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[Laser magnetic resonance (LMR) 1s a sensitive
technique for studying rotational, wvibrational-
rotational, or electronic Zeeman spectra of
paramagnetic atoms and molecules, using fixed-fre-
quency infrared lasers. High resolution and sensitiv-
ity are important characteristics of LMR. In a
pioneering experiment in 1968, Evenson and his co-
workers succeeded in demonstrating the feasibility of
this technique when they detected a rotational transi-
tion of O, using a HCN laser. Several years later
LMR was extended to the mid-infrared by using CO
and CO, lasers with similar success. Since then,
throughout 15 years, much of the increase in under-
standing of the structure and properties of short-
lived paramagnetic molecules has come from the
application of LMR. The method has allowed the

detection of more than 100 free radicals, including
elusive species such as HO,, CH,, FO and CI(°P,))
which cannot easily be detected by other means. The
high sensitivity and versatility of LMR has resulted
in numerous applications of the method to chemical
kinetics.

Theory of LMR

Atoms

As a simple illustration let us consider the LMR spec-
tra of Cl atoms. The energy level diagram at the top
of Figure 1 shows the Zeeman effect in Cl atoms.

In a magnetic field, the | ], I, F) levels of the atom
split into components labelled by M; and M;
quantum numbers (here F=J+I=L + § + I). The
magnetic field is swept, and at suitable values ot the
field the frequencies of the transitions |]J, M,
Mp) — (J', M’;, M’g| come into coincidence with the
frequency of a fixed-frequency laser. These
resonances result in a decrease in detected laser
power. In practice, a small modulation (up to 50 G)
is added to the magnetic field and the change in
transmitted laser power 1s recorded as a first
derivative signal by processing the detector output in
a phase-sensitive amplifier.

LMR spectra of Cl atoms are shown at the bottom
of Figure 1. Note that °P;,—°P,, magnetic dipole
transitions with AM;=+1 and AM;=0 occur at
E 1 B and E |l B polarizations, respectively; here E 1s

the electric tield of the laser radiation and B is the
magnetic field of the electromagnet.
The Hamiltonian may be written as

H—=A_LS + thﬁ((l,bj J.}I) —+ u[](gJJB + gIIB)

where Hy is the hyperfine interaction operator, A,
1s a spin-orbit interaction constant, 4 and b are hy-
perfine constants, u, = efi/2mc is the Bohr magneton,
and g; and g; are electron and nuclear g-factors. All
these atomic constants can be obtained from the
analysis of LMR spectra; the precise values for A
have been determined in this way for the first time.

S50

Diatomic radicals

A more common application is the measurement of
LMR spectra of linear radicals with both spin and
orbital angular momentum (SnH, NiH, GeH, CH,
SD, SeH, ... etc). The effective Hamiltonian is a
summation of spin-orbit (H_,), vibrational (H,), ro-

tational (H,,), spin-rotational (H,), spin-spin (H.),
lambda-doubling (Hy), hyperfine (H,;) and Zee-

man (H ) terms:

HZHSD"'wa_'_HrDt+H5r+Hﬂs5+Hld‘|_ths+Hz [1]

The choice of significant terms and representation of
the terms are determined by the particular type of

radical. Some usual representations are presented
below

HS{J — AH{) LS
H, = hwe(v -+ ]_/2) _ Welgh(’l) 4 1/2)2

Hmt — B*UNQ — D:{;AZVP1
H‘:;r — WNS

2
thzg)\(?)Sﬁ —§?)

H, = H{'}(gss + gL + ng)B

Here v denotes the vibrational quantum number and
angular

N=J-L-S§ 1is the nuclear rotational
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Figure 1 Top: Zeeman effect in 3°Cl atoms. All sublevels are labelled by M. values. The lower 2P, state is represented by solid
lines. Upper 2P, , state (dashed lines) is downshifted by an amount of the laser photon energy. Intersections of solid and dashed lines
with AM:= +1 (open circles) or with AM:= 0 (solid circles) represent possible LMR transitions. Bottom: LMR spectra of Cl atoms (both

35Ci and ¥'Cl).

momentum. Centrifugal corrections to some param- spin-orbit and lambda-doubling terms, H_,,, H and
eters are often used as well as a tensor expression H,, are usually expressed as

for H,.

Polyatomic radicals H. i = A.,._,_.N,f + B, f -+ C-e:Nf

The most often encountered type of radical observed _+ H.q(N, An, Ank, Ak, 6N, 0k

by LMR is the three-atomic asymmetric—t?p radical, H. — 1 D(25% — §2 — §2) + Ey(S2 — §2)
such as NH,, PH,, HCO, HO,, etc., Hund’s case (b). | | :
In this case, the Hamiltonian [1] is used. Without H., —¢,,N,S., + &,N,S, + ¢..N..S.




where H_; is the Watson’s centrifugal distortion
operator; the molecule-fixed components of N, §,
and ¢ are labelled by 4, b, and c.

Finally note that the representation of the
Hamiltonian is very dependent on the particular rad-
ical. Some terms are often omitted, and some new
ones are added. For example, Jahn-Teller distortion
should be taken into account for symmetric top radi-
cals, such as CH;O and SiH;.

The LMR detection of polyatomic radicals with
heavy (not hydrogen) atoms is hindered for several
reasons: (1) the population of the lower state is low,
it decreases with rotational partition function;
(2) Zeeman splitting is small, it decreases both with
moments of inertia and rotational quantum numbers
of the radical; hence LMR spectra are observable
only at low magnetic fields because of a weak
coupling of § with N. Moreover, the spectra are
often unresolved because of a large number of
components.

An important exception was tound for the first
time by Uehara and Hakuta who have observed
high-field spectra in the v, band of ClO, in spite of
its small spin-orbit interaction. Later, similar high-
field far-infrared LMR spectra ot FO, CISO, FSO
and NF, were detected. These spectra were assigned
to transitions induced by avoided crossings between
Zeeman levels having the same value of M, but dif-
fering by one in N. This type of transition offers a
new means to study radicals which might otherwise
be inaccessible to the LMR technique.

LMR spectrometer

Basic features

The essential features of an LMR spectrometer are il-
lustrated schematically in Figure 2, which shows
three of the most commonly encountered experimen-
tal configurations.

A conventional intracavity LMR spectrometer is
shown in Figure 2A. Placing a free-radical absorp-
tion cell inside the laser cavity results in a gain in
sensitivity due to multipassing of the laser radiation.
A further sensibility gain may also be obtained when
the modulation frequency is close to the frequency of
the laser intensity relaxation oscillations. Another
benefit of the intracavity configuration is that it
favours the observation of saturation Lamb dips.
This is especially important in the mid-infrared
region, where Doppler widths are greater and the
high resolution of saturation spectroscopy is needed
more. The laser power is coupled out by the zeroth
order of the grating and is detected by a photoresis-
tor. Coupling through the hole in one of the mirrors
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or by a variable coupler inserted into the laser cavity
are also used.

An 1ntracavity LMR spectrometer based on an
optically pumped laser is shown in Figure 2B. The
only difference is the change of the CO (or CO,)
laser in Figure 2A by an optically pumped laser. The
pump radiation is multiply reflected between two
metallic-coated flats parallel to the far-infrared laser
axis. Longitudinal pumping in which the pump radi-
ation 1s introduced along the laser axis through a
hole in one of the far-infrared laser mirrors is also
employed. The cavity is divided by a beam splitter
(e.g. thin polypropylene).

Figure 2C gives the block diagram for the Faraday
LMR setup, in which there is an extracavity ar-
rangement and detection of paramagnetic species is
via their polarization effects. The laser light propa-
gates along the z-axis which coincides with the mag-
netic tield direction. The polarization, determined by
the polarizer P, points along the x-axis and the
polarizer P, points along the y-axis. The multipass
absorption cell is placed between these crossed
polarizers. The absorbing radicals produce a change
in the polarization; this effect is used for sensitive
detection of the radicals.

In essence, the Faraday arrangement is extracavity
LMR with two crossed polarizers. These polarizers
reduce the laser power by a large factor and the LMR
signal by the square of that factor. Hence the signal-
to-noise ratio for the Faraday arrangement is signifi-
cantly better (more than two orders of magnitude)
than that for conventional extracavity LMR.

Note that time resolution of the intracavity
configurations is determined by the medium of the
laser: it 1s usually ~2—4 ps; the time resolution of the
Faraday arrangement is considerably better.

The Faraday configuration requires the magnetic
field of the electromagnet (solenoid) to be parallel to
the Poynting vector, BIl §;; An alternative (Voigt)
configuration is proposed in which B 1L S, and a
polarization angle relative to B is 45°. Although the
Voigt configuration is expected to have similar
sensitivity to that of Faraday LMR, it is rarely
encountered.

Usually, the configurations in Figure 2A and 2C
are used in mid-infrared spectroscopy. The
configuration in Figure 2B is used in far-infrared
spectroscopy only. In intracavity configurations, the
polarization of the laser with respect to the magnetic
field 1s determined by the intracavity beam splitter in
Figure 2B or by windows in Figure 2A set at Brews-
ter’s angle. The splitter (or the windows) are rotata-
ble about the laser axis so the polarization can be
rotated. When the electric vector of the laser lies per-
pendicular to the magnetic field, E L B, then
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Figure 2 Schematic representation of a LMR spectrometer: (A) mid-infrared intracavity arrangement, (B) far-infrared intracavity

arrangement with opfically pumped laser,

(C) mid-infrared Faraday extracavity arrangement.

EM = electromagnet pole,

MC = modulation coil, G = diffraction grating, PR = photoresistor, M = mirror, P, and P, = polarizers.

AM; = £1 (o) electric dipole transitions are induced;
the AM;=0 (7) transitions appear with parallel
polarization, E Il B. Note that the latter case 1s
impossible in Faraday LMR.

Infrared lasers

The first far-infrared LMR spectra were recorded by
using HCN, H,0O and D,O lasers. Since then, opti-
cally pumped lasers are usually used with a line-tun-
able continuous-wave CQO, laser as a light source. By
use of these lasers, over 1000 laser trequencies are
available in the far-infrared region (30-1200 pm);
some 500 have been used in LMR.

In medium-infrared, most of the radical spectra
are observed with CO (1200-2000 cm™!) and CO,
(875-1110 cm™!) lasers. In the former case, the spec-
tral region is now strongly extended by using a
CO-overtone laser which provides 200 (Av = 2) tran-
sitions in the region of 2500-3500 cm™!. In the latter
case, a great increase in capacity of LMR (several
hundreds of lines) was attained by using °C!O,,
BCBQO,, BCPOBO and C!80, isotope modifica-
tions; an N,O laser has also been used.

A colour centre laser (2-4 um), and spin-
flip Raman laser (which consisted of a InSb
crystal pumped by a CO laser) have also been
employed.




Infrared detectors

The first far-infrared LMR spectra were recorded by
using Golay cells. These have the advantage of room
temperature operation and are easy to use, but their
response 1s slow and hence only low modulation
frequencies (approximately 10-100 Hz) can be used.
A further gain in sensitivity was realized by use of a
helium-cooled Ge bolometer: the much faster
response of the bolometer allows much higher modu-
lation frequencies (~1 kHz), and this, together with
the lower noise equivalent power, means that the sen-
sitivity 1s limited mainly by inherent noise in the laser
source. By far the most commonly encountered far-
infrared detectors are helium-cooled photoresistors
(Ge:B, Ge:In, Ge:Ga, Ge:As, nIn:Sb, etc.); modulation
frequencies of up to hundreds of kHz can be used.

In mid-infrared, the most commonly used photore-
sistors are Ge: Au (77 K), Ge:Hg (53 K}, Ge: (Zn,
Sb) (64 K) and Hg:Cd:Te (77 K) for CO, laser
output and Ge:Ga (77 K), In:Sb (77 K), Hg:Cd:Te
(77 K) tor CO laser output.

In general the main noise source is the laser rather
than the photoresistor. However, in the mid-infrared
region attenuation of laser light is often required
since detectors are easily saturated by laser light. For
example, for InSb (77 K) detector saturation starts
near 1 mW, while typical CO laser output power
reaches 1 W. Note that in Faraday and Voigt LMR

arrangements, the saturation is absent.

Modulation

The modulation frequency f is determined as a com-
promise between two factors. First, at low frequen-
cies the noise of the LMR spectrometer increases due
to vibrations of the spectrometer. Second, the modu-
lation amplitude decreases inversely with the square
root of f at a fixed power of the generator tor modu-
lation coils. Finally, for extracavity LMR the best
frequency 1s 15-20 kHz. For intracavity LMR spec-
trometers, a gain of sensibility can be obtained when
the modulation frequency is close to the trequency of
the laser intensity relaxation oscillations (50—
150 kHz).

A simple method to improve the sensitivity of
LMR is to increase the integration time constant of
the lock-in amplitier. However, the long-term insta-
bility of the LMR spectrometer usually makes useless
time constants larger than 3 s. This problem can be
solved by using double modulation. The magnetic
field is modulated at high (~100 kHz) and low
(~2 Hz) frequencies. The high-frequency signal is
demodulated by a phase-sensitive lock-in amplifier.
The resulting low-frequency output of the lock-in is
again demodulated by another phase-sensitive
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lock-in. As a result, the effective time constant of the
system 1s ~200 s and the LMR sensitivity increases
considerably. Note that the best peak-to-peak ampli-
tude of the low-frequency modulation is equal to the
spectral line width. The drawback of this double
modulation system is the slow response.

Intracavity systems are very sensitive to acoustic
cross talk between the modulation unit and the laser
resonator, thus increasing the noise just at the modu-
lation frequency f. Hence another method of improv-
ing the sensitivity of intracavity LMR is to use a lock-
in detector at 2f (the second harmonic), where the
noise 1s considerably smaller. In some cases, this
change can increase the signal-to-noise ratio of LMR.

Preparation of radicals

The great majority of radicals studied so far by LMR
have been generated by atom-molecule reactions in
the gas phase, using discharge-flow techniques or by
pumping the products of a microwave discharge rap-
1dly into the sample region of the spectrometer. In
addition, a time-resolved arrangement allows genera-
tion of radicals either directly by UV photolysis (or
multiphoton dissociation), or by the reactions of ap-
propriate  molecules with the species prepared
photolytically.

Detection of molecular ions

Molecular ions (DCI*, DBr*, etc.) are generated by
discharge-tlow techniques. Two difficulties arise in
experiments with intracavity LMR detection of these
1ons. First is the rapid deflection of the ions to the re-
actor walls in the magnetic field of the electromagnet;
the second is the very high noise of a DC discharge
situated inside the laser cavity. These problems have
been solved by using the Faraday extracavity LMR
arrangement, which does not suffer to the same ex-
tent from modulation pickup via discharge plasma as
the intracavity arrangement. In the Faraday arrange-
ment the discharge is stable, since the magnetic field
of the solenoid and the electric field of the discharge
are collinear.

An additional advantage of this arrangement is the
possibility of tracing hot-band transitions not only
tfor open-shell ions but also for free radicals.

Sensitivity of LMR, comparison with EPR

The technique of LMR is very similar to other mag-
netic resonance methods such as EPR and NMR.
While NMR uses radiofrequency radiation to
produce transitions between nuclear spin levels, and
EPR uses microwave radiation to produce transi-
tions between electron spin levels, LMR uses
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radiation of a laser to produce transitions between
rotational (far-infrared) or vibrational-rotational
(mid-infrared) levels in paramagnetic molecules.
Note that the sensitivity y,_. is nearly equal for EPR
and LMR:y_. = 10"1-10"” cm™'. The concentration
sensitivity is given by

L Y min
N min —
od

where d is the difference of relative populations of
the upper and lower levels and o is the cross section
of the transition. The superiority ot LMR over EPR
in sensitivity is determined by the d factor (2-3
orders of magnitude) and by the cross section ¢
which is proportional to the transition frequency.
The factor in favour of EPR is the high Q-factor ot
an EPR resonator. When EPR is compared with
mid-infrared LMR, an additional factor in favour of
EPR is the dipole transition matrix element, which is
an order of magnitude higher for rotational transi-
tions in radicals than that for vibrational-rotational
transitions. In general, LMR is much more sensitive
than EPR.

The sensitivities of far-infrared intracavity LMR
and mid-infrared Faraday LMR are as high as that of
laser-induced fluorescence (LIF); the sensitivity of
mid-infrared intracavity LMR is usually one order ot
magnitude less. These estimates, however, are very
dependent on the particular radical. The sensitivity
achieved in practice also depends on the refinement
of the apparatus. The typical values for up-to-date
spectrometers are listed in Table 1.

For applications in chemical kinetics, combined
EPR/LMR spectrometers for both far- and mid-infra-
red regions have been developed. Three advantages
are gained from this arrangement: (1) the versatility of
the combined spectrometer, (ii) the possibility of the
absolute calibration of the LMR spectrometer by
comparison of the LMR and EPR signals of the same
radicals, (iii) usage of commercial EPR hardware for
MR detection. In the mid-infrared, EPR and LMR
make use of a common detection zone. In the far-
infrared, the detection zones of EPR and LMR are
placed side by side; they cannot coincide, because of
the large wavelength of the far-infrared laser.

Applications of LMR

Spectroscopy studies

LMR has allowed the spectroscopic study of many
free radicals that could not be detected by more con-
ventional infrared techniques.

Table 1 Typical sensitivities of LMR and EPR
Wavelength Sensitivity
Radical  Laser (um) (cmr)
Cl CO; 11.3 2(9)?
O CH,0OD 145.7 1(10)
Hg CO 5.67 5(9)
NO CO 5.33 1(7)
CH,OH 1224 1(11)
OH H,O 118.6 1(6)
D,O 84.3 2(7)
EPR 30 000 1(10)
0O CH,OH 699.5 5(10)
° EPR 30 000 3(13)
ClO CD,l 556.9 2(8)
H,O 118.6 4(8)
HO, CO, 10 1(10)
EPR 30 000 1(13)
NO, H,O 118.6 1(11)
CH, 13CH,OH 157.9 3(8)
NE CO, 10 1(10)
5 EPR 30 000 1(14)

2 a(b) =ax 10°,

In Table 2 a list of the species detected by LMR to
1998 is presented. However, the pace of develop-
ments has slowed, since many of the better-known
free radicals accessible for LMR have now been ob-
served. As for lesser-known free radicals, LMR 1is a
difficult method for obtaining initial knowledge (at
least for polyatomics) because the Zeeman eftect
must be analysed as well as the zero-field spectrum.
In the mid-infrared, the tunable semiconductor diode
lasers are another factor in the development of infra-
red spectroscopy of high sensitivity and resolution,
although LMR provides magnetic parameters inac-
cessible to the diode laser spectroscopy. In Figure 3
the rise and the fall of LMR are illustrated.

A typical spectroscopic study of a radical includes:
recording ot numerous LMR spectra, assignment of
the observed resonances to quantum numbers, and
determination of the parameters of the Hamiltonian
(for both ground and vibrationally excited states in
the case of vibrational-rotational spectra). Although
the accuracy of these parameters (up to MHz) is
somewhat lower than that obtained by microwave
spectroscopy, it is not restricted to rotational transi-
tions but includes vibrational, fine structure and
hyperfine effects.

The main requirements for a successful LMR
study are: (1) the atom or molecule must be para-
magnetic ($ > 0 or L > 0); (1) the closeness of laser
and transition frequencies (<1 cm™); (ii1) usually, no
more than two heavy (not hydrogen) atoms

[exceptions are non-hydride triatomics which are
either linear (NCO, N;, NCN), or which have



Table 2 free radicals detected by LMR?
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H,O, D,O, HCN, InSb® lasers
Optically pumped lasers

OH, OD, CH, O,, NO, PH, HO,, NH,, NO,, HCO, PH,
C, O, Si, CH, CD, CF, O,, 070, 00, OH, '"OH, OD, NH, NH, ND, CIO, SiH, PH, PD, PO, SH,

SD, NS, S,, FeH, CoH, GeH, SeH, SeD, NiH, NiD, CH,, CD,, CCH, CH,F, CH,Br, CD,Br, NH.,

NCO, NHD, HO,, DO,, FO,, PH,, PO,, CISO, FSO, FeD,, CH;, NH,0, CH,0, CH,OH, N*, Mg*

NF*, O,*, CO*, CH*, AsH*, CH,*, OH*, OD*, HCI*, HBr*

CO, laser

Cl, FO, BrO, SH, SD, S0, SiC, NiH, AsO, Se0, NSe, CH,, '3*CH,, NH,, ND,, PH,, HO,, DO.,,

HCO, HSO, FCO, FO,, CIO,, NO,, NF,, SiH,, SiF;, CH,O, Kr*, Xe*, SO*

CO laser

NO, CIO, CD, CF, MgO, SiH, SiD, PH, PD, SD, FeH, CoH, CrH, NiH, NiD, GeH, GeD, AsH, SeH

¥

SeD, SnH, SbH, TeD, C,H, C,D, NCN, NCO, NH,, NO,, *NO,, N,, HCO, DCO, HO,, DO, FO.,
FeH,, Hg*, CO*, NCO*, DCI*+, DBr+, SD+

2 Electronically excited species are marked by *.
b Spin-flip Raman laser: InSb crystal pumped by CO laser.
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Figure 3 Amount of research (number of publications) against
year of publication. C. Kinetics = chemical kinetics.

high-field LMR spectra due to level anticrossing
mechanisms (FO,, CISO, FSO, CIO,)]; (iv) a moder-
ate transition dipole moment; (v) numerous reso-
nances at numerous laser lines ought to be detected

for successful extraction of the Hamiltonian param-
eters. If the spectra are complex and energy level
predictions are not available, the data from other
spectroscopic techniques are especially valid.

LMR in chemical kinetics

The combination of high sensitivity and versatility
makes LMR attractive in chemical kinetics studies.
Three experimental arrangements of LMR are
usually employed.

(1) The first are discharge-flow techniques in which
the products of a microwave discharge and con-
sequent chemical reactions are pumped rapidly
through the detection zone of a LMR spectro-
meter. The kinetics are obtained by varying the
distance between the radical injector and the de-
tection zone.

(11) The second 1s time-resolved LMR in which rad-
icals are produced by either UV photolysis of
multiphoton dissociation of a suitable precur-
sor; the LMR signal kinetics is monitored.

These experimental arrangements for kinetics
studies are not specific to LMR; they are widely used
with other spectroscopic methods, such as EPR, LIF,
mass spectrometry, etc.

(111) The third arrangement is specific to LMR; it is
used only to study vibrational relaxation of rad-
icals; an intracavity LMR spectrometer based
on a CO, laser is usually employed. Radicals are
prepared in a discharge-flow system; the kinet-
ics of the LMR signal saturation by a CO, laser
radiation field after a fast magnetic field jump
are monitored. The magnetic field jump pro-
vides fast adjustment to the absorption spectral
line of the radical. The saturation kinetics are
exponential, the exponent decay time being

1/ =20Jy + Z ki 1M, ]
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where o is the vibrational-rotational transition
cross section, J, is the photon flux density, [M]
1s the concentration of the ith gas-relaxator and
k. are the vibrational relaxation rate constants.
This relation is used to obtain k; by measuring 7

at different [M.].

This method is applicable only to radicals that
show sufficient saturation {>10%) of a vibrational
transition by the radiation field. The prerequisites
for successful detection of the saturation are: radia-
tion intensity in the cavity of the CO, laser of
>100 W cm™, rather a small rotational partition
function (<103, i.e. nonlinear radicals with low
moments of inertia, or linear radicals), and moderate
transition dipole moment (~0.1 D).

List of symbols

A, = spin-orbit interaction constant; A, B,, C, =
rotational constants of radical; a, & = hyperfine con-
stants; B = external magnetic tield; d = ditterence of
relative populations; D, = centrifugal constant for di-
atomic molecule; D,, E, = parameters of Hamiltoni-
an H.; E=celectric field of laser radiation;
f = modulation frequency; g;, g; = electron and nucle-
ar g-factors; g, g;, & = spin, orbital and rotational g-
factors; # =Planck’s constant; H_j;= Watson’s
centrifugal distortion operator; H;¢ = hyperfine
interaction operator; Hyy = lambda-doubling term in
Hamiltonian; H,, = rotational term in Hamiltonian;
H,. = spin-orbit term in Hamiltonian; H,, = spin-
rotational term in Hamiltonian; H = spin-spin term
in  Hamiltonian; H, = vibrational term in
Hamiltonian; H, = Zeeman term in Hamiltonian; J, I,
F, L, S, N, My, M; = momenta and their projections;
Jo = photon flux density; k; = vibrational relaxation
rate constant; [M,] = concentration of the ith gas-
relaxator; N,, N,, N,.=components of N;
= concentrational sensitivity; “P;,, Py, = Cl

N

min

atomic states; S, S,, S, S,=projections of S;
S, =Poynting vector; v =vibrational quantum
number; w,, x, = parameters of vibrational Hamilto-
nian; y = parameter of spin-rotational term H_;
Ymin = S€NSItIVIY In cm™! units; Ay, Anks Ak, On,
Ox = centrifugal constants of asymmetric rotor;
A = parameter of spin-spin term Hg; ¢, ¢,
¢.. = components of spin-rotational tensor; u, = efi/
2mc = Bohr magneton; o = cross section of the transi-

tion; T = decay time for the saturation kinetics.

See also: Atomic Absorption, Theory; Electromag-
netic Radiation; EPR, Methods; EPR Spectroscopy,
Applications in Chemistry; EPR Spectroscopy, Theo-
ry; Far-IR Spectroscopy, Applications; High Resolu-
tion IR Spectroscopy (Gas Phase) Instrumentation; IR
Spectroscopy, Theory; Laser Spectroscopy Theory:;
Near-IR Spectrometers; Rotational Spectroscopy,
Theory; Spectroscopy of lons; Zeeman and Stark
Methods in Spectroscopy, Applications; Zeeman and
Stark Methods in Spectroscopy, Instrumentation.
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