JOURNAL OF MOLECULAR SPECTROSCOPY 146, 351-368 (1991)

The Role of Net Angular Momentum in Pump/Probe Spectroscopy:
Absorption, Refringence, Scattering, and Nuclear Resonance

M. W. EvaNns
Theory Center, Cornell University, Ithaca, New York 14853

Applied net angular momentum (J) has the same role in spectroscopy as applied magnetic
flux density ( B), both having the same parity and motion reversal symmetry. This simple statement
appears to have profound consequences, especially in the context of nonlinear optics, where J
can be generated by a pump laser. These are explored for pump/probe spectroscopy involving
absorption, refringence, and scattering in the semiclassical Rayleigh theory. It is shown that there
are phenomena analogous to those induced by B, exemplified by the spin chiral class of circular
and axial birefringence /dichroism (analogues of the Faraday and Wagniére/Meier effects produced
by B); and pump laser-induced Rayleigh/Raman optical activity (analogues of scattered optical
activity induced by B). Nuclear effects of the pump laser-induced J are introduced as nuclear
electromagnetic resonance (NER). © 1991 Academic Press, Inc.

INTRODUCTION

It is well known that magnetic flux density B and net angular momentum (J) have
the same parity (P) and motion reversal ( 7) symmetries. It appears clear, therefore,
that J can play the role of B in spectroscopy and optics: on the surface a simple enough
statement, but one which appears to have profound consequences for modern physics
(1). There have been a few papers on the role of J in the relativistic context of ether
drag, catalyzed by J. J. Thompson (2) a few years after the first Michelson/Morley
experiment. Thompson considered translational ether drag, and his result was arrived
at independently by Fermi (3). Much later, rotational ether drag was observed me-
ticulously by R. V. Jones (4) and analyzed relativistically by Player (5). Recently,
Barron has briefly mentioned the possibility of optical phenomena induced by J (6),
and the present author, inspired by this remark, has given a nonrelativistic ( 7) and
relativistic (8) theory of circular and axial birefringence induced by net angular mo-
mentum induced mechanically by ultracentrifuging a rod in the manner of R. V.
Jones (4).

In this paper, we provide a fairly detailed first theory of absorption, refringence,
scattering, and nuclear resonance phenomena induced by the conjugate product

oE™
ot

= X E™ (1)
of the electric field intensity (E) of the pump at an angular frequency « in radians
per second. In this equation E* is the positive complex conjugate of the classical
Maxwellian electromagnetic field, and E is the negative complex conjugate, defined
in more detail in Egs. (16)-(18) of this paper. Note that the product (1) has the

351 0022-2852/91 $3.00
Copyright © 1991 by Academic Press, Inc.
All rights of reproduction in any form reserved.



352 M. W. EVANS

positive P and negative T symmetries of angular momentum but has the units of
(volts/meter)? radians second . It is denoted “effective pump laser angular momen-
tum” (=), and is the basis of nonlinear optical rectification effects (9-13).

In Section 1, the basic points of the semiclassical theory are summarized, following
Barron’s standard treatment (/4) of work by the Buckingham school. This sets up
equations for subsequent sections of this paper which deal with a few of the many
optical phenomena induced by = of the pump and measured by a probe laser. The
latter can be circularly, plane, or unpolarized, absorbed, refracted, scattered, or reflected.
In Section 2, the frequency dependent circular birefringence and dichroism due to «
is introduced, in a manner akin to the theory of the Faraday effect. In Section 3,
equations are given for the accompanying frequency dependent axial birefringence
and dichroism (15-20), and the order of magnitude compared with the effect of
Section 2. In Section 3, the theory of the effect of # on Rayleigh and Raman optical
activity (21-25) is given, in close analogy with the theory of magnetic Rayleigh and
Raman optical activity. This is optically active and frequency dependent scattering of
the probe laser stimulated by « of the pump laser, again a novel type of spectroscopy.
Finally in Section 4, a short description is given of another consequence of =, nuclear
electromagnetic resonance {NER ), akin to the well known NMR effect of B. The
resonance condition is defined through the effect of = on the nuclear spin characteristics
of the molecule being investigated with the pump /probe system.

Clearly these are only a very few of the phenomena to be expected from the seemingly
simple realization that « can play the role of B in molecular and atomic spectroscopy.
There are other fundamental effects of the pump laser, akin, for example, to Zeeman
splitting. All of these new techniques are potentially interesting in fundamental physics,
for example, in the search for parity violation (26), and useful for the analytical
laboratory. The treatment in this paper is in the nonrelativistic approximation, but,
clearly, a pump laser can spin a molecule at relativistic angular momenta, requiring
a fuller treatment than offered here. In contemporary understanding, the complete
evaluation of pump laser angular momentum effects requires relativistic quantum
field theory with unification of the electromagnetic and weak forces.

1. SEMICLASSICAL THEORY IN THE NONRELATIVISTIC APPROXIMATION;
RAYLFEIGH MODEL OF REFRINGENT SCATTERING

Much of the theory of this paper follows the standard work by Barron ( /4), which
developed the Rayleigh theory of refringent scattering for general application in terms
of complex, dynamic, molecular property tensors, whose origins are firmly rooted in
quantum mechanics.

The interaction of a molecule with a radiative field is based on such work as that
of Placzek (27), Born and Huang (28), and Buckingham (29), and to first order in
the electric and magnetic components of the field, it can be expressed, following Ref.
(14), as the induced dipole moment

B = ok + g—lgEjo + a’;Bjo + a—zugjo + lA?jkEjko + l—‘%Ejko toeee (2)

w w 3 3 w

Here a; and «j; are the real and imaginary components of the complex molecular
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dynamical polarizability, and «%; and a 3;; are the equivalents for the Rosenfeld tensor.
The problem of origin dependence is circumvented, following Buckingham’s method,
by the use of the electric dipole/electric quadrupole tensor 4,;, which premultiplies
the gradient of the electric field component of the electromagnetic (radiation ) field.

We extend Eq. (2) with a second-order Taylor expansion in the electric field E and
its time derivative E

”
1 o
—_ !
w; = a,,-jEjo + — EjO

BZuls 1831/1( 184uk

Br(EE) + (E Ep)o + == (EiE)o + (E Ep)o

a,/r[' X 1 , 1 4%, .
+ ay;Bjo + _oj—JBjO + < A (Eydo + S—TIJI(E}/\’O +oeee (3)

3
an expansion which shows tensor field products such as E',-Ej premultiplied by appro-
priate rank three molecular property tensors. It can be shown ( 9) that the antisymmetric
components

E*XET; E*XB; B* X B

are the ones responsible for the second-order phenomenon of optical rectification
(30). Clearly,

Bu(E;jEx)o
and

B PR CEEDe = iBa(EiEro (4)

have the same symmetry characteristics (37). Our “effective pump laser angular mo-
mentum” 7 derives from this Taylor expansion to second order in the electric field.
Clearly, there are other terms of this kind, such as B* X B~, and so on.

The conjugate product

E* X E™ = 22E§ik, (5)

where K is a unit vector in the Z axis of the laboratory frame results in a single Z axis
component of 2 E3, denoted by 2 E3,. The interaction energy of this term with the
molecule is written (Appendix 1)

V= —E%Z(ai/XY - af’YX) = Ezal, (6)

where « 1 is the appropriate component of the real, molecular dynamical polarizability
tensor, expressed in frame (X, Y, Z) of the laboratory. In the semiclassical theory of
Ref. (14), and for a frequency wy, of transition between energy levels / and m this
results in the following perturbation of the wavefunction of such a quantum transition

V=¥, - p Z-(lla Imy¥,, (7)

1#m @im
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where 7 is the Planck constant divided by 2«. The equivalent energy perturbation is
denoted

Vi=V,~ el |1YE; (8)
and the frequency separation of perturbed levels becomes
wp = wp — (af = ay)Eq . 9)

For a conservative order of magnitude 107 J~! C? m”? for «{ and for A = 1.055

X 1073 J sec, the frequency splitting in radians sec ™" is

Wy — Wy = 1074E12,, (10)

where E,, is the pump laser’s electric field strength in volts meter . In a small, com-
mercially available Nd:YAG laser, the electric field strength Ej, can reach (32) 10°
V m™! by Q-switching and simultaneously focusing. It is clear that the splitting in Eq.
(10) can be easily measurable.

Defining a dynamical polarizability in the quantum state m as

aly= (mlaf|m) (1)
and using (14)
1 . 1 2up(ahy — am)E;
= 1 2
(oh— @) (wh— ) [ h (o — o) (12)

we obtain from perturbation theory the following expression for the tensor « {} which
mediates the effect of ¥ on a molecule of an ensemble. This expression shows that the
interaction of w, with the same P and 7 symmetry as B, is as well defined in the
standard semiclassical theory of a molecule in a radiation field. This provides a firm
basis for the further analysis of new effects that follows in this paper. The quantum
mechanical expression for a{}) is

Ay = -5 3

1#n

[__21%_((1;; — a)Im((nlwl D rln))

2
(wh — w?)?

1
X % s I (mlacl )l D)

mn Wpnl W —

X Npimy = {nfjl Dy pim))]
+ 2 !

m#l wml(w%n - “32)

tm{ (el [m)((nlull)

><<miu,-in>—<n|uj|/><miﬂiin>)]]- (13)

One of the most important of the molecular property tensors of the semiclassical
theory (14) is the zeta tensor

$ie = Sy — 5k, (14)
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f 1 w 14 ” 7 T
e = E(A e ¥ AGg) T+ oengoh i+ epgohy (15)
and
14 1 w ! I ” ”
$hie = —z E(Aijk_Ajik)"'flki“ZjI_flijYZiI . (16)

Here A, is the complex molecular electric dipole/electric quadrupole tensor; ay is
the Rosenfeld tensor; and e;; is the Levi-Civita symbol. Equation (3.4.11) of Ref.
(14) summarizes the rate of change of intensity, azimuth, ellipticity, and degree of
polarization of a quasi-monochromatic light wave passing through a dilute, optically
active, birefringent, and absorbing ensemble of molecules. This equation embraces a
large number of phenomena (/4). Some of these are ‘“‘activated” by an influence
which is negative to T and positive to P. This has been ascribed almost universally to
B, but it is important to note, following the third principle of group theoretical statistical
mechanics (gtsm) (33-36), that other influences with the same P and T symmetries
will activate new spectroscopic phenomena. This appears to be a simple, but profound
(1), development.

In the basic Rayleigh/Barron theory for the refringent intensity and polarization
changes, the imaginary part of the complex, frequency dependent, molecular polar-
izability tensor component « | yy contributes in the same way as the zeta tensor com-
ponent {%yz. However, {%yz is negative to 7 and vanishes in the absence of a time-
odd influence. If this is applied, however, in the direction of the propagation vector
of the probe laser, the perturbed { %y, no longer vanishes. Following principle three
of gtsm, the symmetry of the external influence has been imparted to a quantity, an
ensemble average, of the same symmetry. The latter is revealed to the observer.

2. CIRCULAR BIREFRINGENCE DUE TO EFFECTIVE PUMP
LASER ANGULAR MOMENTUM =

Having this realization in hand it becomes straightforward to adapt the semiclassical
Rayleigh theory of the Faraday effect to give equations for circular birefringence induced
by effective pump laser angular momentum. In a small Nd:YAG pump laser, for
example, this can be induced at second order by the four possible conjugate products
of nonlinear optical rectification from Eq. (3)

Ef X Ef = —E& X Eg = 2E3ik (17)
E{f X Bif = Ef X BR = 2EyBok (18)
B{ X Bf = ~B& X Bg = 2Bjik. (19)

Here k is a unit vector in the Z axis, along which both the pump and probe lasers are
aligned; Ef r is the electric field strength and Bi g is the magnetic flux density of the
pump laser, whose angular frequency is w. Note that the first pair of conjugate products
reverses sign with the circular polarity of the pump, and the second reverses sign with
the direction of the pump with respect to the plane polarized probe. All four products
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remove the phase of the pump laser, and all four survive time averaging. In all cases
the symmetries of the conjugate products are negative to 7" and positive to P. The
most intense effect is that in E3, which, in a small, focused Nd:YAG laser, can reach
10"¥ (V/m)?(32). Conjugate products of this type have been used phenomenologically
by Baranova and Zel’Dovich (37) in the context of enantiomer separation by a ra-
diofrequency laser. Optical rectification, which they describe, is a well known phe-
nomenon of nonlinear optics (9-1/3), and in consequence it should be straightforward
to adapt it for the new spectroscopies introduced here.

The net pump laser angular momentum from Eq. (1) i1s now used in a Voigt/Born
perturbation ( /4) to first order to activate the polarizability tensor element responsible
for circular birefringence and dichroism measured by the probe laser

(U
alxy(m) = alxy + aixyzmg + «+ - . (20)

This parallels the standard Voigt/Born perturbation in the theory of the Faraday
effect

aflxy(B) = afxy + ai¥yzBs + - - - . (21)
The rotation of the plane of polarization of the probe laser from (20) is given im-
mediately from Rayleigh /Barron theory (/4) as

A8 = LopocIN alxy(f) + ai¥yz(f) 72D, (22)

where g is the permeability in vacuo, ¢ is the velocity of light, / is the sample length,
N is the number of molecules per meter, and where

alyrlf) + aiiy )ms)

is the absorptive (14) part of the tensor components. The {( ) denotes a Boltzmann
weighted average (14) with potential energy

V(Q)= ‘E(Z)zai/xy‘ (23)
Evaluating this average (/4) gives the expression (Appendix 1)

A = % wuoclNEsz(eaﬁvaﬁi,};;(f) + alus(f) % (f)) , (24)
where kT is the energy per molecule and where the tensor component subscripts refer
to the molecule fixed frame (14).

Note that this is strictly valid for E3a{ < kT in a dilute solution. An order of
magnitude estimate is given in Appendix 2.

Clearly there are many spectroscopic possibilities which spring from this type of
circular birefringence. The molecular property tensors upon which it depends are in
general frequency dependent, as in the Faraday effect. The effect conserves parity and
reversality in all ensembles ( /4, 38), as in the Faraday effect, so that it is not confined
to chiral molecules. The angle of rotation changes sign with the circular polarity of
the pump laser, and the rotation depends on the factor E3. The property tensor
« {94, is a new and specific probe of molecular spectroscopy. Finally, there are anal-
ogous effects due to the other three possible conjugate products of optical rectification,
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Eas. (17)-(19). These are easily distinguishable, however, from their different field
dependencies, i.e., E3, EoBy, and B3.

Before proceeding to pump laser-induced axial birefringence, note that gyrotropic
birefringence (14) is also produced by =, through the zeta tensor {;;. The latter con-
tributes to polarization and intensity changes in just the same way as the real symmetric
dynamic polarizability ( /4) responsible for linear birefringence, but needs an additional
time-odd, parity even influence, traditionally B. However, this can equally well be =,
and the latter can be very big in a system such as a @-switched and focused Nd:YAG
laser (32). Consequently, gyrotropic birefringence due to = is expected to be an easily
observable effect.

3. AXIAL BIREFRINGENCE DUE TO =«

Axial birefringence due to a static magnetic field was introduced in 1982 by Wagniére
and Hutter ( 39-41) and is another fundamentally important effect of B in spectroscopy.
From the third principle of gtsm, we immediately have the possibility of an analogous
effect due to w. Here we again rely on the Rayleigh /Barron semiclassical theory to
describe the latter in terms of molecular property tensors in the nonrelativistic ap-
proximation. In this case ( /4, 38) the zeta tensor is activated by -, and axial bire-
fringence is observed with an unpolarized probe in the same Z axis as the pump
Nd:YAG laser. The refractive index measured by the probe differs as the circular
polarity of the pump is switched from right to left. The effect is frequency dependent,
and conserves reversality ( /4, 38) because = has the same P and 7 symmetries as B
of the original Wagniére /Meier effect (39). It conserves parity in chiral ensembles
only, so the effect should vanish in achiral ensembles in the absence of parity violation.
Therefore, if it is observed in achiral ensembles, it measures P violation (42-45) in
molecular ensembles, a very desirable goal in itself. Because the frequency of the
powerful pump laser can be made to resonate with the probe, tiny P violating quantum
transitions could well be amplified enormously, to the point where they become ob-
servable in terms of axial birefringence in achiral molecular ensembles. The resonance
condition would be similar to that described in Section 5 for nuclear electromagnetic
resonance spectroscopy.

The treatment of axial birefringence due to w given here follows that by Barron and
Vrbancich (38) for B. The attenuated absorption intensity for the unpolarized probe
propagating in Z is their Eq. (3.2), viz.

I= IOCXP(-%NwﬂOCl(aIIXX(g) + o iyr(g) + Trxz(g) + Fyvz(£))) (25)

where I is the initial intensity. Expressions are then given in Ref. (38) for the real
and imaginary parts of the refractive index measured by an incoherent superpositior
of right and left circularly polarized components of the unpolarized probe laser. Both
refractive and absorption indices of the probe become different when the pump’s
circular polarization is switched from left to right, and this is the axial birefringence
due to «.

In the presence of « the zeta tensor becomes activated. The components {yyz and
{yyzin Eq. (25) become measurable through axial birefringence. They are

2 fw .
Tvxz = P (g Alxz + Ol,zxy) (26
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and
2 {w
Syyz = Z (3 AYyz — a'zyx) (27)

We consider Voigt/Born perturbations linear in 7z of the Rosenfeld and electric
dipole/electric guadrupole tensor components

ahxy(m) = ahxy * doxyzmz + - - - (28)
ahyx(w) = adyx + @hyxzmz + - - (29)
Akxz(w) = Alxz + Akxzzmz + - (30)
and
Yvz(w) = Ayyz + Avyzzmz + - - -. (31)

As for circular birefringence, these must be subjected to a Boltzmann thermodynamic
average with the potential energy

V(Q) = —Ejai = ~E§z(aiyy — alyx). (32)
The axial birefringence due to = is the difference
fl,(’ﬂ'z M Kz) - n,(’ﬂ'z N KZ)»

where K is the propagation vector of the probe laser, which clearly relies on the com-
ponents of the activated zeta tensor, subjected to thermodynamic averaging. In a
dilute solution for E3za!yy < kT we bave

Eu}gvalza{g.r(f) + — ((460156.75 - 6,176;35 - 6,16657)

l
(n" - n*y= 2y0CNE(2)Z{" 30kT

3
K (@hoy 015 — gy 70s)) + (3Aaaaa(f) — Abps(f)) + -+ ] (33)

with tensor components defined now in the molecule fixed frame. An order of mag-
nitude estimate of the effect is given in the Appendix. The power level of the pump
laser can be increased to the point where the axial birefringence, which depends on
E3, becomes accurately measurable. A convenient experimental arrangement would
be to send radiation from the pump and probe down the arms of a Rayleigh interfer-
ometer (38), which is very sensitive to changes in refractive index. The pump circular
polarization is left in one arm and right in the other, and the axial dichroism in the
power absorption coeflicient can be analyzed directly with a contemporary Fourier
transform Michelson interferometer if a broad band probe beam is used instead of a
monochromatic probe laser. The broad band probe exits from the Michelson inter-
ferometer, is sent through the Rayleigh interferometer, and the resulting interferogram
picked up on a liquid helium cooled detector, preamplified, lock-in amplified, and
numerically Fourier transformed. The interferogram is a combination of the Michelson
component and the Fraunhoffer pattern of the two entrance slits of Rayleigh’s inter-
ferometer.
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4. OPTICALLY ACTIVE RAMAN AND RAYLEIGH SCATTERING DUE TO =

Magnetic Rayleigh /Raman optical activity was developed theoretically and exper-
imentally by Buckingham and Barron and is described on p. 380 of Ref. (/4). The
radiation scattered from a probe laser becomes optically active by applying a magnetic
field to the sample parallel to the incident probe laser. For 90° scattering

2 Im(a lXYaTXX)

Ax(90°) = 34
# ) Re(a;xxaixx + aixyatxy) (34)
and
2 Im(alzya’rzx)

AZ(90°) = , 35
2 ) Re(azxalzy + aizvalsy) (33)

where
A=UR-TIYY/IR+ 1Y) (36)

is the dimensionless circular intensity difference (/4). The scattering is described in
Egs. (34) and (35) by laboratory frame components of complex molecular polariza-
bility tensors and complex conjugates described by a superscripted asterisk. The mag-
netic field B activates optical activity in several different ways, and in consequence,
so does w. The latter activates the polarizabilities through a Voigt/Born expansion to
first order in = z. Consequently, in analogy with the effect of B, there are several new
optically active scattering phenomena due to « of a pump laser parallel to the incident
probe. These can be subclassified into « induced Rayleigh and Raman effects associated
with diagonal scattering transitions, and with off-diagonal transitions, which probe
the analogue of ground state Zeeman splitting due to «. There is also optically active
resonance, as well as transparent, Raman scattering due to w, together with the in-
teresting prospect of double resonance, when both probe and pump are tuned to the
same frequency of a vibrational fundamental, for example. There is the additional
advantage that = is expected to have a much more direct influence on vibrational
spectra than B, because = is electromagnetic in origin, and Raman scattering in general
is a phenomenon which depends on electronic states excited by electromagnetic fields.

Clearly, as soon as it is realized that = is a “symmetry clone” of B, new horizons
appear.

The theory of Raman/Rayleigh optical activity due to « is now initiated, following
the available methodology for B in Ref. (/4), pp. 143 ff. The effect due to w conserves
parity and reversality in all molecular ensembles and the main contribution in Rayleigh
scattering is due to interference between waves generated by polarizability tensor com-
ponents respectively perturbed and unperturbed by # of the pump laser. It is measured
by scattered probe radiation, in the same way that the effects of Sections 2 and 3 are
measured by the probe, not the pump, which plays the role of B. Therefore scattered
pump radiation must be removed carefully by filtering around the pump frequency.
Scattered optically active radiation from the probe can be observed at any angle, but
the theory simplifies considerably for 90° scattering.

The same considerations apply for Raman optical activity due to «, but the
interference is now between unperturbed symmetric transition polarizability com-
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ponents, {&;;)5,, and antisymmetric components, (a;)5,.,, perturbed by =, and vice
versa (14).

In both Rayleigh and Raman contexts the Voigt/Born perturbation due to o of the
complex, frequency dependent, molecular polarizability is

ay(w) = ahy + &y — (afy + aflpm) + -0 - (37)

and polarizability conjugate products such as o yya T ¢y are Boltzmann averaged with
the potential energy (32). We obtain expressions for optically active scattering due to
7« analogous to those for B given in Egs. (3.5.45)-(3.5.53) of Ref. (14). The most
general expressions for the Stokes parameters for optically active scattering due to w
are the analogues of Barron’s Egs. (3.5.51), p. 145 of Ref. (14). These are given in
Appendix 3 because of their complexity.

The Stokes parameters of Appendix 3 contain cross terms between ()5, and
(a ;) which are responsible for resonance Raman scattering from the probe due to
. “Resonance” in this context refers to the probe frequencies.

As in magnetic Raman /Rayleigh scattering, the intensity of the scattered light de-
pends only on the degree of circularity of the incident probe for given circular polarity
of the pump. The Stokes parameters switch sign if the pump is switched from right
to left circular polarity for a given circular polarity of the probe.

Finally, we note that the effect can also be generated by a pump laser at a suitable
angle, say 45°, mixing with the already scattered radiation from a probe laser. This
technique would automatically remove the danger of artifacts from scattering of the
pump radiation, which is, of course, much more intense than the probe. The pump
cannot be at right angles to the scattered probe radiation, because there would be no
component of 7 in the direction of the latter. Clearly, the pump cannot be in the same
direction as the scattered probe, because its intensity would probably destroy the de-
tector system, or it would otherwise block off the scattered probe radiation from the
detector system. (In this context, a magnetic field can always be generated parallel or
antiparallel with the scattered probe radiation.)

5. NUCLEAR ELECTROMAGNETIC RESONANCE (NER)

This is a symmetry clone of nuclear magnetic resonance (NMR) which is well
described in the literature through interaction Hamiltonians such as

AH‘ ':_‘YNI'B (38)

between applied magnetic flux density (B) and quantized nuclear spin. In Eq. (38),
~x 18 the magnetogyric ratio and 1 is the nuclear spin quantum number. With analogous
symmetries, the interaction Hamiltonian between = and I can be expressed as

AHy, = —ypul-m, (39)

where v g 1s a nuclear coefficient called the nuclear gyroptic ratio. The derivation of
its electronic counterpart is described in terms of the optical Zeeman effect later in
this section. The resonance condition of NER is described by solving the Schrodinger
equation with the quantity

oy = VEMI (40)
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which is analogous with the nuclear magnetic moment. The energy of the nucleus in
the eigenstate | I, o) is the eigenvalue in the equation

AH, |1, oy = —ypumzIz| 1, o), (41)

i.e.,

E(ear) = —veunysls. (42)
The probe radiation stimulates transitions between states with the selection rule
Aoy = +1 (43)

determined by the properties of 7. The transition rate is greatest at the resonance
condition

hwr = E(a;— 1) — E(ay) = Yem b7z (44)

WR = YEMTZ (45)

where an intense absorption of the probe radiation is observed. Asin NMR, the probe
frequency may be maintained constant while varying (“tuning” or ‘‘sweeping”) =«
through several available orders of magnitude and pump frequencies. A vice-versa
technique can also be applied.

If NER is observed experimentally, it is expected that the local = at the nucleus will
differ from the applied = through shielding by the electrons, i.e., by a shielding constant
akin to NMR, resulting in a chemical shift and a new technique for the analytical
laboratory, susceptible to refinements akin to Fourier transform NMR, and all the
nuclear effects usually associated with NMR, such as spin—spin and spin—orbit coupling,
relaxational NMR, Overhauser enhancement, and so forth.

The magnitude of the effect depends on the constant yg;, in Eq. (39), which must
have the same P and 7 symmetry as vy, but whose order of magnitude depends on
the properties of the nucleus itself. The spin quantum number ranges from 0 to 6 in
different nuclei, and is 4 in the proton. If resonance is observed in nuclei in which 7
vanishes, it may be an indication of P violation, with more interesting consequences.

NER can be looked upon as the hyperfine detail of the spectral splitting due to the
conjugate product 7, described by the 4 term of the Serber representation (38) of Eq.
{B2) of Appendix 2, viz.

C

2
Af = (fz—gz)A-i—wzf(B—i——)) (46)

—uocINE} (2wjnw

3h h kT

where

3
A== 2 (af —anIm({nlpx j) (ilevln));

B:%§ (z[z<k'h k'”>(<n|#x|j><j|yy|k> (nly| JYluad k)

k#n Lk+n
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b5 QZTRD el 75 Cl i <n|uylj><klux|n>)])

k#j hwk

C= d— 2 azlm({nlpuxl j){ilurin)).

As in the conventional Zeeman effect, these equations represent a sum over transitions
from component states of a degenerate set to an excited state ¥;, which itself can be
a member of a degenerate set of degeneracy d,,.

In this representation, the optical Zeeman effect is the 4 term, expressed in terms
of the angular polarizability in states »n and j. The definition in state n is Eq. (11),
and that in state j is

14 _ v
Oopj = —Qpa,j

=— S = Im((fla ey K s 1)), (47)

k#j

where k is a state of higher energy than j. In writing the 4, B, and C terms in this
way, weighted Bolizmann averaging has been used with the interaction energy

V(Q) = —aLE}. (48)

By QO-switching or mode locking and simultaneously tuning the circularly polarized
pump laser to resonance, this energy can easily be of the order of kT itself at 300 K.
Note that in this 4 term description of the optical Zeeman effect, a right circularly
polarized pump laser delivers a photon with —#A projection in the Z axis, producing
a change AM = —1 in the atomic or molecular quantum state. In a left circularly
polarized pump, the photon is projected A, and the selection rule is AM = 1. In a
linearly polarized pump, the selection rule is AM = 0, and there is no optical Zeeman
effect. This 1s accounted for classically in Eq. (17), where the left conjugate product
is positive, and the right is negative. The sign change produced by switching the pump
from left to right in the optical Zeeman effect is equivalent to reversing the direction
of the magnetic field in the conventional Zeeman effect. As in the conventional effect,
the 4 term due to = of the optical Zeeman effect represents the splitting of lines into
right and left circularly polarized components. The magnetic dipole moment operator
of the conventional effect is replaced by the angular polarizability of the optical effect.
Therefore the Hamiltonian of the optical Zeeman effect can be represented as

AHyy = —aE3y = —v.M,E}h, My=J,J—1,...,—J, (49)

where Mj is the Z axis component of the total electronic /nuclear angular momentum
quantum number, with selection rule

AMj:il. (50)

If probe electromagnetic radiation of angular frequency w, in radians per second is
directed at the atom or molecule being irradiated by «; of the pump laser, resonance
occurs when
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wp = Y- E3 (51)

in the MHz/GHz range for a pump laser electric field strength of 10° to 107 V m™,
assuming a conservative order of magnitude (28) of 107* J~! C2 m? for the orbital
polarizability. This can be amplified greatly by tuning the pump laser to a natural
transition frequency w;, of Eq. (47), implying the need for a much lower pump electric
field strength.

The angular polarizability, a%, appearing in Eq. (49) is a quantized axial vector
with positive P and negative T symmetries, the same fundamental symmetries as
quantized angular momentum. It can be seen that angular polarizability and angular
momentum are proportional, and it follows that /a} can be written

laf = v.(L; + 2.002S;), (52)

where v, is a “gyroptic ratio” between the optical conjugate product and the funda-
mental atomic or molecular electronic angular momenta—the orbital L; and the spin
2.002S;. The nuclear equivalent is Eq. (39).

Therefore, we have the important result that the spectral effects of the conjugate
product ( 1 7) can be developed theoretically in terms of the quantum theory of angular
momentum, which in one form or another is the basis for much of quantum mechanics
and spectroscopy.

The optical Zeeman effect and NER are two of the important consequences of this
realization. If the effects of laser inhomogeneity can be surmounted, using, for example,
the techniques of photon echo, it is possible that NER or “optical NMR” will attain
the analytical usefulness of conventional NMR.

The formal analogy between the optical and conventional Zeeman effects can be
developed further, for example, in diatomics, in terms of the well known Hund vector
coupling models; and the theory is formally identical to descriptions such as those of
Townes and Schawlow (14), Chap. 11, with the magnetic dipole moment replaced
by the angular polarizability and the magnetic flux density of the conventional Zeeman
effect by the quantity E3, the square of the electric field strength of the pump laser,
for example, an excimer pumped, circularly polarized, dye laser.

DISCUSSION

This paper rests on the conjugate product w, which has the same symmetry as B.
This type of conjugate product appears in Eq. (3) of Baranova and Zel’Dovich (37),
who used it to describe a spinning electric field. It follows that a spinning electric field
can be substituted for the pump laser to look at lower frequency effects of 7, e.g., in
the radiofrequency range. Again, by symmetry cloning B with x, we can expect a
whole variety of spectroscopic effects typically ascribed to B. One of these might be
an effect analogous to Zeeman splitting, but caused by the rotating electric field. As
early as 1920, Born (46) realized that a rotating electric field can cause bulk (hydro-
dynamic) rotation of a liquid, suspended, for example, in a thin walled vessel on a
torsion wire, an effect observed by Lertes (47), Grossetti (48), and Dahler (49).
Splitting akin to the Zeeman effect is also expected from = of the pump laser, where
the rotation frequency of the electric field is much higher.
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Finally all these effects conserve parity and reversality of the complete experiment
(14), the Wigner principles, because the relative symmetries of w and the propagation
vector, K, of the probe are akin to the relative symmetries of B and K. Further dis-
cussion of this point has been given elsewhere by Barron and Vrbancich (38), and by
the present author (50-52).

APPENDIX |

This appendix provides some technical details of the calculation of angle of rotation
in 7 induced circular birefringence.

The interaction energy of the molecule with the pump electromagnetic field is ex-
panded as

V(Q) = —wE; — %alsziEj ot (A1)
where «;; is the complex molecular polarizability. The term
—zo B E
is a tensor contraction. We are interested specifically in the contraction

—$a;(El X EL);

with
0 2E3,i O
(Ef XEL); = —2E§,i 0 0 (A2)
0 0 0
and
Olll‘jEOl’“'j_ iai’,-j (A3)

as the complex molecular polarizability. Using the rule for tensor contraction
a;by = axxbxx + axvbxy + axzbxz + ayxbyx + ayybyy + ayzby,
+ azxbzx + azybzy + azzbzz;  (A4)

we obtain the energy of interaction of the conjugate product E{ X E{ with the mo-
lecular polarizability as

V(Q) = —Ebz(alxy — afyx) = —2E{alxy. (AS)
This is used in Eq. (23) to derive Eq. (24) using the Boltzmann average (14)
1
<X(Q)>=<X(Q)>0—ﬁ<X(Q)V(Q)>+ T, (A6)
where

(X(Q))o = (aixy + 2a(1£\2l)"zE(2)z>o (A7)

is the unweighted component of this average. The other component is

1

—2E5z{alxyaixyy + « -+ O(Egz). (A8)

kT
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Thus, in Eq. (22) of the text

” 4 2E2 "
<ai'xy(f) + a&')yz(f)ﬂ'z> = 2<a(11\’)YZ>E(2)Z + k_j()? <a1XYai'XY>- (A9)

The weighted averages in this equation are finally transformed into the molecule fixed
frame using the general tensor transformation rules and algebra of Ref. (1/4), Chap.
4. We have
” (1)»
<ag\')YZ = %eaﬁ‘yalzlxﬁ'y (AIO)
and
(aixyaixy) = 6@ laglop (A1l1)

giving Eq. (24) of the text.
Similarly, Eq. (33) of the text is obtained from the laboratory frame Boltzmann
averages in (38)

Ll ! ! 1 ! ”
(’11r - nﬂ) = 2#0CNE(Z)Z{<C¥2XYZ> - <azyxz> + ﬁ(<azxya1xy>

— {ahyxaixy)) + % ((A%xzz) + {A%yzz)) + - - ] - (A12)

The average { ayya{xy ) for example is expressed in the notation of Ref. (/4) as

<a'2XYaf'XY> = <iaiﬁj'yj5>a’2(y'ya{’65
1
= 3—0 (46043676 - 5@5&5 — Ous 567)01'2@“1';35

which finally gives Eq. (33) using the fact that the real part of the polarizability is
even and the imaginary part is odd to index reversal.

APPENDIX 2

Order of magnitude estimates of the effects of Egs. (24) and (33) are made in this
appendix as follows. It appears that the angle of rotation due to « is easily measurable.
Take an angular frequency () in the visible of 10'° rad sec™, go = 4 X 107 I m™!
A% ¢c=3X10*m sec”!, a sample length of 1.0 m, a conservative order of magnitude
of 1073 J7' C?m? for a{,s(f), and kT = 4 X 1072 J at 300 K; and for N = 6 X 10%
molecules m™>

A = 10712E}, rad (B1)
for the angle of rotation due to

1 24 I’aﬁ
Al = — CINEd;als—2+ «+ o, B2

g “Ho 0z Xap (B2)
This is within range of a spectropolarimeter even for an unfocused Nd:YAG laser op-
erating in continuous mode. There appears no need even for pulsing or O-switching.

As in the Faraday effect there will be an accompanying dichroism, circular birefringence,
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and optical rotatory dispersion, both in chiral and achiral materials. The effect occurs
in all polarizable ensembles. Clearly, by utilizing the contemporary laser technology of
pulsing, Q-switching, and focusing, the angle of rotation can become enormous, possibty
large enough to measure directly the enantiomeric energy in equivalence (53).

In contrast, the axial birefringence of Eq. (33) is a far smaller effect, needing for
observation the full power of a focused and Q-switched Nd:YAG laser, and fast detector
system technology. Following Barron and Vrbancich, and using an order of magnitude
of 1073 A% J7' m? sec for a}.,, we obtain

n'' —n" = 10"2E3,. (B3)

For a Q-switched and focused Nd:YAG laser delivering 10'® (V/m)?, the axial bire-
fringence is of the order 10~ at 300 K. This is about a thousand times larger under
these conditions than the equivalent magnetochirat effect ( 38). If a highly polarizable
chiral material is chosen with a large optical rotatory power, such as a helical biom-
acromolecule, or a cobalt complex as suggested in Ref. (38), it is probable that the
axial effect can be increased to an order of magnitude well within range of a Rayleigh
refractometer.

APPENDIX 3

Here we provide expressions for 7 induced light scattering optical activity using the
expressions given by Barron et al. (54) in the laboratory frame (X, Y, Z) for the
depolarization ratio due to 7 in the X and Z axes. The light scattering geometry is as
in Ref. (54), with B replaced by « . Here, the superscripts R and L refer to the scattered
probe radiation, whose electric field intensity is denoted by E (()p’. R is a distance from
the scattering center which is large in comparison with' molecular dimensions. The
depolarization ratio for the probe radiation is, using Ref. (53) and averaging with the
potential energy (23) of the text,

Ay = (IR =T/ + 1Y), (cn
where

A= (*pEP?)/(167%cR?) (C2y
1% = I% = AIm(a,yyafxx) (C3)
I%‘IL: Alm(axzyafzx) (C4)

R L A * *
IX+IX:5Re(aXXaXX+aXYaXY) (C5)

R L4 * *
Iz+IZ:ERC(CYZXCYZXJFOZZYOLZY)- (Ce6)

The products of polarizabilities in these expressions are perturbed by = of the pump
laser. After Boltzmann averaging for = in the Z direction of the incoming probe beam,
we have
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R __yL _ 2AE2 [ ” % _ "o 7% 3 [ L& T » %
I'y—1Tx= bz{aixxarxyz — aixx@ixyz + &lixxz@ 1 xz — alxxzaixy
+ ﬁ(a,lXXa rvaixy — alxxayyaixy)) + -+ - (CT)

for the numerator of Ay. It is seen that this is proportional to the square of the electric
field intensities both of the pump and of the probe. In consequence it appears that
the effect can be easily large enough for observation with a Nd:YAG pump.
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