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other contexts in excitable media such as
autowave diffraction (16).
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delot = Ve — f(e) — g

aglat = e(e)(ke — Q) 1)
with fle) = C, x ewhene < e,; fle) = —C,x e +
awhene, <e=xe, fle) =C;+(e— 1)whene >
e,; and e(e) = ¢, when e < e,; ¢(e) = ¢, when e,
‘< e< e, e(e) = e;gwhen e > e,. The parameters
determining the shape of the function f(e) are e, =
0.0085, e, = 0.841, €, = 0.14, €, = 0.059, ¢, =
25,C,=20,C,=3,C3=15a=0.15andk=
3. With these parameter values, the function f(e) is
continuous. To integrate Eq. 1, we used the
explicit Euler method with time step ht = 0.01 and
space step hx = 0.3, which gives less than 4%
error for the velocity of plane wave propagation
and 7% error for the period of the spiral rotation,
about 15.5 time units. Neumann boundary con-
ditions were used. A rectangular inexcitable
obstacle was made using Neumann boundary
conditions at its edges. External high-frequency
stimulation was applied at one edge of the
excitable medium with stimuli having amplitude
four times the threshold value.
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High-Resolution Nuclear Magnetic Resonance
Spectroscopy in a Circularly Polarized Laser Beam

A. D. Buckingham and L. C. Parlett

Nuclei in afluid subjected to a continuous wave circularly polarized light beam are predicted
to experience a static magnetic field proportional to E* x E*, where E=* is the electric vector
of the right or left circularly polarized wave and the dot denotes a time derivative. The field
strongly depends on the local electronic structure and is present in all atoms. For an
intensity of 10 watts per square centimeter propagating in the direction of the field of a
magnetic resonance spectrometer, the general theory presented here predicts shifts of +4
X 1078 hertz for protons and +10~5 hertz for fluorine-19. Larger shifts are predicted if the

laser frequency is near an optical absorption.

Recently, there has been interest in laser-
enhanced nuclear magnetic resonance
(NMR) spectroscopy (1-3). Evans (1) pre-
dicted that a circularly polarized laser beam
could raise NMR frequencies dramatically.
Warren et al. (2) studied solutions of the
chiral molecule p-methoxyphenylimino-
camphor in linearly polarized as well as left
and right circularly polarized light of wave-
length 514 nm; they observed bulk high-
field shifts on the order of 0.01 part per
million and smaller differential shifts. Har-
ris and Tinoco (3) estimated the change in
the chemical shift of a nucleus induced by a
polarized laser beam and concluded it was
far too small to be measured.
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Evans believes that a circularly polarized
beam has an associated static magnetic field
parallel to the direction of propagation and
proportional to the square root of the in-
tensity (4, 5), but this would lead to huge
NMR shifts and would violate charge con-
jugation symmetry (6). Evans (5) also con-
siders a second-order interaction of the laser
with the molecular antisymmetric. polariz-
ability o/, but he apparently
failed to apprec1ate that in NMR spectros-
copy, it is the antisymmetric polarizability
induced by the nuclear magnetic moment
that is relevant, just as it is the antisymmet-
ric polarizability induced by the magneto-
static field that is responsible for the Fara-
day effect (7).

We show that the NMR shift may be
expressed in terms of o, perturbed by the
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nuclear magnetic moment. Warren et al.
(2, 8) suggest that the polarization propor-
tional to the electric field of the light wave
could produce a magnetic field at a nucleus,
but presumably this field would be oscillat-
ing at the optical frequency and therefore
would have no first-order effect on the
spectrum. Harris and Tinoco (3, 9) consid-
er nonchiral changes in energy proportional
to the product [,B{?, where I is the inten-
sity of the laser beam and Bz(o’ the magnetic
field of the NMR spectrometer; they also
consider small, chirally sensitive shifts pro-
portional to I, and I,B®.

In this report, we show that the electrons
of any molecule in a circularly polarized light
beam acquire a mean time-independent cur-
rent density proportional to E* X E*, where
E* is the electric field associated with a right
(+) or left (=) circularly polarized light
wave and the dot denotes differentiation
with respect to time. This current produces a
magnetic moment [this is known as the
inverse Faraday effect (10)] as well as a
magnetic field at each nucleus. A steady
molecular current induced by an optical field
must be an even function of the field
strength |E| in order that it be time-indepen-
dent and an odd function of E in a diamag-
netic molecule in order that it should have
the temporal properties of a current.

The electric field of a circularly polarized
plane wave propagating in the direction of
the unit vector k, the z direction, is

1
E*=——EO©
V2

ng nz
icosolt—— ) Fjsinw|t——
c c

(1)
where i and j j are unit vectors in the x and
v directions, n is the refractive index, c the
velocity of light in vacuo, and o the angu-
lar frequency. The intensity of the beam is

1
0= 5 80[5(0)]2 c (2)

where €, is the permittivity of free space
and I is the power per unit area of a parallel
beam of light; if [, = 1 W/cm?, E@ = 27.4
V/ecm.

From Eq. 1, the time derivative of E* is

3)
The vector product E* X E* = F(o/
2)[E ©1%k is time-independent and behaves
under the operations of parity P (that is,
inversion of the coordinates of all particles
through the origin, including the sources of
the applied fields) and time reversal T (that
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Table 1. Behavior of various molecular proper-
ties and external fields under the symmetry
operations of parity P and time reversal T.

Property or field P

E (electric field)
E (time derivative of E)
EXE
w (electric dipole moment)
B (magnetic field)
B (time derivative of B)
m (magnetlc moment)
a,g = o, (Symmetric
polanzablllty)
0, =-—ay, (antisymmetric
polanzablllty)
an = aa“B/aB
g (magnetlzablllty)
(nuclear magnetlc shielding)
: G’ = 0 "9, /0B, = —0~1amg/oE,

+ o+
o+l + 0+

|+ + +
+ 4+ +

is, reversal of all momenta and spins) as a
magnetostatic field (11) (however, E* X
E* is even under charge conjugation C,
whereas a magnetic field is odd). Table 1
shows the effect of P and T on various
properties and fields.

If the isotropic part of a property tensor is
even under P and T (for example, a =
VsaBB, magnetizability x = Y5xgg, and

ca'(B) = Yee g, uBy) then the correspond-
ing bulk property is exhibited by all matter
(for example, refractive index, magnetic sus-
ceptibility, and the Faraday effect). If the
isotropic part is even under T but odd under
P (for example, G’ = %G gg), then the bulk
property (for example, optlcal activity) is
only exhibited by chiral species.

The inverse Faraday effect (10) describes
the magnetic moment m, induced in a mol-
ecule by a circularly polarized light beam
propagating in the g direction through an
isotropic medium

. 1
m, = 0" 'E(E* X E*), = $§ E[E@)?
C))
The bulk property Nwé&, where N is the
molecular number density, is proportional
to the Verdet constant, which gives the

optical rotation induced by a magnetostatic
field B (10). This equivalence can be

seen by considering the energy of interac-

tion of an isotropically tumbling molecule

with the external fields E* and B (12)
energy = —(me)BY) = —0™ (ug,)
EZEZBY = —0~§(E* x E*) - BO
energy = —(Lo)Ex = —0 X' apy)
EFBOEZ = —0~[a'(B)] (E* x E*)- BO
where p is the electric dipole moment a(lle
the angular brackets ( ) denote an isotropic

average. It follows that £ = o’(B).
The inverse Faraday effect will produce a

bulk magnetic moment and hence induce a
net magnetic field in the sample as a whole.
This could give rise to bulk shifts in the
NMR spectrum, but these are exceedingly
small.

We are now in a position to describe the
magnetic field B induced at nucleus I in a
tumbling molecule by a circularly polarized
light beam. This field is of the same sym-
metry as, although independent of, the
magnetic moment of the inverse Faraday
effect. The induced magnetic field at the
nucleus bears a similar relation to the in-
verse Faraday effect as the nuclear magnetic
shielding constant o bears to the magne-
tizability x

BY = 01l JEFEL = 010

By,
(E* x E*), ©6)
where the scalar b® = Yee,, bg;)sy is even

under P and T and is therefore a property of
all nuclear sites in all molecules; it is not
chirally sensitive. Its order of magnitude
can be estimated from the experimental
value of the Verdet constant through the
approxnmatlon b® ~o® o' (B)/x,, where
(rp ) and X, are the paramagnetlc conmbu—
tions to the nuclear magnetic shielding and
the magnetizability. The energy of interac-
tion of a nuclear magnetic moment m®
with this induced field is

energy = — m® - B®
= -0 P (E* xE*)-m® (7)

This energy can also be expressed in terms
of the energy of the electric dipole moment
induced in the molecule by the field w ~'E*
in the presence of the distortion of the
electronic structure by m®

energy = —{u)E2 = —0~ ot [m)
EZX E"fmg) = -0~ la'/[m?]
(B=E*)-m® ®)
Comparison of Eqs. 7 and 8 shows that b®
= a'[m?] {the more general equation b(’)
= a5, [m?] also holds}.
To obtain a quantum mechanical formu-

la for b, one need only replace the mag-
netic moment operator

eh
o, 2
in the expression for a'(B) (7) by the
magnetic field operator

Ho eh I

where —e is the charge on an electron, # is
Planck’s constant divided by 21r, m, is the
mass of an electron, #l, is the orbital angu-
lar momentum, and r; the distance of elec-
tron i relative to nucleus I. The symmetry
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under P, T, and C of b is identical to that
of a’(B) (they are odd under C). The order
of magnitude of B{ in a right c1rcularly
polarized laser beam of 10 W/em? may be
estimated assuming 1 debye for the electric
d1pole matrix elements and (r—3) for the
=173 matrix element, where (r~3) is ob-
tained through the Bohr-Sommerfeld theo-
ry (13). We find BY to be of the order of
+1071 G for protons, giving a shift +4 x
1078 Hz. For '°F, the shifts will be on the
order of £107° Hz.

If the laser is tuned to an optical reso-
nance frequency, the enhanced shift can be
estimated from the expression for b® ob-
tained with the use of the Wigner-
Weisskopf lineshape function (7). Assum-
ing a half-width of 1000 cm ™!, an enhance-
ment of the shift by a factor of ~500 is
obtained. If the half-width were 10 cm™1, a
resonance enhancement of ~10° would be
expected.

Because of the magnetization induced in
the sample, there will be a mean magnetic
field p,No E(E*= x E*), and this will
cause a shift of all NMR lines by the same
amount. This field strength is estimated to
be £10716 G in beams of 10 W/cm? and is
far too small to account for the general shift
of about 2 Hz shown in figure 2 of (2)
(1071 G would produce a shift of 4 X
10~1 Hz).

Finally, we provide a physical mecha-
nism that explains the magnetization and
magnetic field induced by circularly polar-
ized light. Consider a spherical atom in the
electric field E* or E~ of Eq. 1. The
electron distribution is distorted at t = 0,
leading to an induced dipole moment in the
x direction. It is simultaneously distorted by
the field 1E which induces a magnetic
moment m, = —(o_lG;zEy (12); this mag-
netic moment may be attributed to the
differential displacement in the y direction
of electrons at +x because of their polariza-
tion by E,. This induced atomic magnetic
moment retains its magnitude and sign as
the phase of E* changes. It leads in the case
of left circularly polarized light to a mean
positive electronic angular momentum in
the g direction. The associated steady cur-
rent produces the magnetic moment that
comprises the inverse Faraday effect and the
effect described here of a local magnetic
field at all nuclei.

The shifts caused by the circularly po-
larized light are small, but they are re-
versed by a change in the handedness of
the light and depend on the optical fre-
quency. Like the familiar chemical shift,
they are strongly dependent on the local
electronic structure. In addition to the
shifts described here, there will be laser-
induced structural changes in the fluid of
the type that give the optical Kerr effect
(14); however, in the weak field of a

1749



2l

continuous-wave laser, these effects will
generally be small compared with those
that can be achieved by applying a static
electric field.
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Multiplex Spectroscopy: Determining the Transition
Moments and Absolute Concentrations of
Molecular Species

Geoffrey J. Germann* and David J. Rakestraw

A procedure is described that uses two spectroscopic techniques, absorption and
infrared degenerate four-wave mixing, in tandem (multiplex) to measure the transition
dipole moments and absolute concentrations of molecular species in situ. The method
is demonstrated by the measurement of the relative transition moments and concen-
trations of two dissimilar sample gas components, hydrogen chloride and nitrogen
dioxide, but is applicable to a wide variety of molecules and, thus, can provide new
information for transient molecular species. Further, difficulties in obtaining quantitative
information through techniques such as laser-induced fluorescence, coherent anti-
Stokes Raman scattering, and degenerate four-wave mixing spectroscopies can be
overcome when a multiplex approach is used.

The direct measurement of the absolute con-
centrations of transient molecular species has
long eluded the scientific community. Nu-
merous laser-based diagnostic techniques [la-
ser-induced fluorescence (LIF), coherent anti-
Stokes Raman scattering (CARS), multi-
photon ionization (MPI), degenerate four-
wave mixing (DFWM), and absorption
spectroscopy] have been developed to mea-
sure the temperatures, velocities, and spatial
.and temporal profiles of a number of molecu-
lar species. None of these techniques can give
us information on the absolute number den-
sity of molecular species if the line strengths of
the probed transitions cannot be determined
separately. Absorption spectroscopy is the
only technique commonly used to measure
molecular transition line strengths, but its
usefulness is limited to stable molecular spe-
cies that can be held at known pressure in a
sample cell. Absorption spectroscopy cannot
be used to deduce molecular transition line
strengths of transient molecular species for
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which the absolute concentration cannot be
determined. Some coherent optical transient
methods, such as transient nutation and pho-
ton echoes (I, 2), can be used to deduce
molecular transition dipole matrix elements,
but only if the absolute intensity profile of the
probe laser is well known. This inability of the
current set of diagnostic probe techniques
limits the degree to which chemical systems
involving transient species can be understood.
Without direct knowledge of the concentra-
tions of transient or free-radical species
(which can play pivotal roles in the kinetics
and evolution of the chemical system) there is
no way to confirm the accuracy of the reac-
tion rates and kinetic models used to describe
the chemical system.

The difficulty in measuring either a mole-
cule’s transition dipole moment, p,; (or line
strength, S,,, where S,; a |,,[?) or absolute
number density, N, stems from the fact that
spectroscopic probe methods generally require
both p,; and N in the equations that describe
spectroscopic signal generation. In the case of
absorption spectroscopy, the light intensity
transmitted through an absorbing medium is
given by
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at the spectral center of the molecular
transition (3), where AN is the effective
molecular number density (that is, the pop-
ulation difference between the - quantum
states connected in the molecular transi-
tion), I, is the applied laser intensity, I, is
the coherence decay rate, w is the resonant
field frequency, € is the sample path length,
€, is the permittivity of vacuum, c is the
speed of light, and # is Planck’s constant
(h) divided by 2r. Equation 1 involves both
S,; (or |uy|*) and AN; consequently, we
can never deduce these two quantities by
making one measurement. In the case of
DFWM spectroscopy (when the applied
laser power is low compared to the optical
saturation intensity, I, << I_.), the inten-
sity of the signal beam is given by

' 20 \2 [m21[®
_ 2 2
I (h3czeoz) (ANeo) (I‘OZI‘214)IO Ip
(2)
at line center (3, 4), where I_ is the

intensity of the probe beam, l"‘; is the
quantum-state population decay rate, and
€, is the path length sampled by the DFWM
process. Again, the spectroscopic signal
depends on both w,, and AN, and so we
can never deduce these two quantities in-
dependently by making a single measure-
ment. '

It is possible to deduce the values of both
K, and AN by implementing these two
methods of spectroscopy in tandem (multi-
plex), either simultaneously or sequential-
ly. The method relies on the fact that these
two forms of spectroscopy involve the same
quantities but have different functional de-
pendences on the two variables of interest,
1,; and AN. In this case, Egs. 1 and 2 can
be treated as simultaneous equations and
solved to determine both p,; and AN
separately. In the present work we measure
the molecular transition dipole moment
and absolute concentration of HCI by the
simultaneous recording of infrared (IR)
DFWM and absorption spectra. We include
NO, in the gas sample mixture with HCI to
serve as an in situ calibrant. We record the
IR DFWM and absorption spectra of the
HCI-NO, combined gas mixture and de-
duce the p,; and AN values of HCl relative
to those of NO,. This method simplifies the
experimental procedure, and Egs. 1 and 2
give

RDFWM FOHCl
[k21lac = R—szh"zllNOz (€)

and

Rabs4 FONOZ
ANycr = Romons TPt ANyo, (4)





