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Abstract 

Small molecules such as NO, OH, 12, S~, S02' N0 2 and HCHO 

rli~play discrete sharp electronic rotational-vi~rational lines. 

Utilizing t.he Zeeman effect, one compon~n~ of an atomic emmission line 

can be made to exactly coincide With a sharp molecular line while the 

other component is shifted so that there is no over lap with this line. 

When large molecules undergo electronic transitions it is not possible to 

resolve the rotational structure in th~ vast majority of cases. 

Therefore, the difference in abs~rption between the a* components is 

prcportional to the density of the molecules showing sharp absorption" hut 

is not influenced ~y other molecules. These phenomena can be used to 

achieve highly sensitive and selective de~ection of small molecules. 
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It is well known that in some cases diatomic molecules display sharp 

rotational structure when undergoing electronic transitions. Sinc,e Wood 

first used a mercury line to excite one of the vibrational lines of I2 

in lq~l,1 atomic lines have been used to monochromatically excite 

transitions to a single level of a diatomic molecule.2-~ 

Recently, by magnetically scanning atomic lines, we observed 

rotational structure in molecular electronic transition in regions where 

predissociation was not occurring. Not only did this occur for diatomic 

molecules but also for some triatomic molecules and for one tetraatomic 

molecule. Thus, we have developed a new technique for the detection of 

small molecules, in which an atomic line is shifted using the Zeeman 

effect to obtain an exact match with a molecular rotational line. The 

T'latchinQ comoonent was userl. for measurinq absorption caused hy the 

sharo molec~!lar line and the !lnrr'atc~ed a comp()n~nt for reference, 

resulting in a rlifferential a~sorpt;on measurement. This technique is· 

very powe~ful for the in-situ ~etpction of small molecules in smoke or 

variou~ ~as mixtures. 

necause of the line sharpness, apparent ~~sorption me1sured using a 

continuum source may be much less than that €xo~cted from a kncwledge of 

t.he oscillat~r strength. For example, the t.rue absorption coefficients 

of individual rotational line of NOy band have been found to be several 

hundred times greater than the apparent absorption coeffients measure by 

using a low resolution monochromator. fi With the present technique we 

can obtain the high sensitivity expected form a consideration of the 

absorption coefficient of the molecular line, since we use a sharp atomic 

line with a half widt~ of about 0.1 cm- 1 (3 GH~)~ 
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Usually, large molecules do not show rotational structure in their 

electr~nic transi~ion spectra because the spacing of rotational lines is 

smaller than the Doppler width and hecause broadening due to 

predissociation is more likely to occur than in small molecu1es. 7 

Elect.ronic ~ands of a polyatomic molecule are often more complicated than 

the infrare~ ban~s of the same molecule, since large ~ifferences of 

rotational constants may arise in upper and lower states. Hence, for 

large molecules, there would be essentially no difference in absorption 
+ -

h eta VI f' e nth ea· and a com p 0 n p n t s 0 fan at 0 m i c 1 i n e, and, h i g h 

selective detection of small Molecules becomes possible. 

Fllrth~r~ore,the field strength for exact matching between an atomic 

line and a molecular line differs depending upon the small molecule. 

This mean~ that the technique will be selective even if a mixture 

contains ~iffer~nt small molecules. Of course a monochromator is used to 

isolate thp matc~inq atomic lines. The ~olecules ~et.ected with this 

techni~ue are listed in Table 1. Intense atomic lines which could 

possihly coincirle with molecular lines in the bands that do not show 

evidence of predissociation were chosen from the MIT Wavelength Table. 8 

Next, the possible atomic line sourCe was place in an electromagnet 

+ -and the d iff e n ere n ceo f a b so r p t ion he t 'II e e nth e a a nd a com po n e n t s 

was measured over the field strngth from 0 to 25 kG. Although we found 

m~ny coincident. lines, the lines listed in Table 1 were selecated for 

this "technique be~ause of the sensitivity (large differential 

absorption), emission intensity and simplicity of the Zeeman pattern. 

Some of the atOMic lines in Table! have ~e~n used fGr molecular 

soectrosxopic measurements by others. 1- 5 

-,. 
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Figure 1 is a block diagram of the experimental apparatus. An 

atomic line source was plac~d in the·magnetic field, and the emissio~ 

passes through a hole in the electromagnet in a direction parallel to the 

magnetic field. Atomic vapor in the light source-was produced by 

sputtering the cathode material with an abnormal D.C. glow discharge 

(50-200 mA, 100-200 V) and an RF discharge (70MHz, lOW) acting 

s i m u 1 tan e a 0 u ~ 1 y • The e le c t rom a g net (V a ria n Ass 0 cia t e s Mod e 1 V - 4 004 ) 

could apply a homoge~eous magnetic field to the light source of UP to 30 

kgauss. The circularly rola~izinq at componepts wpre converted to linear 

polariz~d light and selected hy a linear polarizer. We develQped a 
o 

variable phase retarder hy applying stress to a Suorasil hlock' that 

was used to con~ert ~ircular to linear polarized light. A rochon prism 

made of synthetic quartz bloc~s with optical contact was used for the 

linear polarizer. This retarcer and polarizer can be used in the U.V 

region down to 175 nm. The Rochon prism was rotated in the shaft of a 
-. 

synbchronous motor at 3600 r.p.m. The length of absorption cells used 

were 1, 10, 25, 100 cm. 
+ Figure 2 shows the relation between the a component, a 

component and the rotational line. In this case, the emission line is 

1 1 from Zn at the 213.8 nm ( So - Pl) and the absorption line is 

fro m NO [A 2 
If- X 

2 L, (1, 0 • Q ( k = 2 9)]. The a b s 0 r p t ion 1 i n e pro f i 1 e i s 
+ -measured hy scanning the a- component through the molecular line. The 

emission line was assumed to be Doppler ~roadenp.d at a temperature of 

384 0 K and the contribution of isotope shift to the line width was also 

included. These corrections have not been made to the absorption line 

profile displayed in Fiqure 2. Instead, this figure shows how the 

selectiveity of th;s technique depends upon the magnetic field. 

As far as we know, only a few large molecul~s exhibit rotational 

structure in the electronic spectrum. 7 ,lO Therefore, in the vast 
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majority'of cases, interference caused b1 absorption and scattering of 

large molecules wfll be non existant with the present technique. Figure 

3 is an example of the interference corrections obtained with this 

technique. The lower trace shows the differential absorption between the ~ 

a+ and a- comoonents of the Cd(II) line at 214.4 nm. The upper trace 

shows the lioht intensisty of the ohotomultiplier. When NO gas was 

introruced into the ahsorption cell, a big difference hetween the 
+ 

a~sorptions of a ann a was produced which was related in a linear 

fashion to the amount of NO. However, when acetic acid vapor was 

introrlucerl into the cell there was no difference in absorption between 

+ rl a an. a , even ~hou~h th~ incident light ~a5 strongly' absorbed by 

rH 3cnOH v~por. T~e pre~sure of CH 3fOnH vapor at 3 Torr was low 

enovqh to ~void oressure ~roadening. We also looked at nitro-benzene 

which has strorg a~sorption' bands near the Cd line at 21d.4 nm. No 

signal for C~H5~O was observed with this technique. It was' al~o 

conf;r~ed lthat light scattering in the cell which attenuated the 

incident liQht 70~ did not produce a si9nal • . 
For thp Zn line ~t 213.8 nm, exact matching between the atomic line 

and the rotational line of NO can be achieved at a field strength of 19 

'~G. ~ecause of the high J val~e of 29 1/2, this line is suitable for NO 

~etectio" ~t h;g~ t~nDerature. For the measurement at room temperature, 

~~(JI) lines at ?~~.4 nm anrl 2~~.~ nm gives rise to high sensitivity 
• 

hecuasp t~e J values of t~e coincident molecular line 11 1/2 and 10 1/2, v 

respectively. The Roltzman distribution of rotation-vihrational levels 

of the qround' state neaks at J = 7 at 3no oK. However, the ~et~ction 

limit for NO with this technioue was about 50 ppb. The field strength 

for matchinq was 16.5 kG for th e 114 Cd (II) line at 22F..5 nm and 8.5 kG 

for the 114 Cd (JI) line at 214.4nm. 

-• 
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Sulpher dioxide did not show discrete rotational lines near the Cd 

line at 228.8 nm or the Zn line 213.8 nm. However, we could observe 

differential absorption b~tween thea± componets due to rotational 

structure of S02. The spacing of the peaks due to the rotational 

structure was about ]0 GHz and the difference between the peak and the 

bottom of the ahsorption was a~out ~O% of the average absorption. The 

lower ~etection limit of 502 was about 5 ppm with this technique. The 

field 5trengths that produced the largest differential absorption were 6, 

We also observec1 clear rotational lines nf HCHO to the higher 

frequency side ofa Ag line at 33~.3 nm 1l • T~ is very rare that 

tetraatomic molecules show sharp strticture in this wavelength region. 

The field strengths for matching w~re 8, 14.3 and 17.2 kG. The 

predissociation region of N0
2 

in the oltraviolet band system near 245 

nm is hetween 4.98 ~S.04 eV 7 • Prerlis~ocation of N02 can be observed 

The lines of the band of 249.1nm are Quite ~harp, those below 248 nm. 

of t~e hand at 24~.~ nm are slightly broadened while the band at 244.7 nm 

i~ completely diffuse. 12 ,13 USing Zeeman scanning, we found the bands 

starting at 2~~.1 nm exhibit di~crete rotational lines near an intense Cu 

line at ?d O .' nm. fiQure ~ ShOW5 the relation hetween the strength of 

• the Maqnetic fielrl a~~ the diffenentialahsorption ~or o! components. 

This ru line shows anom~lous Zeeman effect, and has two 0 cowponents of 

the same circ~lar polarization with relative intensitie~ of 3:1 and with 

freouency. oisplacements in the ration of ~/5 : 28/15. Roth 63 Cu 

(fi9.1~) and 65 Cu (30.9%) have nuclear spin of 3/2. Thus, the scannedo 
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component is broadened and the true profile of the N0 2 rotational line 

to the higher frequency side of the Cu line is sharper than that 

appearing in Figure 4. ~ecause the coponents are broad~ned, the 

pressure dependence of the signal for ~02 is less than that for NO. 

With N2 at 1 atmosphere pressure, the sensitivity remained at 63% of 

that at 5 T~rr. The rletection limit of N0 2 with this techni~ues was 

ahout 10 porn. 
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Table 1. List of small molecules measured with this technique. 

Molecule Atomic Line Wavelength Transition 
(am) 

NO Cd(lI) 214.4 2 2 
Sl/2 - P3/2 

226.5 2 2 
Sl/2 - Pl/2 

• 
Zn 213.8 is _ 1p 

01 

OD B1 306.8 4 4 
S3/2 - Pl/2 

... " 

Zn 307.2 
3p _ 3p 

2 1 

12 Ug 546.1 
lp _ 3s 2 1 

S Mg(II) 279.6 2 2 
2 Sl/2 - P3/2 

280.3 2 2 
Sl/2 - P1/2 

S02 Zn 213.8 1 "~ S -o 1 

Cd 228.8 1S _ ~ 
o 1 

NO 249.2 
2 4 

2 Cu Sl/2 - Pl/2 " 

B 249.7 2 2 
P1/2 - Sl/2 

249.8 ~l/2 - 2S1/2 

CH20 Ag 338.l 2S1/2 - ~1/2 

• 
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F 19ure C,aot10ns 

Fig. 1. Rlock diagram of experimental apparatus. 

Fi~. 2. Relation betaween t~e vibration~l-rotational line of NO 

A2t+-X1f1/2' (l,O), n1 (?9 1/2)' and the a + and a

components of the In line at 2'38.56A (ISo - IPl'. 

Fig. 3.HO signals with the preserit technique and the correction of 

background absorption caused by C~3COOHi Upper trace: 

light intensity on the photomultiplier. Lower trace: 

rI iff ere n t i a 1 a h so r p t ion for a + and a - co m.p 0 n e n t s • 

Fig. 4. Relation between the intensity of diffetential absorption and 

fi~ld strength for M0 2• 
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