to the 
I 

difference in the absorption of the broad 0- and 0+ components. Thus, 

overlap of each component with more than one of the closely spaced S2 

absorptions makes full spectroscopic identification of the rotational 

branches of S2 difficult. 

With these caveats in mind, an interpretation of the magnetic field 

dependence (Figure 8) is shown in Figure 13. The Cr (I) atomic emission 

line at 3017.57 A (33,129.6 cm-1 vac.) is nearly resonant with the P3(13) 

-1 branch of,S2' calculated at 33,129.7 cm (see Table 1). At a field strength 

of 2 kG, the differential absorption is dominated by the 0- component, 

resulting in the large positive signal observed in Figure 8. As the field 

increases, the 0- and 0+ components spread apart, and begin to overlap two 

other branches of S2' .R2 (13) and R1 (21), at 33,129.3 and 33,130.0 cm -1 

respecti ve1y . At - 8 kG, the 0- and 0+ components overlap these two branches 

approximately equally, and hence result in no differential absorption signal 

Both of the 0 components are attenuated equally by different S2 absorptions. 

As the field increases to 13 kG, the 0- component moves off resonance from 
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R the R2(13) branch, while 0+ overlaps the satellite branch P3l(2l) at 

-1 33,130.2 cm , resulting in a negative absorption signal. The roles of 

0- and 0+ as monitors of S2 and of background are reversed, and hence the 

polarity of the observed S2 differential absorption signal is also reversed. 

As the field is increased further to 20 KG, the low frequency 0- component; 

remains off resonance with any of the rotational branches of S2 (the next 

N -1' branch is calculated to be P13 (9) at 33,127.9 cm ), while 0+ begins to 

'T ' -1 
overlap R3l (27) at 33,130.6 cm This overlap results again in an 

increasing negative differential absorption si~nal. 

C. Thermal Decomposition of ~2 , 

, The results given above show that a Cr (1) atomic emission line at 

3018 A is suitable for the detection of S2 formed in the equilibrium vapor 

of solid sulfur.' We present now prel, iminary results in the quanti ta ti ve 

measurement of S2 formed in the, thermal decomposition of H2S. 

For this measurement, the:seale? off absorption cell. shown in Figure , . 

3 is replaced with an open quartz cell 24 cm long and heated to a maximum 

external temperature of 1050 K. H2S diluted in H2 (10%, Matheson Co.) is 

pr~heated in a 56 cm qu'artz side arm (T = 1300 K) and flows through 
external 

the absorption cell at a flow rate of 10 to 50 sccm. The exit from the cell 

is open to .the atmosphere. The light source was placed between the poles 

of a permanent magnet (H = 4.4 kG, see Figure 4b), and the Cr (1) emission 

was coupled out in a direction perpendicular to the direction of the magnetic 

field. At a field strength of 4.4 kG, the. differential absorption signal 

observed in this configuration is due to overlap of the 7T component of the 

Cr (1) atomic line with the P3(13) absorption of S2. 
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The signal due to 52 formed by the decomposition of H25 in H2 is shown 

in Figure 14. About two minutes after the gas flow is started, the 52 signal 

levels off and remains constant (for constant flow). The temperature of the 

cell is measured with a thermocouple outside the cell, while the temperature 

of the gas inside the cell is not known, but assumed to be somewhat lower 

(see below). 

The strength of the differential absorption signal is proportional to 

the concentration of 52 in the cell, and can be calibrated against the 

signals obtained with the 6 cm cell containing elemental sulfur described 

earlier. This evacuated cell is adapted with a finger containing solid 

sulfur. With the finger immersed in a heated oil bath, sulfur vapor 

consisting of an equilibrium mixture of 52' S4' S6' and 58 [16,17] is 

formed. By heating the body of the cell to 1023 K, all of the sulfur vapor 

is dissociated to 52' with only negligible amounts remaining of S4' 56' and 

58 [17]. A correction for line broadening needs to be applied, since the' 

calibration cell is at low pressure (1-2 torr) while the flow cell is nearly 

at atmospheric pressure. We have not yet measured the broadening correction 

for 52 in H2, but as a first approximation, it is assumed to be similar to 

that for NO or 502 in N2 [11,12]. With an additional correction for the 

difference in lengths of the calibration cell and the flow cell, the signal 

shown in Figure 14 (between points A and B) is estimated to correspond to 

- 50 ppm 52' 

When the flow of the H2S/H2 mixture is stopped (point B in Figure 14), 

the 52 signal increases dramatically, probably due to increased formation of 

52 by more effective 'heating of the gas under no-flow conditions. This 

increase in the S2 signal strength is shown in Figure l5(b) on a different 

scale. Eventually, the 52 signal decreases as the 52 disappears from the 
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optical path by reaction or diffusion out of the open cell. Figure l5(a) 

shows the simultaneous recording of the output of the photomultiplier tube, 

indicating the extent of absorption by all species present in the heated 

celL- At the pea~ of the S2 absorption signal, only about 25% of the light 

is .transmitted through the cell. - Even after the S2 disa,ppears, the percent 

transmission remains low, indicating the presence of other absorbing species 

in the optical path. An UV spectrum of the contents of the cell revealed 

the presence of S02' which also absorbs in the region from 2900 to 3100 A 

[23]. The S02 is formed by reaction with atmospheric oxygen backstreaming 

through the open end of the cell when flow is stopped. Clearly, though, 

the presence of S02 does not interfere with the detection of S2. 

IV. CONCLUSIONS 

A technique called Tunable Atomic Line Molecular Spectroscopy (TALMS) 

is described and shown-to be suitable for the optical in situ detection 

of small molecules such as may be present in a combustion environment. This 

technique is based on:the splitting of an atomic line into Zeeman components 

. by the presence of an"external magnetic field. By-varying the strength 

of the magnetic fieldi .. one of the Zeeman components is tuned into resonance 

with a sharp rotational electronic absorption of the molecule of interest, 

while the other component is shifted off resonance. A differential measure

ment of the absorption of the matched and unmatched components provides a 

quantitative measurement of the molecule to be detected. A ~r(I) atomic 

emission line at 3017.57 A is found to be nearly resonant with one of the 

rotational branches of S2 which arises due to the triplet splitting of the 

B3 ~ u - and X3 ~g - electronic states of S2. By scanning the magnetic field 

from 0 to 20 kG, .both positive and negative differential absorption signals 

are observed, corresponding.to absorption by different rotational branches 
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of S2' In this manner, the high resolution capability (greater than 

60,000) of the TALMS technique is demonstrated. 

This technique is also used to measure the concentration of S2 formed 

in the thermal decomposition o~ H2S. A value of 50 ppm S2 is estimated 

. by calibrating a,gainst the known concentration of S2 in the equilibrium 

vapor of elemental sulfur. The selectivity of the TALMS technique is 

demonstrated by the ability to detect S2 in the presence of S02' 
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TABLE CAPTIONS 

Table 1. Calculated values for the rotational branches of S2 

(B 3 L u- - X3 Lg- , VI = 7, v" ::: 2). See Text for the 

spectroscopic constants used. Only the transitions near 

the value for the Cr (I) line (3017.57 A (air) or 

-1 33,129.6 cm (vac)) are included. 



CALCULATED S2 ELECTRONIC TRANSITIONS (em-I) 

8
3 r u x3 r g 

Vi = 7, v" = 2 

K" Rl R3 R2 PI p' P 
3 2 

5 33,134.3 

7 .... 33,131.3 
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9 33,135.5 33,138.S 33,121.6 

11 33,132.7 33,134.6 33,123.2 

13 33,129.3 33,139.7 33,129.7 

15 33,136.7 33,125.2 33,133.8 

17 33,132:1 33,127.2 

19 33 136.3 33,126.8 33,120.( 
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21 33,130.0 

23 33,123.1 
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FIGURE CAPTIONS 

Figure 1. Normal Zeeman effect for the Mg(I) transition at 285.2 nm. 
0'+ and 0'- are shifted synunetrically to higher and lower 
energies about the unshifted TT component. The separation 
between TT and a components is indicated for a field strength 
of 10 kG. 

Figure 2. Polarization dependence of the TT and cr±Zeeman components. 
Longitudinal and transverse observation refer to observation 
parallel and perpendicular to the direction of the magnetic 
field. respectively. The direction of the magnetic field is 
up from the plane of the figure. 

Figure 3. Schematic diagram of the experimental apparatus (see text). 

Figure 4. (a) Light source: magnetically confined arc lamp. ,The cathode 
consists of any material which will produce the desired atomic 
emission spectrum when excited by a d.c. discharge. (b) The 
configuration used for transverse, observation. with the light 
source held between the poles of a permanent magnet. 

Figure 5. Atomic emission spectrum obtained by using nichrome tape 
'(Tophet C. 16% Cr. 60% Ni. and 24% Fe) as cathode material. 
The arrow points to the Cr (I) line at 3018 A which was 
selected for the deiection of S2' 

Figure 6. Higher resolution scan of the region around the line indicated 
by the arrow in Figure S. Two lines from a low pressure Hg 
lamp are superimposed on the nichrome spectrum as aids in the 
assignment. 

Figure 7. The lower trace is a scan of the emission spectrum of nichrome 
tape. The upper trace monitors the differential absorption 
signals due to matching of the Zeeman split atomic emission 
lines with ,different molecular absorptions of S2 (see text). 
The temperatures of the S2 absorption cell are Tf = 473K. T = 1023K. 
H = 5kG. Care must be taKen to distinguish true differenti~l 
absorption signals from excursions of the lock-in amplifier when 
the light intensity is near zero. 

Figure 8. Differential absorption signal due to S2 as a function of_the 
strength of the external magnetic field. ~Vs = 0.0438 cm /kG. 

Figure 9. Splitting of the 
magnetic field. 
by the selection 

5F4 0 and 5D3 levels of chromium 
Transitions between the new energy 
rule ~J = 0, ±l. 

by the external 
levels are given 

Figure 10. Zeeman splitting pattern for the Cr(I) line at 3017.57 A. Each 
of the TT and at components consists of seven closely spaced lines. 
The separations between these lines and between the Zeeman 
components depend on the magnetic field strength. and are indicated 
for a field of 10 kG. 
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Figure 11. Experimental determination of which cr component (cr+ or'cr-) results 
in which differential absorption signal of S2 (positive or 
negative). 

Figure 12., Triplet splitting of the rotational levels of S2' The v"=2 
level is normal while the v l =7 level is inverted. The six 
main branches (~K = ~J) and four satellite branches (~K F ~J) 
are shown for K" = 13. 'The Cr (1) emission line overlaps the 
P 3 (13) line. 

Figure 13. Interpretation of the differential absorption signal for S2 as 
a function of increasing magnetic field (see text). 

Figure 14. Signal due to S2 formed by the decomposition of H2S, The flow 
of gas (10% H2S in H2) is started at point A (time constant = 
25 s). At point B, the flow is stopped. The dramatic increase 
in the signal when the flow ceases is believed to be due to , 
the increasing gas temperature. The temperature of the quartz 
cell measured externally is 1033 K. 

Figure 15. (a) Percent transmission through the absorption cell (left 
ordinate). The low %T even after the S~ disappears is due 
to the presence ofS02. 

(b) Differe~tial absorption signal due to S2 (right ordinate) 
The flow of'H2S in H2 (10%) thro~gh the heated cell (Texternal = 
973K) is stopped at time t = O. The S2 signal increases as the 
gas heats up, then decays as S2 disappears by reaction or 
diffusion out of the cell. 
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Ene'ygy level diagram for S2 
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