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they are currently researched by techniques such as effects of
structural variations on antineoplastic activity,’® nuclear magnetic
resonance,?? circular dichroism,’* and computational simula-
tions,2*5  Future work in our laboratory will examine fluorescence
decays of other intercalative agents in poly[d(G-C)-d(G-C)],

(33) Dinesen, J.; Jacobsen, J. P.; Hansen, F. P.; Pedersen, E. B.; Eggert,
H. J. Med. Chem. 1990, 33, 93.

(34) Wilson, D.; Jones, J. L. Intercalation Chemistry; Academic Press:
New York, 1982.

(35) Rao, S. N.; Remers, W. A. J. Med. Chem. 1990, 33, 1701.
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poly[d(A-T)-d(A-T)], and other DNA types.
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Optical Phase Conjugation in Nuciear Magnetic Resonance: Laser NMR Spectroscopy
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The role of optical phase conjugation in nuclear magnetic resonance (NMR) spectroscopy is discussed theoretically in terms
of the extra quantized angular momentum J,, produced by the conjugate product = of a powerful pump laser such as a Nd:YAG.
Elementary first-order time-dependent perturbation theory is used to derive an expression for a novel molecular property
Y}, tensor that mediates the induction by x of an orbital molecilar magnetic moment m,, which couples in to the spin magnetic
moment of the nucleus. The tensor Y, is expressed in terms of the product of matrix elements of a transition molecular
orbital magnetic moment multiplied by matrix elements of the dynamical molecular electronic orbital polarizability, a quantity
that mediates the effect of = on the interaction Hamiltonian. It is shown that the conventional NMR detail splits according
to Clebsch, Gordan, and Landé coupling between J, and I, the nuclear spin quantum number, a potentially useful phenomenon.

(1) Introduction

This paper introduces a potentially useful analytical technique
based on the effect of powerful pulses of pump laser radiation in
conventional nuclear magnetic resonance spectrometers. It is
shown theoretically that the conjugate product () of the laser
introduces a quantized orbital molecular angular momentum (J,)
that couples to the nuclear spin angular momentum (I) through
the Clebsch~Gordan theorem governing angular momenta in
quantum mechanics. Being a quantized angular momentum, J,,
is described by two quantum numbers,' J, and M., both of which
are capable of coupling to I and therefore of splitting the con-
ventional NMR spectrum into detail dependent on new atomic
or molecular property tensors. This provides experimental in-
formation on the tensors and can be used in the analytical labo-
ratory to supplement conventional NMR spectroscopy by directing
the pump laser in the same Z axis as the applied magnetic flux
density B of the spectrometer. o

Part 2 of this paper defines the conjugate product of the pump
laser and the interaction Hamiltonian with an atomic or molecular
ensemble, thus defining the orbital electronic polarizability «,.
Part 3 is a brief demonstration of conservation of Wigner re-
versality (T) and parity inversion symmetry (P)2 in the exper-
iment consisting of measuring nuclear resonance with # parallel
or antiparallel to B of the NMR spectrometer. Part 4 introduces
the orbital atomic or molecular magnetic dipole moment m,
produced by  through a novel molecular property tensor Y, which
is defined with elementary first-order perturbation theory from
the time-dependent Schradinger equation. Part 5 is a discussion,
still in elementary terms, of the Clebsch—-Gordan coupling between
the quantized orbital angular momentum defined by J, and the

quantized nuclear spin angular momentum I. This coupling de-

(1) Edmonds, A. R. Angular Momentum in Quantium Mechanics;
Princeton University Press: Princeton, NJ, 1957. '

(2) Wigner, E. P. Z. Phys. 1927, 43, 624.

(3) Wigner, E. P. Group Theory, Academic: New York, 1959.

fines new energy levels, transitions between which are picked up
by the resonating probe of the NMR spectrometer in the usual
way. The Clebsch, Gordan, and Landé coupling greatly enriches
the customary NMR spectrum, and a discussion closes the paper
with estimates of the frequency splitting for a given pump laser
electric field strength in volts per meter.

(2) Definition of the Conjugate Product = of the Pump Laser

A description of the physical meaning of wave and optical
conjugation has been given by Zel’'Dovich et al.# Its effects are
usually investigated experimentally* by using a pump laser and
a device such as a reflective holographic grating or by using
four-wave mixing, It is increasingly used for a variety of purposes,
including? optical phase conjugation interferometry (using a phase

-conjugate mirror), phase conjugation resonance, light guides, pulse

temporal spread, self-targeting, spatial/time modulation, bistable
optical devices, tunable filters, nonlinear selection, nonlinear phase
conjugate spectroscopy, and other effects. Approximately 150
publications per year are produced* on optical phase conjugation,
and the technology is readily available for the development of laser
NMR spectrometers.

Recently, it has been shown*'1"1315 that the conjugate product
w has the same P and T symmetries'? as static magnetic flux

(4) Zel’'Dovich, B. Ya.; Pilipetsky, N. F.; Schumov, V. V. Principles of
Phase Conjugation; Springer Verlag: New York, 1985.

(5) Barron, L. D. Light Scattering and Optical Activity, Cambridge
University Press: Cambridge, 1982.

(6) Barron, L. D. Chem. Soc. Rev. 1986, 15, 189.

(7) Barron, L. D. In New Developments in Molecular Chirality; Mezey,
P. G., Ed.; Reidel: Netherlands, 1990.

(8) Evans, M. W. Phys. Rev. Lett. 1990, 64, 2909.

(9) Evans, M, W. Phys. Lett. A 1990, 146, 185.

(10) Evans, M, W.; Heyes, D. M. Mol. Simul. 1990, 4, 399.

(11) Evans, M. W,; Heyes, D. M. Phys. Scr. 1990, 41, 304,

(12) Barron, L. D. Nature 1975, 257, 372.

(13) Evans, M. W. Opt. Letr. 1990, 15, 863.

(14) Evans, M. W, J. Opt. Soc. Am., B, in press.

(15) Evans, M. W. J. Chem. Phys. 1990, 93, 2329.
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- density, B, and is capable of generating a variety of novel spec-

troscopic effects usually attributed to B. These include the fol-
lowing: Faraday A, B, and C terms;*>!! Zeeman splitting;'?
forward—-backward birefringence and dichroism;' electron and
nuclear spin resonance!’ in the absence of a magnet (i.e., with
the pump laser alone). It also produces a variety of spectroscopic
effects! through Clebsch—Gordan coupling of J, with intrinsic
atomic and molecular angular momenta, the usual electronic
orbital (L), framework (0), electron spin (S), and nuclear spin
(1) angular momenta, thereby causing a rich variety of new
spectral splittings'® across the regions of the electromagnetic
spectrum. The various new phenomena*"13-15 are mediated by
novel atomic and molecular property tensors. Additionally, in
chiral (optically active) molecular ensembles and chiral crystal
point groups'¢ produces direct electric polarization,'” whose mo-
lecular dynamical effects have been computer simulated'® for
(S)-CHBrCIF. The conjugate product # induces an electric dipole
moment through a novel molecular property tensor that is sup-
ported only in chiral media. The bulk polarization due to #'7-"*
can be used for a variety of applications, ranging from nonlinear
optical dielectric and far-infrared spectroscopy® to all optical
switching devices.?!

For laser NMR spectroscopy, the conjugate product is defined
through the vector product of the electric field strengths from
Maxwell’s equations of the classical electromagnetic field:

Eg* = Eo(i + ij)efs  E* = Eqfi - ij)e
Egp- = Eoi — fj)e™  E~ = E(i + ij)e

where

(1)

0L = wt —xpr Or = w? — kg°r (2)

Here R and L denote, respectively, right and left circular po-
larization, and + and — denote positive and negative complex
conjugates. The conjugate product is

T = EL+ X EL_ = "ER+ X ER- = 2E02ik (3)

and is a complex quantity that changes sign if the pump laser is
switched from right to left circular polarization and vanishes in
plane or incoherently polarized lasers. It depends on the square
of the electric field strength Ej, which in a small, commercially
available Nd:YAG laser can reach 10° V m™! by focusing and
Q-switching.”? We have 1 W/cm? = 27 V/cm. Note that = has
the important property of being time independent. It is negative
to T and positive to P and therefore has the same 7 and P sym-
metries as static magnetic flux density B. It has been discussed
by Wagniére? in terms of diagrammatic perturbation theory.

The interaction Hamiltonian between = and the molecular
ensemble has been shown!318 to be

AH] = —l/zalj‘ll',j

Qjj = a,j' - ialj” (4)

where a; is the atomic or molecular electronic orbital polariza-
bility. Its imaginary part

oy = payl’ (5)

is a complex, rank one, axial vector, which can be related through
the Levi-Civita tensor'3!® to the usual rank two definition of
molecular polarizability. To obtain a real Hamiltonian, the im-
aginary conjugate product  multiplies the imaginary part of a;;,
which is defined by

og = oy = oy’ (6)

(16) Evans, M. W. Phys. Rev. A 1990, 41, 4601.

(17) Evans, M. W, Spectrochim. Acta 1990, 464, 1475.

(18) Evans, M."W.; Wagnidre, G. Phys. Rev. A 1990, 42, 6537.

(19) Evans, M. W. J. Mol. Opt. 1990, 37, 1655.

(20) Parry Jones, G. In Dielectric and Related Molecular Processes;
Davies, M., Ed.; Chemical Society: London, 1972; Vol. 1.

(21) Greene, B. 1.; Orenstein, J.; Schmitt-Rink, S. Science 1990, 247, 679.

(22) Hutchinson, M. H. R. Imperial College Blackett Laser Consortium,
letter 10 author of March 1990. .,

(23) Wagnidre, G. Phys. Rev. A 1989, 40, 2437.

(24) Ward, J. F. Rev. Mod. Phys. 1965, 37, 1.
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where the individual components are obtained from the definition
of the imaginary part of the dynamical polarizability’

2 .
ey ﬁ_wz Im () Cmlugin) — (7)

17— 1
aU ——aj, =-

from time-dependent first-order quantum perturbation theory. In
eq 7, u; and g are electric dipole matrix elements between states
n and j, with transition frequency

Winp = Wy — @, (8)

in radians per second. Note that «;;” is antisymmetric in index
reversal and vanishes with the measuring frequency w. At the
resonance condition

W = Wy )

the line-shape functions g and f of semiclassical theory® are in-
troduced to describe absorption and dispersion.

(3) Conservation of Wigner T and P Symmetries in the
Complete Experiment

Wigner realized®?° that a complete experiment must conserve
reversality, i.c., motion reversal symmetry (7) and parity inversion
symmetry (P).>7%12 With x of the pump laser parallel to B of
the NMR spectrometer the effect of T is to reverse the direc-
tions®~!! of both x and B, so that the product -B is unchanged.
T also has the effect of reversing the NMR observable, which can
be described as a macroscopic magnetization, an oscillating angular
momentum projection that creates a magnetic flux through an
effective gyromagnetic ratio. This remains relatively unchanged
with respect to B or #. Finally T has no effect on the molecular
structure being investigated, so that the variables of the mot-
ion-reversed experiment are relatively the same as those of the
original. The complete experiment conserves Wigner’s principle
of reversality. Similarly, P leaves both = and B unaffected, so
that the product is unchanged. P inverts the positions of each
atom, but a structure such as that of water is indistinguishable
from the original after application of P and a proper rotation.
Finally P has no effect on the magnetization flux of the NMR
observable. The P-inverted complete experiment is also indis-
tinguishable from the original and passes the test of the Wigner
principle of parity conservation.

(4) Quantized Orbital Magnetic Dipole Moment and Orbital
Angular Momentum Due to =

The orbital magnetic dipole moment induced by  is defined
through the semiclassical® relation

me; = Yu‘n'j + ... (10)

where Y}; is a dynamic atomic or molecular property tensor to
be determined from the time-dependent Schrédinger equation.
The molecular quantity m,; is quantized (because Y, is quantized)
and is proportional, as usual, to a quantized orbital atomic or
molecular angular momentum:

m, = vJ, (11)

where —y f is the Bohr magneton. Since J_ is a quantized angular
momentum, it must be described by two quantum numbers, which
emerge from the fundamental commutators and postulates of
quantum mechanics. These are defined as J, and

my=J,J, -1, .. —J, (12)

which defines the value taken by the Z component of J,. Section
5 describes the way in which J, and m,; couple to the nuclear
spin angular momentum (N) of an atom or molecule, the quantity
responsible for conventional NMR in response to a static applied
B. The conventional NMR spectrum is therefore greatly enriched
by the presence of the pump laser’s conjugate product.

(25) Condon, E. U.; Odabasi, H. Atomic Structure; Cambridge University
Press: Cambridge, 1980.
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The time-dependent Schradinger equation
(ihai—H)\l«=V¢ (13)

is solved for Y; as follows: As in standard semiclassical theory,’
the perturbed wave function y,’ is expanded as

V' = W@ + T gemal@leten (14)
j#n
with the perturbation energy
V = ~ay(Eq*)g (15)
and the unperturbed Hamiltonian
H=hu (16)
In the absence of ¥, eq 13 reduces to
d
h— - 0 17
(, o H)w (17)
with the steady-state nondegenerate wave function
¥ = ¢, Oeed (18)

providing the relation
h(w, — W)Y, Peer = 0 (19)

to be used later.
These definitions in eq 13 provide the result

h(w,. - w/) /E aj,,pr ﬁl#/(o)e_m"' = —a.ﬂEoﬁZ\b,.(o)e“"’-’ +
n

h(w/ - wn)wn(o)e.l“"' - a.ﬂEoﬁz Z a/,,ﬁrﬁtﬁj(o)e‘i‘”-’ (20)
Jj#n

which reduces to
h 2 (0= w)agmpl O = —agEogy,@eiod (21)
J#n

by using (19) and neglecting® the term on the right-hand side of
(20), which is second order in the perturbation, a standard ap-
proximation in first-order perturbation theory.5 This approxi-
mation gives ,

(Ularggln)

a/"a = m (22)
by multiplying both sides of eq 21 by ,* and integrating over
all configuration space. The wave function (14) is therefore

Ulagsln)

2.1, (0) | p-ivnt
wn)Eoﬁ \Pj ]e (23)

/= 0)
2 [w. AP Yo

The magnetic dipole moment of eq 11 is now found from

= (n\mjn) =
n)
f (%(o +3 h((’l i Eoz‘hm)elm,.:):m X
j*n 'y
Ulagln)
WOrE RI—L)”) ar a9

and comparing terms in v, with eq 10, giving the result
-5 Ulagln) (im,|n) Ulaggln) (nlm,lj)
Yoo = o Ry T h(a -

25)

for the new molecular property tensor Y4, neglecting the term
in (24) that is second order in x4, again a standard approximation.®

(5) Effect on the NMR Spectrum; Clebsch—Gordan Coupling
of Quantized Angular Momenta J, and N

It is well-known that conventional, B-induced nuclear magnetic
resonance is due to the nuclear spin quantum number I. Con-

Evans

temporary nuclear theory can now predict I with accuracy and
the g factor of NMR wnth fair amount of certainty; the latter is,
for example, 5.585 for |H, 2.256 for }°F, and so on. I ranges from
1/, for the proton to about 6 in dlfferent nuclei. Becauselisa
quantized angular momentum, it must be described from the basic
postulates of quantum mechanics by two quantum numbers,
usually labeled I and M, which is in the same Z axis as B and
takes the values

My=11-1,..-I (26)

Therefore if I is !/,, as in a proton, M, can be !/, and -1/,,
and two energy levels are possible. The transition frequency
between energy levels is proportional to the applied B:

hw = _gWNBZhMI (27)

The well-known chemical shift means that B at the nucleus is less
than the applied B, producing the well-known analytical infor-
mation of NMR. Similarly, there is a chemical shift in the optical
effect of this paper and also spin—spin (scalar) coupling, a good
account of which is given by Atkins2¢ (pp 407ff). In both cases
the magnetic moment of the conventional effect is replaced by
the spin part of the polarizability vector for each spin, and the

magnetic flux density B is of course replaced by the conjugate -

product. The gyromagnetic ratio is replaced by eq 41 of this paper,
which links the angular and spin polarizabilities to the angular
and spin angular momenta through v,, the “gyroptic” ratio.

In the presence of x of a Nd:YAG pump laser in the same Z
direction as B, the induced orbital angular momentum J, couples
to I. The effect on the NMR spectrum being observed by B of
the spectrometer can be defined through the well-known
Clebsch—-Gordan theorem, which allows the following quantum
numbers:

Jo+rLJ . +1-1,., /.- (28)

with
M=M_,+ M, 29)
Each of the main quantum numbers J, and I can take integral
or half-integral values in general. The orbital component J, is

usually restricted to integral values by the need to impose ap-
propriate boundary conditions on its wave functions. For I there

. is no such restriction, because it is a spin angular momentum. The

effect of Clebsch—Gordan coupling between J, and I is therefore
analogous and in addition to those of the well-known nuclear
spin-spin coupling between different N’s of different nuclei. In
HD, for example, there is coupling between spin quantum numbers
I=10f DandI="1/,0f H. The total spin angular momentum
I in the coupled representation takes the values 3/, and !/,. NMR
resonance occurs when

W = _gWNBZAM (30)

with the selection rule AM = 1. This provides at least two
transitions, the Larmor frequencies of the proton and deuteron.
These are split further by considerations of spin—spin coupling,
giving a possible total of three different proton resonances (8 to
a with deuterium = 1, 0, —1) and four deuterium resonances (-}
to 0 and O to 1, with « or 8 possible for either transition).

This example shows in detail what would happen if an orbital
angular momentum of quantum number J, = 1 due to = were
to couple with 7 = 1/, of an NMR proion resonance observed with
B parallel with v in the Z axis. In an exactly analogous manner,
the original proton NMR line would be split into two fundamental
Larmor frequencies (in the above description, for “deuterium”
read “orbital electronic angular momentum due to the pump
laser”). The split spectrum depends on the magnitude of the
angular momentum (J,(J, + 1))'/2h and on the interaction
Hamiltonian

AH® = — J.-B - y,I'B 31

(26) Atkins, P. W. Molecular Quantum Mechanics, 2nd ed.; Oxfo
University Press: Oxford, 1983. ;
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If it is assumed that
AHQ) = —(const)J.B (32)

the Hamiltonian (31) can be written in the Landé form?® as
follows:

AH® = —(y J,-J + yyN-J)J-B/|IP (33)

where
J=J +1 (34)

is the sum of J_ and I. This can be rewritten as

1
AH® = ‘5(% + yYn)gMh By (35)

where gy is the Landé factor for the coupling of J, and I:
JJ,+ ) -II+1)

=]+
& =1 JU+ 1) (36)
where we have used the fact that
Ye ~ Hp — EnH
e~ YN _ HB T EnkyN =1 (37)

Yet+ YN kBt EnEN

The Z component of J is M, and the resonance condition is given
by the selection rule

AM, = 1 (38)
This gives the resonance frequency
wr = (1/2h) (ks + gnen)gsBz (39)

This clearly depends on the Landé mixing of J, and 7, and since
the Bohr magneton is about 1000uy (uy is the nuclear Bohr
magneton), the resonance frequency is approximately

wr = (1/2h)upgsBz (40)

showing clearly that it is in the “ESR” range for magnetic flux
densities B in the customary 1-T region.

(6) Discussion .
Equation 40 shows that the resonance frequency depends on

the allowed values of J, and I, the laser-induced electronic orbital

angular momentum principal quantum number and the principal
nuclear spin angular momentum quantum number, respectively.
This is analogous to the anomalous Zeeman effect, where L takes
the part of J, and S takes the part of I. Here L is the orbital
electronic quantum number, and S the electron spin quantum
number. Therefore, different resonance frequencies will be ob-
served for different quantum states labeled by the two quantum
numbers J, and /, allowing a rich variety of investigative possi-
bilities, The magnitude of (J,(J, + 1))"/2h depends on the square
of the electric field strength E, of the pump laser, which imparts
an interaction energy (4) to the atom or molecule. For an order
of magnitude'S of 10° V m™! for a this is about kT for T = 300
K for E, of about 10° V m™. The order of magnitude of the
Property tensor Y, that mediates the effect of « is about 10742
C2m2 T-! J7, and for E, of about 10 V m™!, a magnetic moment
of the order of the nuclear Bohr magneton is induced by the
interaction (10). For E, of about 107 V m™!, the induced magnetic
moment from (10) is of the order of the Bohr magneton. Therefore
1t 1s anticipated that pulses of this electric field strength from the
Nd:YAG pump laser will produce J,(J, + 1) of the order of /(1
* 1) in the Landé factor g;. The specific optical rectification effect
of the pump laser can be isolated experimentally by using con-
lemporary technology, such as a reflectjve holographic grating.’

The_ Nd:YAG is used in the form of trains of powerful pulses to
avoid heating of the sample and to give a wide range of electric .

field strengths with which to tune the instrument for optimization
of resonance patterns. From eq 40 these will depend on the field
Strength £, and on the quantum numbers J, induced by s through
the mediating tensor Y. The latter depends in turn on the
transition condition of the spin polarizability. Double resonance
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can be obtained by tuning the pump laser’s frequency to w,,,,, thus
greatly amplifying the spin polarizability, and by tuning the probe
(gigahertz) field according to eq 40. In this double-resonance
condition, the laser NMR resonance pattern should be greatly
amplified.

A simple initial experiment for detecting Zeeman splitting due
to pump lase optical rectification is suggested as follows in sodjum
vapor. A simple appreciation of the principles of this experiment
may be gained by writing

iag; = v,(L; + 2.002S)) (41)

where v, is a constant akin to the gyromagnetic ratio, the
“gyroptic” ratio, and L and 25 are the orbital electronic and spin
quantum numbers. Equation 41 can be compared with the
well-known relation between the magnetic electronic dipole mo-
ment and these same quantum numbers:

m; = v (L; + 2.002S)) (42)

where v, is the gyromagnetic ratio. The constants v, and v, are
related by

Y= = Y/ (Egc) (43)

The factors v,L; and 2v,S; denote respectively the orbital and
spin electronic polarizability. The same quantum numbers L and
S are used in both cases, and this establishes a close formal analogy
between the theory of the normal and anomalous Zeeman effects
due to static magnetic flux density, B, and the conjugate product
.
Specifically, the experiment mimics the original demonstration
by Zeeman in 1896% of the broadening of the two lines of the
principal doublet of sodium vapor between the poles of a powerful
electromagnet, leading to the well-known theoretical accommo-
dation by Lorentz using his electron theory of radiation and matter.
When viewed perpendicular to B, the sodium lines are split into
three linearly polarized components, with the central line linearly
polarized parallel to B and the other two perpendicular. When
B points toward thie observer, Zeeman observed two lines on either
side of the original with the high- and low-wavelength lines
showing right and left circular polarization, respectively.

Instead of B we generate 7 using state-of-the-art nonlinear
optics and apply it in the same relative configurations as used for
B by Zeeman. It may be appropriate, for example, to use a
commercially available pulsed Nd:YAG system at A = 532 nm;
with a pulse width of, say, 10 ns, a spectra width of about 0.85
c¢m™, an angular width of about a milliradian; and a pulse rep-
etition rate of 1-5 Hz. This delivers a laser intensity with the
use of neutral density filters of up to about 10° W /cm?; equivalent
to an electric field strength of 106 V. m™!. To circularly polarize
the laser a number of off-the-shelf optical accessories are available,
including a simple, photographic type, circularly polarizing camera
filter. Essentially, it is necessary to isolate the third Stokes pa-
rameter of the laser by circular polarization. Another possibility
is a piezooptic modulator or the well-known quarter-wave plate
and Nicol prism.

The magnetization due to a type of circularly polarized giant
ruby laser was detected as early as the mid-1960s by Malmstrom
and co-workers,?®?? as described, for example, in the textbook by
Shen.3® This is known as the “inverse Faraday effect”. In this
respect it is notable that the 4 term® of the quantum theory of
the forward Faraday effect due to B is precisely the description
of Zeeman splitting. It is clear, therefore, that the experimental
verification2?? of the inverse Faraday effect implies an “inverse”,
i.e., optically produced, Zeeman effect of the type proposed here.

This should be observable as the broadening and splitting of
the sodium D line by the circularly polarizaed pump laser and

(27) Zeeman, P. Philos. Mag. 1986, 43, 226.
(28) van der Ziel, J. P.; Pershan, P. S.; Malmstrom, L. D. Phys. Rev. Lett.
1968, 15, 190. :
(29) Pershan, P. S.; van der Ziel, J. P.; Malstrom, Phys. Rev. 1966, 143,
574,
(30) Shen, Y. R. The Principles of Non-Linear Optics; Wiley: New York,
984,
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detected by using a contemporary high-resolution interferometric
spectrometer or tunable probe laser. The contemporary theory
of the normal and anomalous Zeeman effect is adequately de-
scribed, for example, on pp 243ff of Atkins.26 In that theory we
formally replace m by «; and the gyromagnetic ratio by v,. A
magnetic field of the order of 1.0 T splits lines in the Zeeman effect
by about 0.5 cm™. The same splitting would require a pump laser
electric field strength in the range of 10° Volt m™, as discussed
already. This can be achieved easily by Q switching and focusing.
Synchronous detection techniques (lock-in amplifiers) may be
employed to integrate the time-accumulated effect of the pulsed
pump laser by interfacing with the lockin amplifier of the in-
terferometric spectrometer.

Note that there is also broadening and splitting due to the
well-known optical (or ac) Stark effect.3* However, the latter
depends on the real part of the dynamic polarizability, which is
T positive and does not have an axial vector equivalent. In
consequence the ac Stark effect can be observed with a pump laser
that is not circularly polarized,®~3 in contrast to the optical
Zeeman effect, which can be observed only with a circularly
polarized laser. The differences between the optical Stark and
Zeeman effects are as fundamental as those between the con-
ventional Stark and Zeeman effects, induced respectively with
a static electric and magnetic field. In the optical Zeeman effect
there should also be the equivalent of the Paschen-Back effect,
an anomalous optical Zeeman effect as the optical conjugate
product is increased. In diatomics and polyatomics in which there
is net electronic angular momentum, the Hund coupling models
can be used to describe the various patterns as in Townes and
Schawlow, chapter 11.%

This is a relatively straightforward “first experiment”, which
would reveal the degree of pump laser stability needed for a the
second type of experiment, in which the pump laser is used with
the highly homogeneous magnet of a state-of-the-art NMR or
ESR spectrometer. A simple Hamiltonian for this second type
would be, for example

(31) Hanna, D. C,; Yuratich, M. A; Cotter, D. Non-Linear Optics of Free
Atoms and Molecules; Springer Verlag: New York, 1979; eq 2.59.

(32) Feneuille, S. Rep. Prog. Phys. 1977, 40, 1257.

(33) Whitley, R. M; Stroud Jr., C. R. Phys. Rev. A 1976, 14, 1488.

(34) Delsart, C.; Keller, J.-C. J. Phys., B 1976, 9, 2769.

(35) Molander, W. A ; Stroud Jr., C. R,; Yeazell, J. A. J. Phys. B 1986,
19, L461.

(36) Townes, C. H.; Schawlow, A. L. Microwave Spectroscopy;
McGraw-Hill: New York, 1955; Dover, New York, 1975.
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Crystal structures, phonon dispersion relations, and elastic constants of polyethylene crystal are calculated by using a n
force field where the van der Waals parameters are selected on the basis of comparing these properties with experimen
The cell parameters and atomic coordinates are optimized simultaneously, and elastic constants and phonon bands are calculat
by using analytic second derivatives at the optimized structure. Yield stresses and surface energies are obtained from calculatio
of the stress-strain relations in directions perpendicular to polymer chains.

I. Introduction

Given a force field (the analytical descnptlon of forces on all
atoms in terms of the distances and angles in a structure), one
can calculate a number of important properties of crystalline

*Contribution No. 7903.
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AH = — 1B = Yy, Jx @

where
J =L+ 2.0028 (45)

and 7 is the nuclear spin quantum number. In Landé form this
is

AH - __m[l L+ -JI+ D ]JM.B )
2"!0!("!0! + l)
Y[, K+1-J+1) ]JWr %)
2 2ia(Jie + 1)
where
Ja=J+1 47

is the total angular momentum quantum number. For I > 0, we
have the selection rule, and the NMR pattern in the absence of

« is split according to
AM; =0,%1 (48)

The splitting depends on the individual values of I and J, in analogy

with the extra Landé splittings observed in the theory of the

anomalous Zeeman effect.2$
The question of the homogeneity of the factor Ey? from the

circularly polarized pump laser may turn out to be critical from !

experiment one. If so, synchronous detection techniques from

infrared radio frequency double resonance may be able to filter :
out the background noise in E_?, leaving the signal, using highly :
sophisticated state-of-the-art lockin amplifiers interfaced with -

controlling microcomputers as described for example in Figure

1 of ref 37 in the context of sub-Doppler resolution infrared radio :
frequency double resonance. Detailed experimental conditions :

are given in ref 37 and references therein.

Note Added in Proof. Since this manuscript was submltted
the verification experiment of laser NMR has been initiated at;
Princeton University by Prof. W. S. Warren and co-workers.
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polymers—structure, elastic constants, yield stresses, vibration
(phonon) states, specific heat, free energy, etc. However, suitabl
force fields do not exist for most polymers of interest. Herei
we report a new force field suitable for polyethylene (PE) a0
other hydrocarbons using a systematic approach to developin
force fields that should be applicable to other polymers of interes




