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ABSTRACT
The technique of Tunable Atomic Line Molecular Spectroscopy (TALMS)

has been applied to the detection of the molecule S TALMS is a

2°

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

the detection and quantification of small molecules typi;allY'present in
combustion systems and which exhibit sharp rotational electfonié spectra.
An atomic emission line.Which is nearly resonant with a molecular
absorption is split into Zeeman components by the application of a
magnetic field. It is‘pdssible then to magneticaily tune one Zeeman
component of the atomic emission line into exact resonance with the
moleculér 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 Cr(I) at 3017.57&
is found to be resonantvwith a rotational electronié'absorption of SZ'
By scanning the magnetié field from 0-20 kGauss,‘it is possible to map
out éeveral discrete absorptions of 82 belonging tbjthe vl =7 <« v" =2
band in the B3zu‘ « x3zé; system. These absorptions are identified as

branches arising from the'triplet splitting of the rotational states of



Sz. 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.



‘1. INTRODUCTION

The chafacterization of emissions producéd in the combustion of
‘alternative and fossil fuels play a very important role in the_devélop-
ment of energy resources. In this context, the chemistry of the com-
bustion of sulfur containing fuels ié of great importance, since sulfur,
in“the form of organic and inorganic compounds, can account for a sig-
nificant proportion of the fuel mass."Corrosiqn in:power plants due

to sulfuric»acid, atmospheric poilufiqn by‘pxides of sulfur, and acid

rain represent enormous_problems whiéh'can seriously limit fhe full
utilization of fossil fuels. |

Sulfur is present in gaseous fuels,‘fuel oils, and in coél.

Gaseous fuels containzgqlfur as hydrogen sulfide,‘and'present the least
;.serious_environmental pfdblem since they can be scrﬁbbed sul fur-free
with better than 99% efficigncy [1]. The total_;ulfﬁr contént of
heavy oils rangés from 0.5 to 5%, and is principally in the form of
thiols, organic sulfides, and'thiophenes [1]. Effecfive'hydrodesulfuri—
zation processes can Signifiéantly reduce the.sﬁlfur content of residual
fuel oil. In coal,_sulfur is bound both in inorganié and organic mate-
rial, and can account fér up to 10% of the‘coal massj véry little occuré
as free ;ulfur [2]. The principal inorgani; form of‘ﬁulfur in coal is
iron disulfide, while oréanic sulfur is present in coal in the form of
heterocyclic rings, the dominant form thought to be £hiophéne, and in

lesser amounts mercaptans, sulfides, and disulfides [3]. Physical



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
compoundé, as indicated in the extensive review by Cullis and Mulcahy[4].
However, a basic mechanistic hhderstanding of all of the decomposition
and combustibn reéctions of relativelyvsimple molecules such as H,S or
CS2 is not yet‘available. Furthermore, thé combustion kinetics of organic
sulfur compounds, such as heterocyclic rings; is virtually unknown. Recent
experimental laser fluores;ence measurements of fuel.rich H2/02/N2 flames
with added H,S : have yielded much information about free radical sulfur
species in the poét flame gases [5]. Such new giperimental results;combined
with an improved.kinetic data base , promise to help.clarify the elementary
reactioﬁs_involved in the combustion of sulfur containing compounds.

The principal sulfur containing product formed in the combustion
of sulfur compounds‘is sulfur dioxide (SOZ)' Considerable attention has.
therefore beeﬁ giveh.to the development of téchniques for both ambient air
.and stétiongfy sourc,e'-SO2 monitoring. Of these techniques, UV -fluorescence
methods are clearly recommended for the analysisofSOZ[G]. These techniques,
however, depend on prbbe sampling”bf combustion products, aﬁd are therefore
subjecf té sampling errors associated with'probe effects.

In addition to Sozf'numerous other sulfur containing species are
present in flames.' Their idéntifiéation_and measurement is clqarly of
~ great importance if a detailed kinetic understanding of sulfur chemistry
is to be obtained. Eduilibrium concentrations of sulfur cohtaining species
in hydrocarbon flames have been calculated from thermodynamic data by
vJohnson et al. [7]; These calculations indicate that SOé and SO are,

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



conditions, however, H,S, Sz; and SH are also present in significant

2
amounts.

Experimental verification of .these calculated equilibrium distributions
has been obtained recently by Muller et.al. [5] usingthe technique of laser

fluorescence. These authors report quantitative measurements of the concen-

trations of species such as SH, Sz,'SO, and‘SO2 in the poét flame gases of

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

‘qualitative agreement with the ‘calculated concentration profiles of

Johnson et. al. [7], and again show that H S, S.,, and SH are present in

2 2
the post flame gasés'in significaht proportions. Laser fluorescence

techniques offer the opportunity for 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 heré préliminary result; on a new optical téchnique for

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

environment. This tecﬁnique, called TunablevAtomic Line Mole;ular Spectroscopy

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

highiy sensitive and seiective; TALMS is based on the Zeeman effect, which

allows for magnetic tuning of an atomic line into resonmance with é molécular

absorption [8]. Atomic absorption spectroscopy baéed(nltheZeeman effect has

been used in the analytical determiﬁationofnumefogsatomicspecies[9],aﬁd

was recently extended to the detection of small molecules which exhibit

sharprotationaleleptronicStructure(e,g;NO{jO,ll]&SOQIIZ])t Wehaveapp]ied'
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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-

sition of HZS'

I1. EXPERIMENTAL

A. The Zeeman Effect

In the presence of an external magnetic field, atomic energy states
which give rise to épeétral lines may be 5plit into new states by the
Zeeman effect [13]. The interaction of the magnetvic field with the magnetic
moment of tﬁe electrons of the atom generates new energy states whose

energies (in cm-l) are given by

B < ey

EO is the original energy of the atomic -state, H is the magnetic induction
in gauss, M, is the magnetic quantum number, and the Lande g factor and

J

Lorentz unit L are given by

JJ +1) +S(S+1) - L (L+1)
2J(J + 1) '

g = 1+

where S, L, and J are the spin, orbital, and total angular momentum
quantum numbers, respectively, and

e

L = 7 = 4.67 x 1072 cm'l/kc
41mc v

. L 3
As an illustration, the normal Zeeman effect in magnesium for the

~

transition at 285.2nm is shown in Figufe 1. In the presence of the

external magnetic field, the 1P1 upper level of the transition is split
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into three components, which are identified by the magnetic quantum

number MJ'. Transitions between these new states and the ground state
(MJ"‘= 0) are given by the selection rule:
AM; = 0, %]

_Transitionslwith AMJ = 0 give rise to thg m components of the Zeeman
pattern, énd are.nof shifted from fhe zero-field ﬁalue Vo of the transition,
while transitidnsvwith AMJ = #1, called ot components, are shifted
symmetrically to lowér»aﬁd higher energies about Vv, - |

Besides differing‘in frequency, the m and ot components also
differ in»theif pola?izatioﬁ,‘as shown in Figure 2. With transverse

-observation, that is;'obéervation in a directioﬂ perpendicular to the
direction of the magnetic field, the T components have theif electric
vectors linearly polarized paraliél to the méénetic field, while the
ot components have their electric vectors linearly polarized perpendicular
to the magnetic fie1d, .For longitudinai observatidn-(observation pérallel
to thevmégnet?c field);.ﬂ‘compbnents aré nof Qbsefved, and ot comﬁonents
are circularlyipolarized:> the high fréquency o, component is circuiarly

~ polarized in a counterciockwise direction (with the direction of the

magnetic field being up from th¢ plane of the figuré),.while the low
frequency 0; component is ciréulafiy poiariéed in the opposite &irection.

The normal Zeéman.effect (The Lorentz triplet) is by no means the
general behaviof of specfral lines under the.influence 6f a magnetic
field. Generally speaking; the Zéeman pat£erns afe much more complicated.

For historical reasonsA[13], these more complex patterns came to be

called the "anomalous' Zeeman effect.



B. Tunable Atomic Line Molecular Spectroscopy.

The splitting of spectral lines produced by the magnetic field as weil
as the polarization of these lines form the basis for the detection of
molecules by Tﬁﬁable Atomic Line Molecular Spectroscopyi[s—lz]. One of the
Zeeman components of the atomic emission line is tuned (by varying the
strength of the magnetic field) iﬁto.exact coincidence with a sharp
vibrational-rotational transition in the electronic absorption spectrum
of the molecule to be detected, while thevother component is shifted 6ff
resonance. The matching component indicates the extent of.ébsorption
by the molecule of interest plus any background absorption dué to other
species present. The unmatched Zeeman componeht indicates‘background
absorption only. A differential measurement of the absbtption of the
matched and unmatched compohents provides a quantitative measurement of
~ the molecule to be deteqted. . |

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 thé moleéulé of interest. UV
electronic absorptioﬁs of large polyatomit mélecules are.generally broad
[14] (broader thah the sharp rotational electronic structure ofvthe sméll
moleculés which can be detected by TALMS), and hence would be absorbed
equélly by‘both Zeeman'componeﬁts. Similarly, both components of the
Zeeman pattern are attenuated equally by scattering from particulates, and
hénce result in no differential absorption signal.

The restriction that thefe 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 electro@agnet producing a

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



magnetic tuning can be achieved over é-range of 60 GHz. Furthermore,

since there are typically at 1ea$t-four atomic emission lines per

Angstrom [15] (at 3000 K;athis correspondsvto a line every 80 GHz), it is

very likely that an atomic emission liné 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 soﬁrce (see below) is. held between the poles of an electromagnet

(Varian model V—4004).which;ha5'é hole drilled thrdugh one fole to allow

for longitudinal obse?vation, pafallel to the magnetic field. A small:

lens was placéd'in the drilled pole piece to increase the collection of

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

~ finger containing elemehtal sulfur (subiiméd sulfur, Mallincrodt). The

finger is immersed in an oil bath which is heated t; Te = 473K. At

this temperature, the Qapor bressure.of sulfur is about 2 torr, and is

| 'S

g Sgo S4, and 82 [16,17]. -Since the partial

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

composed of the species S

cell is heated to Té ?A1023K to insure that all the sulfur'vapor is
dissociated’into_82[17];

The variable phase retardation plate [18] consists of a block of fused
quartz mounted at a 45:&egreé angle in a magnetic clamp. The clamp is
made ffoﬁ a split 1amiﬁated transformer core, with a 0.5 mm gap maintained
on one side of the cléﬁp by the fused quartz block; lThe clamp is actuated
by a pair of drive coils, énd the stress on the quértz block causes an
optoelastic effect and‘produces a retardation of the phase of the light
passing through it. By driving the clamp with an é.c. cﬁrreht,'a variable
retardation effect is produced, which in combination with the fixed linear

polarizer in front of the entrance slits of the monochromator, (McPherson
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model 218, grating blazed ét 2000 R, 1200 érooves/mm); allows for the
alternate transmission of the matched ahd unmatched Zeeman components of
the atomic emissionlline to the photomultiplier fube (Hamamatsu Type YA7122).
- The 'signal is processed.electronically and &ispléyed on a strip chart |
recorder. |

The light source is a modification of a magnetically confined arc
lamp described by Hadeishi and.Anderéon[lg]‘ is shown in Figure 4.
The body of the lamp is made froh a one inch stainless steel Varian
double-sided Conflaf.flange. Pole pieces made from permendur or iron are
welded to Conflat flaﬁge blanks in order'to;ihcrease the magnetic field
strength at the gap. The cathode is made from a stainless steel screw
whiéh‘is hollowed out and packed with the cbmpoﬁnd or pure metal which gives
the desired emission spectrum. The anode is construced from a modified
~ automobile spark plug. Argon'gas is flowed tﬁrqugh the light source at
a pressure of a few torr. A d.c. discharge (30-150 mAiﬂtovthe cathode
results in intense atomic emission, which can be coﬁpled out of the lamp
through either é small hole with a suprasil quartz window in one of the pole
pieces (for longifudinal observation) or through a window in the main body
of the'lémp (for transverse observation). The intensity and stability qf
>the atomic emission are adjusted by varying the pressure ih 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 S,
The electronic spectrum of Sz has been extensively studied both in

absorption and emission [20]. Particular attention'has been devoted to the
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« x°z g- system, which 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 S principally‘because there are severel,

22
iﬂtense atomic lines eroﬁnd 3000 A& [21], and the emission spectrum was easy
to excite in a reasohably stable manner[22]. Furthermore, 802, which is the
principal sulfur containing product in the combustion of sulfur cempounds
(see above) absorbs in the region of 3000)&[23]', and selection of an
atomic transition in_this region would test the ability te detect 82 in the
presence of S0,.

Several different cathode materials were used to produce the emission
- spectrum of c¢hromium, including Cr powder (99%,Fisher Scientific Co;) packed
into a hoiiowed stainless steel screw. Best results are obtained by spot
Weiding several turns of nichrome tape (Tophet C, 16% Cr, 60% Ni and 24% Fe)
te the tip of the cathode,iand thue exeitingvthe emission spectra of Ni, Cr,
and Fe simultaneeusly. In this manner, relatively‘stable discharges coﬁld
be obtained over a period of 2-to 4 hours. The gradual decrease in the
intensity of the lamp over this period of time dees not affect the measurements
since both Zeeman components are eeually diminished. Furthermofe, 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 hoﬁsing (by sand blasting) and of the quartz windowe,is necessary to
méintain optimum operating.conditions.

The emission spectrum obtained in this manner is shown inAFigure'S. The )
majority of the iineS‘can be readily assigned to these three elements by using
the tables of line spectra of the elements given in Reference 21. The r1chness

of the spectrum in the region from 2960 ‘to 3100 A increases the probablllty
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that a match can be found between an atomic transition and a holecular
electronic;absorption of SZ' |

A higher resolution scan of part of thi$ spectrum is shown in Figure 6.
Included are two reference lines from é low pressure Hg lamp. Thé assignmenf
of fhe'lines was made with the tables given in Referénce,Zl, and the Cr (D)
emission line at 3017f57 A (33,129.6 cm_1 vac.) was assigned to the transi-
tion °D; < °F,° [24].

Figure 7 shqws the differential absorption signal obtained due to the
matching of the atomic emission lines with individual S, molecular absorptions.
The lower:trace represents a section of the emission spectrum shown in Figure
5. The upper trace, recorded simuitaneously, is the output of the lock-in
amplifier. The dotted lines between the two curves show that sevefal atomic
emission lines, each one spiit into its own Zeeman battern by the external
magnetic field, give rise to differential absorption signals corresponding
to a match between one of the Zeeman_compénents of each line with a molecular

.absorption of § Although any one of the matching lines (from Fe or Cr)

2
could be used to detect S,, 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.S2 on the
strength of the external magnetic field is shown‘in Figure 8. The monochromator
was set at 3017.6 A (100 u 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-

vtrations of SZ' Observation is parallel to the magnetic field, so only the
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o+ and o- components of the Cr atomic line are present. The shift of ot.

components from v_ is given by , .
o . -1 .
AV, = 0.0438 cm “/kG

.
As the field is iﬁcreased frpm 2.5 kG (a stable discharge cbuld not

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

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

in differential absorption signals which are of opposite sign to those

obtained at ldwer fields. This change in polarify.impliés that af lower field

strengths, one of the circuiarly polafiied Zééman components of the Cr (I)

‘liné, o+ or Q;, is'in-regonance with a moiecular absorption of Sz,’while

at higher fields, tﬁié component falls'off‘resoﬁance while thévdther o component

tunes into a different absorption of S Furthermore, the increasing

5
.positive signals observed at the lowest field strengtﬁs, where the separation

between the o+ and o- components is small, suggest that the center of the 82

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 depeﬁdence of the S, absorption

2
signals on the magnetic field stremgth, it is necessary to examine both
the Zeeman splitting pattern of the Cr (I) atomic transition, as well as the

spectroscopy of the B 32111— X3 Zg system of 82 in more detail.

1. Cr Zeeman Splitting Pattern

The chromium line at 3017. 57.VA is assigpcd to the transition
3db4sza5Dé. « 3d“4s4pyfFS [24].. The upper °F° and lower 5D3 states are
split info 9 and'7 new states respectively by the external magnetic fiéld, as
shown in Figure 9. The AMJ =0, £l selection'rule results in a total of 21
allowed transitions in three groups of seven, céfresponding_to o-, W, and g+..

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 magnltude smaller than the separatlon between
i and(ﬁ'components, each of the groups of closely spaced o+ and o- lines
~ behaves 11ke a 51ng1e broad component which moves in and out of resonance

<with the’S2 absorptions . as the magnetic field is scanned.

- To determine which of these o components, o+ or o-, corresponds fo.the
positive énd whiCh-to “the’negative S2 absorption signals observed in
Figure 8, the experihental apparatus was modified‘siightly, as shown
in Figure 11. A second linear bolarizer is introduced in place of the
Sé absorption cell, and oriented perpendicular to the poiarizer in front
of the entrance slits of the monochromator.' For the purpose of this
discussion, éssume that the polarizer in frontlof the monochromatbr is
oriented vertically, in'avdirection_parallel.to the slits. The |
variable phase retardétidn plafe is feplaced with a‘biock of fused
quartz mounted in a‘small'Qise;iahd oriented such that the stress axis
is at 45° relative tb the orientation of the linear polarizefs. By
applying stress to the éuartz block, light which is initially iinearly
pblafized becomes circularly polarizéd. Stress is-appliéd until the
intensity of the transmitted light is exactly one half of fhe intensity
transmitted wheﬁ 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 11b) determine whether the transmission of right or left circuiarly
polarized light is favored. With the retardation plate oriented as shown
in Figure 1lla, (the orientation labeled #1), left circulérly polarized

.light (the o+ component of the Cr(I) Zeeman spiitting pattern) would be

transmitted preférentially, while right circularly polarized light (the
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o- component) would be favored with the retardation plate rotated by 90°

(the orientation labeled #2).

The.secoﬂd‘linear polarizer is then repiaced.by the S2 absorption cell
(at a fixed temperature), and a 5kG magnetic field is applied to the
- chromium emission line. The relative intensities'I/Io are measured for
both orientations of the retafdation plate, and fhe experiment is then
repeated at a field strength of 13 kG. In this manner, it was possible
to determine that the positive absorption sigﬁal measured at 5 kG (see
Figure. 8) corfesponds to the o- component of the Cr(I) Zeeman pattern,
.while the negative signal in Figure 8 corresponds to ¢g+. At low field
strengths, the 0- component is initially in resonance with a sharp
electronic absorption of 82 at about 33,129.6 cm;lv(the frequency of the
zero field transition of the Cr(I) atomic line). As the field is increased,
. the o0- cdmponent falls off resonance, while the o+ component falls into
resonance with.another molecular absorption of 52,‘ét a higher frequency.
The separation between these two absorptions of 82 can be'determinéd from
the separation between fhe maxima of the positive énd negative signals
shown in Figure 11, ahd’is.estimated-té be about 0.56 cm;l.
2. Triplet Splitting of S, |

In order to assign the two observed 82 absorptions, it is necessary

to examine the electronié spectrum of this molecule in more detail.
Frequengies for electronic transitions between individual rotational states
withiﬁ each vibrationai manifold were calculated using spectroscopic
constants given by Hubér and Herzberg[25]. As a first approximation,

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

electronic structure of 3L states were: ignored, - and the
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rotational ladder within each vibrational level wasbconsideréd to consist

of single rotational levels for.each value of K, the quanfum number’ for

total rotafional angular momeﬁtum excluding spin. From‘this initial
calculation, the frequency of the Cr(I) transition at 33,129.6 en™! could
voveriap with a low K line in the v', v'"' = 7, 2 band or with a high K (K ~ 60)
" line in'the (4,0) band. | Since 52 is a homonuclear diatomic molecule and

32 . .
S nucleus is zero, even numbered K states are missing

the nuclear spin of the
in the xazg' state, and odd numbered K states are missing in the B3L ~ state.
. , . 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 SZ'

The molecular rotation produces a very slight magnetic
moment in the direction of K (the tofal rotatioﬁal angulaf momentum

excluding spin)'which causes a slight coupling between X and § (the electrdnic
spin angular momentum L26]- | - 7 This coupling, plus the interaction
between spins, hés the effect that each level given by the quantum number

K is split ihto three levels, Fl’ FZ’ and F3, with J =K+ 1, K, and K - 1,
respectively, where J is the.total angular momentum, inéluding spin.

The resulting energy level diagram fbr a giveh value of K" in the (7,2)
band of 82 is éhown in Figure 12 (for K" - 13). Thé transitions which are
allowed for these triplet split states are also shown. There are six
main branches which have AK = AJ. These are denoted by Ri(K) and Pi(K),
wﬁere i indexes the Fi levels involved. There are also four weaker
T N R

. : . - : P
satellite branches for which AK # AJ: R31 P13 P31» and R13'

In addition to these ten branches, there are also four Q branches, RQ21

R. P P. . ' )
Q-32 Q 12 and Q23, but thgse have not been obsgrved for 32 [27],

Frequencies for the six main branches and four satellite branches

were calculated for K" = 1 to 60 using the expressions for F FZ’ and F3

1’
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given in Reference 26. These expressiéns are functions of two spin splitting
constants, Y and A , which représent a measure of the magnetic field produced
by nuéleaf rotation, and of the magnetic interaction of different spins,
'respectively. Y end'A are functions of the vibrational quantum number v, and
are different for each of phe’electronic states. Spectroscopic constants
for both the B3 Eu-‘ahd x? Zgnzstates were taken from Reference.ZS, and
Y and A (for v'" = 2j for the ground state from Barrow and Yee [28]. The spin
"' splitting constants' for v' ='7.in the excited B state, however, are not
well known. Meyer and Crossley -[29] reported a value 6f A.=.—4.7 for the
v!' = 0, 2, and 4 states, and concluded that v' = 7 is also inverted (A < 0)
from published data'on_bénds belonging to V"=”7. Bérrow and du Parcq [20]
reported y = 0.05 for v!' =.0, 1, and 4. | |
‘These two Valﬁes, A =-4.7 and Y ='0.05, weré assumed for v' = 7
énd ﬁséd'fbicalculate the ffequencies shown in Table 1. Only those frequencies
in.the neighborhood of 33,12’>0.cm_1 are included for c1arity, although the
calculation was extended .from K'"= 1 to 60 [30]. |
-Clearly, thé differential absorption signals»shown in Figure 8 are due
to the overlap of the 0—:and o+ Zeeman components of the chromium atomic line
 with the rotational branches due to the triplet splitting of L electronic
states of SZ' Since a‘COmplete experimental rotatiéﬁal analysis (includiné
satellite brahChes) of fﬁe (7,2) band of S, is not available, unambiguous
aésignment of these absorption signals to individual branches of the (7,2)
band is difficult. The electronic transitions shown.in Table'l are calculated,
and hence subject to errors in the values of the_speétroscopic constaﬁts,'
particularly of the spin splitting conétants A and y [31]. The rotational’

analyses for other (v',v'") bands of 82 generally resolve only the main P and
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R branches [32], even with the use of high dispersion (~ 6.008 A/mm)
vacuum spectrographs. The weaker satellite brénches [33] héve been
detected only in fluorescence eﬁperimenfs,‘wﬁere a particular &', J!

level is selected for excitafidn [29, 34]. 1t is remarkéble thaf'very
high resolution, better that 6 x 104, is péssible using the ﬁeéhnique

of Tunabie'Atomic Line Molecplar Spectroscopy. An.additional complication
érises from the fact thét the 0- and o+ components which are swept across
the S2 absorptions are_themseives quite broad, especially at the higher fieid
strengths. »Each cOmpohent is composed of several closgly spaced lines,
and the separation between these lines increases with increasing field
strength. The absorption signal recorded- (see Figure 8) is due to the
difference in the absorption of‘tﬁe broad o- and o+ cbmponénts. Thus,
overlap of each component with more than one ofbthe closely spaced S2
absorptions makes full spectroscopic identification of the rotatiphal
branches of S, difficult.

With these caveats in mind, an interpretation of the magnetic fieid
dependence (Figure’8) is shown in Figure 13. The Cr (I) atdmic'emission' >
line at 3017.57 A.(33,129.§ cm—l_vac.) is néarly resonant with the P3(13)
branch of,SZ; calculated at 33,129.7 cm"1 (see Table 1). At a field sfrength
of 2 kG, the differential absoxption is dominated by the o- componeﬁt;
resulting in the lérge positive signalvobserved in Figure 8.v As the field
increases,.the o- and o+ components spread apart, and begin to overlap two
other branches of SZ’ 32 (13) and R1 (21), at 33,12§.Svand 33,130.0 cm'l
respectively. At ~ 8va, the o- andv0+ components overlap these two branches
approiimately equally; and hénée result in no'differential absorption signai

~ Both of the o components are attenuated equally by different S, absorptions.

2

As the field increases to 13 kG, the 0- component moves off resonance from
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fhe R2(13j branch, while O+ overlaps the satellite branch RP31(21) at
'33,130.2 cm-l, resulting in a negative absorption signél. The roles of

o- and o+ as monitors of S, and of background are reversed, and hence the

2
polarity of the observed 52 differential,absorption signal is also reversed.
As the field is inéreas§d further to 20 KG, the low frequency o; component;'
remains off resomnance with any of the rotational branches of S2 (the next
branch is calcﬁlated.toube'NPIS(g) at 33,127.9 cm‘l), whiié o+ begins to

overlap TR (23) at 33,130.6 ém-l. This overlap results again in an
31 P » g

increasing negative differential absorption signal.

C. Thermal DecOmPOSition 9£_§2
~The results given above show that a Cr (Ij atomic eﬁission line at

3018 A is suitable.for'the defeCtion of S, formed in the equilibrium vapor -
- of solid sulfur. vWe.present now preliminary results in the quantitativé
measurement of S, formed in the. thermal decomposition‘of HZS.

.. For this ﬁeasurement; the .sealed off absorption cell, shown in Figﬁre’
3 is replacéd with.aﬁ.open quartz cell 24 cm long and heated to a maximum
external tempera;ure of'lOSO K. HZS diluted in H2 (10%, Matheson Co.) is
: Preheated in a 56 cm quartz side arm (Tékternal = 1300 K) and flows thxough
the absorption cell at a flow rate of 10 to 50 sccm. The exit from fhe cell
is open.to‘the atmosph;fe. The ‘1light source was placea between the poles
of a permanent magnet &ﬁ = 4.4 kG; see Figure 4b);uand the Cr (I) emission
was coupled- out in a difection perpendicular to the direction of the magnetid
field. At a field streﬁéth of 4.4 kG, the_differeﬁtial absorption signal

observed in this configuration is due to overlap of the m component of the

Cr (I) atomic line with the P.(13) absorption of ,.
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The signal due to 82 formed by the decomposition of HZS in H2 is shown

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

2
1¢véls off and reméins constant (for constant flbw). The_temperature of the
cell is measured With>a thermo;ouple outside the cell, while the temperature
of the gas inside the cell is not known, but assumed to be somewhat lower
tsee below);

The strength of the differential absorption signal is proportional to
the concentration of s,

signals obtained with the 6 cm cell containing elemental sulfur described

in the cell, and can be calibrated against the

earlier. This evacuated cell is adapted with a finger containing solid
sulfur. With the finger immersed in a heated oil bath, sulfur vapoi'

2”.‘S4’ .
formed. By heating the body of the cell to 1023 K, all of the sulfur vapor

consisting of an equilibrium mixture of S S6, and SS'[16,17] is

is dissociated to S.,, with only negligible amounts remaining of S4» Sg» and

2 6
S8 [17]. A correction for line broadening needsito 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

2
that for NO or SO

for S, in HZ, but és a first approximation, it israssumed to be similar to'
» 5 ih N, [11,12]. wWith an additional correction for the
difference in lengths of the calibration cell and the flow cell, the signal
shown in Figute 14 (between points A and B) is eétimated to correspond to
~ 50 ppm Sz. | |

Whep the flow of the HZS/H2 mixture is stopped (point B in Figure 14),
the 32 signal incrgases dramatically, probably due tovincreased formation of
. 82 by more effective heating of the gas under no-flow conditions. This
increase in the S, signal strength is shown in Figure 15(b) on a different

2

scale. Eventually, the S2 signal decreases as the S2 disappears from the
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optical path by reaction or diffusion out of the opén.ce11.  Figure 15(a)
shows the simultaneous recording of the output of the photomultiplier tube,
indicating the extent -of absbrption by all species present in the heated

cell. At the peak of the S, absorption signal, only about 25% of the light

2
is .transmitted through the cell. Even after the S, disappears, 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 SO which‘also absorbs in the région from 2900 to 3100 A

2’

[23]. The SO is formed by reaction with atmospheric oxygen backstfeaming '

2

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

the presence of S0, does not interfere with the detection of SZ'

IV. CONCLUSIONS

A technique called Tunable Atomic Line Molecular Spectroscopy (TALMS)
is described and shown to be suitable for the optical ig_§iig_detéction
of small.molecules_SUCh as may be.present in a combustion envirpnment. This
technique is‘baséd on the splitting of an atomic line into Zeeman components
-by.the presence of énﬂexternal magnetic field. By;varying the strength
of the magnetic'field;&one of the Zeeman components i; tuned into resonance
with a sharp rotational eléctronie absorétion‘of the molecule of interest,
while the other com?onénﬁvis shifted off reéonanée.. A differential measure-
ment of the absorptioh of the matched and unmatchéd éomponeﬁts provides a
quantitative measurement of the molecule to be detected. A Cr(I) atomic
emission line at 3017;57 A is found to be nearly.fesonant with one of the

rotational branches of S, which arises due to thé”triplet splitting of the

2

Bailu- and Xaig_ électronic states of S ‘By'séanning the magnetic field

9"
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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2
60,000) of the TALMS technique is demonsfrated.

~of S,. 1In this mannér, the high resolution capability (greater than

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

in the thermal decomposition of H,S. A value of 50 ppm S, is estimated

2 2

- by calibrating qgainst the known concentration of 82 in the equilibrium
vapor of elemental sulfur. The selectivity of the TALMS technique is

demonstrated by the ability to detect S_ in the présence of SO

2 2’
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TABLE CAPTIONS

Table 1. Calculated values for the rotational branchesvof 82

- X3z T, vt =7, v o= Zj. See Text for the
spectroscdpic constants used. Only the tfansitions near
the value for the Cr (I) line (3017.57 A (airj or

33,129.6 em ! (vac)) are included.



CALCULATED 82 ELECTRONIC TRANSITIONS (cm_l).

B3

- u

- X3y
i [+2

o

31

31

11
13
15

17

19

21

23

25

27

29

'33 136.3 |
33,130.0

- :33,123.1°|

133,136.7
33,132.1

-33,126.8

-33,125.2

33,135.5

33,132.7

33,129.3

-33,127.2

-33,120.0

33,139.7

33,133.8

33,138.8
33,134.6

33,129.7

33,134.3
'33,131.3
33,127.6

33,123.2

33,137.5
33,130.6

33,123.1

33,136.
33,130.

33,122,

1o

- 33,127.0

33,134.6

33,131.2

33,122.1

33,135.2
33,132.0
33,127.9

33,123.0

-lz-



-28-

FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figﬁre 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Normal Zeeman effect for the Mg(I) transition at 285.2 nm.
o+ and 0- are shifted symmetrically to higher and lower
energies about the unshifted 7 component. The separation
between T and O components is indicated for a field strength
of 10 kG. - »

Polarization dependence of the m and ot 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. '

Schematic diagram of the experimental apparatus (see text).
(a) Light source: magneticaily 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.

Atomic emission spectrum obtained by‘using nichromertape

'(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 detection of SZ' - ' '

Higher resolution scan of the region around the line indicated
by the arrow in Figure 5. - Two lines from a low pressure Hg
lamp are superimposed on the nichrome spectrum as aids in the
assignment. ‘

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 S, (see text).

The temperatures of the S, absorption cell are T, = 473K, T_ = 1023K.
H = 5kG. Care must be taﬁen to distinguish true differentifl
absorption signals from excursions of the lock-in amplifier when

the light intensity is near zero.

Differential ébsorption signal due to Sy as a function of_fhe
strength of the external magnetic field. AVs = 0.0438 cm "/kG.

Splitting of the °F,° and °D, 1levels of chromium by the external
magnetic field. Transitions between the new energy levels are given
by the selection rule AMJ = 0, *1.

Zeeman splitting pattern for the Cr(I) line at 3017.57 A. Each

of the m and ot 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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Experimental determination of which o component (o+ or 0-) results
in which differential absorption signal of S; (positive or
negative).

Triplet splitting of the rotational levels of S;. The v'=2
level is normal while the v'=7 level is inverted. The six
main branches (AK = AJ) and four satellite branches ( AK # AJ)
are shown for K" = 13. "The Cr (I) emission line overlaps the

'P3(13) line.

Interpretation of the differential absorption signal for S
a function of increasing’magnetic field (see text).

2aS

Signal due to Sy formed by the decomposition of HzS. The flow
of gas (10% HZS in Hp) 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 e

. the increasing gas temperature. The temperature of the quartz

cell measured externally is 1033 K.

(a) Percent transm1551on through the abeerptiOn cell (left
ordinate). The low  %T even after the Sz dlsappears is due

- to the presence of S02.

(b) leferentlal absorption signal due to S3 (rlght ordinate)
The flow of HzS in Hp (10%) through the heated cell (Texternal =
973K) is stopped at time t = 0. The Sy signal increases as the
gas heats up, then decays as S, disappears by reaction or

. dlffu51on out of the ce11
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Normal Zeeman effect in magnesium
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~ Energy l_ev_él diagram for S,
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