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abstract

Results are presented demonstrating thit diode laser absorption senalitiv-
ity can b increased by using Lhe Faraday or Kerr ceffect to roltate the polars-
zat.ion of Lhe sourcee so Lhat erossed polarl zers can be used Lo reduce nource
noine The Faraday offect 1 demonateated using nitrous oxide In a magnelie
rletd, and the Kerr effecl 1o deponstreated uslng methyl fluoride in an eleclrie
field, Some deserdption ol how absorption In an external Pleld ciousen polari-
zablon rotation in presented an o well g some conelusions on Lhe types ol mole

cules For which Lhis techndgque Tn beat saidted.,
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Introduction

In many applications of infrared spectroscopy the best source is a Pb-salt
tunable diode laser because of its tunability (typically 100 cm_1 in the
3-30 um region) and narrcw bandwidth (0.0005 em 1), Hcwever, absorption sensi-
tivity using tunable diode lasers 1is limited by intensiiy fluctuations of the
diode laser outpul. This source noise of a tunable diode laser has been shown
to have an excess nolse 4 dB above the quantum noise limit when operatad ut
threshold current and increases when operaled at higher curr'ent,s.1 Thus, Lo
improve the sensitivity of diode laser absorption spectroscopy so that an ab-
sorplion signal becomes larger Lhan a nolse--cquivalent signal, Lhe sovurce nolsce
musl be reduced.

The limiting sensitivity in an absorplion measurcment 13 due to stat:sti
adl quintaim noise in detecting Lhe souroe inLunulLy.P A Lechnique Lhal, ean
fdaally reduce source nolae below Lthe quantum noise limbt for any absorption
measurement is polarlzantion rotation of Lhe sourcee using an applied external
mognet e (Faricday effect) or clectric Plield (Keere eftfeet) . This technique win
rivat used Lo enhanee absorption sensilivity in infrared absorplion by nitrous
oxbde at s fiest viberatnal overtone, 2.7 pm, uasing a color conter Taser an
the sourcee and o magnetde Field Lo rotate the pnl.n'i;’.-ll.inn.i The work pre
soeuled here shows Lhot polacical ton rotation seing, calher o lll-lHIll‘l.l("l o elee

ll'lvl' oot e be aeed Lo orediee Yhe smree noise ol o diode Taser.

Polarization Rolation Speclroscopy
Thee basie prineipl: of palarisation rotat ton apecteroacopy £ Lok Uhe
polwisitton of o Tineasly pol wased someee he ol ated when the someree b Dol

Lo an abziorption ine ot the pan to be studfed . A polartaat lon analyzer in



placed in front of a quantum-noise limited detector. The polarization analyzer
is crossed relative to the source polarization so that signal reaches the de-
tector only when absorption, and thus polarization rotation, occurs, conse-
juently source noise reaching the detentor is reduced.

Several methods exist to create an absorption that causes a polarization
component. perpendicular to the source polarization to occur. One method used
with visible wavclength dye lasers [s a saturation technique using two counter-
propagating lasers to obtain Doppler-free spectra. Polarization saturation is
achieved using a high-power circularly polarized salurating laser with a line-
arly polarized probe lusur.G Linear polarization 1s composed of equal amounts
of left-handed circular (LIHC) and right-handed circular (RHC) polarization. The
elffect, off the circularly polarized saturating beam is to cause absorption of
the probe beam Le be restrict. 1 Lo circular polarization in the opposite aense
of the saturaling beam, which chusen the linear polarization Lo become ellip-
Ltieally polarized.  Then o polarization analyzer in front of Lhe detector is
croaned pelative Lo the initial linear polarizalion off the probe laser so that
Lhe amonnt of elliptical polarizathion is measwed wilth reduced source noise and
inereased sensitivity,

Thin circalar polarisation saturalion technique i very sbailar in theory
to the polarization rotation Ltechnique deneribed here, which uses an extornal
mapgnebic Creld dirceted along Lhe sonree beam propagat fon dlrection, i.e., the
Faraday effect o The magnetire field camien o rotattonal Tine to apllt inta it
lVI.l Jecman components, coansning o i CCerence tnoabaorption for LHC polardsat ion,
Shiich undergoes AM - Prransitions, and RIC polarisation, whilich aideprgoen AM

o bransitiona, Thos, thia technlgque causnien o polartzat ton rotation Jdue co oo



difference in absorption for LHC and RHC polarization, just as with the absorp-
tion saturatlion technique.

The difference in absorption for LHC and RHC polarization causes the ini-
tial linear polarization to bc rotated in two ways. The difference in abscrp-
tion causes the amplitudes of the electric vector E of the LHC and RHC
polarization .omponents to be differenl, but with no relative phase change.

The sum of these two components gives ce¢lliptical polarization, which has iLs
minor axls perpendicular to the initizl linear polarizalion. The difference in
absorption for the LHC and RHC polarization components also causes a difference
In index of refraction for the two components due to the Kramers-Konig rela-
tionship. This birefringence causes a relative phasc shift between the LHC and
RIC polarization components. A relative phase shift belween the Lwo components
wilh no chinge in relative amplitudes would chause Lhe resulting polarization Lo
still be linecar, bul rotated relative Lo Lhe 1nitial lincar polarization. When
bolth cffects are combined Lhe resulling polarization s elliplical with the
major axis Lilted from the (nitial linear polarization dirccbtion duce Lo the
birelringence,

A polarization rotation technique cnalogous Lo Lhe Faraday efFeel in the
Kerr efffect,  which uses an electrice field raLher than o magnetic Dield.  In
Lheory, however, Lhese LwWwo dechilbques are somewhal. difCferent. because an exter
nal electric Cloeld med be diveeled tranaverse to the souree beam preg ccat ion
direction, This means the Initial Vinear polarizd ion of Lthe source cannot be
deconvolatesl in LHEC and BRI polarcisation component: propagat Ing along the ox
ternal field direction,  However, when The olectrice feld direction 1s hne
relative to Lhe sowree polartaatlon, BLocan be deconvolualed nto inear polar

catbon components parallel and perpendicular to the external fleld, Inoa



manner analogous to the Faraday effect, the electric fielu spiits an absorp-
tion line into its Zeeman components, which causes 1 difference in absorption
Jor parallel polarization with AM = O transitions, and perpendicular polariza-
ticn with aM = #1 transitions. A difference in absorption causes the resulting
polarization to be rotated but re¢ 'ain linear. The related birefringence causes
the resulting polarization to become elliptical. The sum of the two effects
again gives elliptical polarization with the major axis tilted relative to the
initial linear polarization.

Using the Faraday effect and Kerr effect, polarization rotation is demon-

strated for diode laser absorption in NC at £.5 umu

and for the vg band of
me.hyl fluoride at 8.4 um.5 The results are compared to other modulation tech-
niques, which shows that this technique gives the best noise reduction and best

sensitivity.

kxperimental Apparatus

In both the Faraday-eftfect and Keri-effect cxperiments, a Pb-salt tunable
dinde laser system designed Lo operate al regulated cryogenic temperatures was
used ) along with o one-meter monocht omator to tsolate once of Lhe severial modes
cmitted by the dinde.  The diodes vere operated in the usual manner, using
Ltemperature or courne wavelengtlh tuning and currenl ramping Lo acan o range on
Lhe order of one wavenumber . Lenanes or mirrors were ysed to focus the diode
ouLpul. onLo Lhe monochromialor cntrance slit, where the beam Wwan mecnanically
chopped when oblaining direet. absorplion apeclra. The beam exiting Lthe mono
chromator wias collimated and then pociaed Lhrough a ceil and focuzed onto oither
an ndium antimonide detecetor for 5.5 um used in Faraday rotatton in NG or a

HpCdTe deteclor for 8.0 um used in Kers rotation in CH ‘l-'. In the polarization



ro-ation experiments a set of crossed polarizers was used at both ends of tne
cell. The polarizers used consisted of a stack of ZnSe Brewst r plates with an
extinction coefficient of 1:500 at both wavelengths used. Birefringence in the
cell windows in an empty cell was checked using the crossed polarizers and was
found to be less than could be detected.

To obtaiu direct absorption spectra the beam was mechanically chopped at
400 Hz, with the signal fed into a lock-in amplifier. Wavelength scans were
recorded on an X-Y recorder. Frequenc modulation, which is the technique
typically used for sensitive dinde laser spectroscopy, was accomplished by
adding a sinusoidal current to the DC or slowly ramped current into the diode.
A comparable rtechnique as lar as sensitivity is Stark or Zeeman modulation of
the absorption line, which was accomplished using either a Zecman or Stark
cell. The Zueman cell consisting ol a one meter Pyrex Lube wrapped with copper
wire and modulated using an LC circuit with a power supply giving a 880 He
sinusoidal magnetic Mield directed along the cell with a strength up to 260
gauss. The Stark cell consisted of a4 one meter cell with internally mounted
parallel plates wilh a one centimeter gap, two inch widih, and once meter
length, and was modul.aled using o high-speed swilchable, high-voltage power
supply giving up to 5000 V/em and 200 Hz.  For Kerr eftect studies the clectre
fiold was at 15 Lo the laser polarization giving equal polarization parallel
and pernpendreular Lo the electeic ffield. Absorplion lines ('li{l-' were ddent
fied tn Lhe nsual manner using stoandard wavelenglio calibreat 1on }-',l.".(‘."-.l along,
H

wilh known shectral assignments of (Iil‘l-'.



Results and Discussion

Polarization rotation was observed in NO using the Faraday effect. The
signal-to-noise ratio was compared to that obtained for direct absorption meas-
urements and Zeeman modulation as shown in Fig. 1. In addition, a comparison
with frequency modulation is shown in Fig. 2. Frequency modulaticn should give
the same 3ignal-to-noise as Zeeman modulation when using a modulated field
strong enough to split the line into its Zeeman components greater than the
Doppler linewidth (or pressure broadened linewidth). As can be seen, the po-
larization rotation signal has a reduced noise level compared to the frequency
modulation technique, which is the standard technique to improve sensitivity in
diode laser ahsorplion.

[n an cxperiment analogous Lo the NO experimeat, polarization rotdtion was
observed in the spectrum of the vg, band of methyl [luoride using the Kerr ef-
fect. Figure 3 shows a comparison of this technique Lo ampiitude modulation
and Stark modulation for the pQO(J) branch. As can be scen, Lhe polarization
rotation Lechnique has an increascd signal-to-nojisce ratio over the other tech-
niques, especially for Lthe lower J lines.  However, for a symmetric top such as
methyl fluoride several types of rotational Lransitions within one bhand are
posaible, some o which show o weaker polarization rotation effect than others.
Diner Lransitions in Wwhich poiarization rotation couid not. be observed were vhe
"H‘(H fine and lines of Lhe "Q.,(J) branch. A weak polarization rotation af g
nal was observed for low J Lines ot the "U“(-l) bhranch, but. with leas sensitiv-
My Lthan with Star’ moduiation. Thib i o result, of the daifference In
absorption for the Two components of the jmtial polarization and Lhe splitting
ol Lhe Zeeman compone: 5ol o ralional lTine being dependent upon Lhe Lype of

lransititon, This s tlTuanterated in Frg, O, which shows caleulated Tine



strengths and line splitting for three different rotational lines. Line spiit-
ting must be larger than the Doppler width (or opressure broadened width) in
order for a difference in absorption for the two polarization coniponents to be

observed.

Conclusions

Polarization rotation using the Faraday or Kerr etfect has been demon-
strated to be a useful technique in improving thne sensitivity of diode laser
absorption. However, as was demonstr ated for methyl fluoride, not all rota-
tional lines of a symmeiric molecule show the same amount of polarization rota-
tior.. The reason for this is similar to the reason why only linear molecules
with a non-degenerate ground state (. # 0) can show polarization rotation.

tn practice, polarization rotation using the Faraday etfect is casler Lo
implement than that using the Kerr eflfect bechuse of the problem of electrical
breakdown of the gas uoing o LHtark cell. However, most molecules do nol hive
unpaired spin or clectronice angu'ar momentum, which is necded for the Faraday
effect. For these types of molecules, the Kerr effect. can be used as long as
the moleculs hais a permanent. electric dipole moment..  So, in general, the teoen-
nique of polarization rotation can be used Lo increase sensitivity in diode
laser ahsorplion, but it i3 more usetul for cortain types of molecules than [ore

olhoern,
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Figure Captions

Figure 1. Comparison of three different modulation schemes used to detect
nitric oxide absorption. They are: (a) ampiitude mcdulation using a 400 Hz
chopper; (b) Zeeman modulation at 880 Hz; (c) Faraday polarization rotatiocn.
The NO pressure was 0.3 torr.

Figure 2. Comparison of (a) frequency modulation a1t 5 kHz to (b}
polarization rotation at 880 Hz. The NO pressure was 0.1 torr.

Faraday

Figure 3. Comparison of three different modulation schemes used Lo detect
ESéorption at the pQT branch of the v, band of methyl fluoride, with increasing
wavenumber to the right. They are (a) amplitude modulation; (b) Stark
modulation; (c) Kerr pclarization rotation. Tne modulation frequency was

200 Hz in all three methods. Tne Stark cell voltage was U400 V, and the CHBF
pressure was 0.1 torr.

Figure L. Calculated relative intensities and line splitting In an electric
field are shown for the (a) PQ;(1), (b) TQ (1), and (c) "R3(3) lines with tre
source polarized parallel and perpendicular to the electric fieid. The
relative intensities are normalized sO that the strongest cumponent in edch
rotational line has the same strength. The relartive frequency scale is the
same for all three lines, so the splitting is the same for {(a) and (b}, but
smaller for (c¢).
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