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FERMION RESONANCE

ULTRA HIGH FREQUENCY FERMION RESONANCE INDUCED BY
CIRCULARLY POLARIZED RADIATION:
THE RESONANCE INVERSE FARADAY EFFECT

ABSTRACT

The techniques of nuclear magnetic resonance (NMR); electron spin resonance (ESR) and magnetic
resonance imaging (MRI) are among the most widely used in analytical science and medicine. They are
limited in resolving power by the magnetic flux density that can be generated by a permanent magnet, usually
a very expensive and cumbersome superconducting magnet. In this paper, it is demonstrated in detail that
NMR, ESR, and MRI occur in principle without having to use a permanent magnet, which is replaced by an
inexpensive microwave or laser beam. If implemented, this technique would revolutionize the subject because
it is capable of very high resolution using inexpensive apparatus. A broad overview is given first, at an
introductory level, and the advanced technical details are relegated to later sections for those interested.

It is demonstrated that circularly polarized radiation induces fermion resonance without the use of a
permanent magnet, a technique which we name radiatively induced fermion resonance (RFR). The resonance
frequency is proportional to the power density of the circularly polarized radiation and inversely proportional
to its frequency squared. It is the resonance equivalent of the empirically observable inverse Faraday effect
and therefore there is indirect empirical evidence for its existence. The existence of the phenomenon is
demonstrated on the following levels: classical non-relativistic; classical relativistic, quantum non-relativistic
(time independent and time dependent Schrédinger equations with intrinsic spin); quantum relativistic (Dirac
equation); and in quantum electrodynamics. Numerical computations of the effect are given on the quantum
electrodynamic level. Suggestions are given for its experimental investigation with microwave and electron
beams. All levels of theory show that the fermion resonance can be tuned to a much higher frequency than
available with the most powerful of contemporary superconducting magnets. The chemical shift of the effect
is worked out and depends on a novel molecular property tensor and so RFR has its own individual, site
specific fingerprint. It is therefore potentially at least as useful to practical chemical physics as NMR and
ESR. Potentially, it also gives a fermion resonance spectrum at a much higher resolution than conventional
NMR or ESR. These combined advantages make it, potentially, a powerful new technique of wide utility in
chemical physics.

INTRODUCTION

The technique of nuclear magnetic resonance (NMR), electron spin resonance (ESR) and magnetic
resonance imaging (MRI) are widely used in contemporary analytical science and medicine, and all rely on
one basic principle: fermion resonance. In simple terms, fermion resonance is the absorption at a particular
frequency of radio or microwave radiation by inducing a change in the spin state of a fermion, which may
be an electron (ESR) or proton (NMR). In magnetic resonance imaging, a field gradient is used to produce
an image of an organ, an image which may be used in the analysis of many types of ailments. In conventional
ESR and NMR, the resonance is detected by a circularly polarized radio or microwave frequency beam, and
the energy states of the electron and proton are separated by a very tiny amount by using a very powerful
permanent magnet, usually an expensive superconducting magnet. This is magnetically induced resonance,
whose resolving power and usefulness is limited by the strength of the magnetic field which can be generated
by the permanent magnet.
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In this paper, it is shown that these limitations can be removed by repiacing the powerful permanent
magnet by a circularly polarized beam of eifectromagnetic radiation. The paper first gives an overview on an
introductory level, followed by technical details for those interested.

All polarizations of light and electromagnetic radiation can be built from circular polarization, which
can be left or right handed, and can be thought of in terms of a helix, the path drawn out by the tip of an
electric or magnetic component of an electromagnetic field as its travei through the vacuum. Linear
polarization consists of 50% left circularly polarized radiation and 50% right circularly polarized radiation,
and on the fundamental level, it 1s thought that the photon is circularly polarized, i.e. is handed, or chiral. One
of the interesting consequences of this property of linear polarization is that the plane of polarization of the
linearly polarized light is tilted as it travels through a magnetic field. This is an effect first demonstrated in
the early nineteenth century by Michael Faraday, and is named after him. Over a hundred years later, it was
realized by the Bloembergen group at Harvard, m particular Peter Pershan, that the Faraday effect could be
reversed, a circularly polarized laser pulse can induce magnetization 1 all material. This was named the
inverse Faraday effect. In 1996, it was realized by Evans, Vigier, Roy and Jeffers that the inverse Faraday
effect could be used to induce fermion resonance in all material by repiacing the usual permanent magnetic
field with a circularly polarized microwave field. In this paper, an overview of the effect is first given,
followed by the technical details, which are relegated to later sections for the interest of specialists.

The replacement of the hugely expensive and cumbersome superconducting magnet by an ordinary
microwave beam results in radiatively induced fermion resonance (RFR). This paper shows in full technical
detail that RFR has a much more powerful resolution capability than ordinary NMR or ESR. RFR is therefore
likely to be of interest also in MRI. RFR has this advantage at a greatly reduced cost, the multi-million dollar
magnet is replaced by an ordinary circularly polarized microwave beam. It is shown that the resolving power
of RFR is proportional to the circularly polarized microwave beam’s power density, or intensity (watts per
meter squared) and inversely proportional to its frequency (hertz). It may be possible to develop mobile MRI
units for use in emergency, and mobile NMR and ESR units for the analytical laboratory and industrial on-site
analysis. The reason is that the superconducting magnet, which weighs several tons, is replaced by a low
power microwave beam. The technique of RFR has many applications as conventional NMR and ESR, which
are used in about 40% of physical chemistry, for example, and as manv applications as MRI, which is to be
found in every medical facility of significance. In addition to the advantages described already, RFR has a
much higher resolving power than NMR and ESR, and aiso has its own distinctive spectral fingerprint, known
as “chemical shift”.

1t is shown in the technical sections of this paper, intended for specialists, that these results ecmerge at
all levels of physics, from every known equation, from the classical level to the quantum relativistic. The
technical discussion section suggests ways of initiating the experimental development of RFR, and suggests
prototype experiments using microwave beam interacting with an electron or other beams. The significance
of a successful development would be akin to the development of the horseless carriage. There foillows
progressively more difficult technical material in support of the above overview, with a technical
introduction.

In this paper, it is demonstrated that the well known and empirically observable inverse Faraday eftect
{1-6} has a resonance equivalent, which we name radiatively induced fermuon resonance (RFR). The
empirically observable existence of the inverse Faraday effect means that RFR must also exist empirically.
In RFR, circularly polarized radiation induces fermion resonance (for example 1n a proton or electron),
without the use of a permanent magnet. The effect is derived theoretically at scveral levels from the classical
non-relativistic level to quantum electrodynamics in which numerical computations of the effect are given.

In Section 2, the existence of RFR is demonstrated on the classical non-relativistic level using the
minimal prescription with a complex vector potential, and also through elementary considerations of the

Stokes parameters of radiation. The radiatively induced fermion resonance frequency (/) is shown to be
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proportional to the power density of the radiation (/) and inversely proportional to the square of its angular
frequency (w = 27/, where fis the frequency in hertz). The resonance frequency (f,,,) can therefore be tuned
by adjusting / and f of the circularly polarized pump beam. The resonance frequency can be tuned to much
higher than any available with conventional superconducting magnets (as in conventional NMR or ESR).
Therefore the resolution of RFR is much higher than that of NMR and ESR and the chemical shift in RFR
is governed by a novel molecular property tensor which is derived in section (6). Therefore RFR has its own
distinct, site specific, spectral fingerprint, as well as a much higher spectral resolution than conventional
NMR or ESR. The properties make it potentially very useful and important practical method in chemical
physics.

The theoretical mechanism responsible for RFR is classical, and occurs in the non-relativistic limit. It
therefore occurs on the relativistic classical level and in quantum mechanics. In Section (3), it is derived on
the classical relativistic level using the Einstein equatton. In Section (4), it is derived on the non-relativistic
quantum level using the time independent and time dependent Schrodinger equations with intrinsic spin as
described by Sakurai {7}. In Section (5), it is derived on the relativistic quantum level. In Section (6), the
chemical shift in RFR is derived using a novel molecular property tensor which shows that the effect is site
specific, as in NMR and ESR. This is the most useful analytical property of RFR in analogy with NMR or
ESR, where the chemical shift is the most useful property. Finally, in Section (7), the RFR phenomenon is
demonstrated in quantum electrodynamics, and numerical results given from a model computation. A
discussion closes the paper with suggestions for experimental verification with a carefully designed two beam
prototype experiment, the interaction of a circularly polarized microwave beam with an electron beam.

NON-RELATIVISTIC CLASSICAL LEVEL

In order to derive RFR in classical, non-relativistic, physics, we consider the interaction of a classical
electron with the classical electromagnetic field using the minimal prescription with complex vector potential
A (a plane wave). First consider the Newtonian kinetic energy of the classical electron:

1
p (D
2m P
where p is the linear momentum of the electron and m its mass. Let the electron interact with a classical
electromagnetic field through the minimal prescription, in which the vector potential A4 is in general complex
valued. The interaction kinetic energy is therefore the real part of:

Hyp =

1 .
Hypy=—(p—ed)(p—eAd) )
2m

where A and A" are complex conjugate transverse plane waves. It is well known that the conjugate product
A x A" is responsible for the empirically observable inverse Faraday effect {1-6} and that 4 x A" is
proportional to the third Stokes parameter that describes circular polarization {8}. On the classical level, the
energy of interaction becomes:
2
L pep—— Re(Aep)———Re(p-A')+2—dea’ 3)
2m 2m 2m 2m

Hyp =

a well known result which is described in numerous texts {9}.

In order to derive the RFR term, we use Pauli matrices as the basis of the calculation as described by
Sakurai {7} in his eqn. (3.18). The interaction between the classical electron and the classical electromagnetic
field is then described on the classical level by:
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1
H .. =-
KE m

cr-(p—eA)cr-(p—eA'). “4)

This interaction energy consists of four separate terms which are described as follows.

1) Magnetic Dipole Term
where m, is the magnetic dipole moment of the electron or proton and Re B is the real magnetic component
of the electromagnetic field.

e * €
H =- |A+A4A )=—m,-ReB 5
! 2m P ( ) 2m )
2) Spin-flip term
€ *
H,=—i——0cspx(4 - A) (6)
2m
which for an electron or proton moving in the Z axis can be expressed as:
O
H, =-—efpzcrz-(jcos¢ +isind) (7

where

c

¢=cot—1<Z=co(t—£). (8)

If initially ¢ = 0, the Pauli matrix (or “spin”) ¢ points in the ¥ axis, when ¢ = /2, it points in the X axis;
when @ = T, in the -Y axis; when ¢ = 37/2, in the -X axis; and when ¢ = 2T, back in the Y axis. So this
confirms that H, is the spin-flip term used in all Fourier transform ESR and NMR instruments.

3) Polarizability Term

This is
2 2
Hy=——a:A’ == 47 ©
2m 2m
and is the basis of susceptibility theory {10}.

4) The RFR Term

The RFR term is

2

2
H,=ie—cedxA =—— A" k. (10)
2m 2m

All four terms have been observed empirically. Terms (1) to (3) are well known and term (4) was observed
by Pershan et al. {1} in the paramagnetic inverse Faraday effect. Thus eqn. (4) contains the spin-flip and RFR
term in addition to the other familiar and observable {1-6, 8-10} terms.
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Therefore the RFR term exists on the classical and non-relativistic level and so exists in quantum
mechanics according to the correspondence principle.

The existence of the RFR term can be confirmed by writing the four Stokes parameters {11} as:
Sy=A A4, + A A
S, = A A, - A, A
. . (1)
S, =—(Ay4y + A A4y)
Sy=—i(Aydy - 4,4y )
For circularly polarized light {11}:
Se=8+S;+82=8? (12)
SO
S, =8,. (13)

Therefore the existence of 4*4" which is proportional to S, implies the existence of + iAxA4", which is
proportional to S,. If, following Landau and Lifshitz {12}, we define the light intensity tensor as

4. Ay

paB = ——A(0)2 (14)

then from eqns. (11) and (13), in circular polarization:

1 [0S, s, )
Pao =5407 | _is, s, (1)
If we now define the Pauli matrices {7}:

0 1], _ _[1 o 0 .
*=1 o r=lo -1 %25 o o (16)

they obey the commutation relations:

cy 0, | .o, .
—,— |=i—= et cyclicu 17
1222012 eteyctcun, an
and so the light intensity tensor can be written as:
1 _ .
Pop =W(SO—IGZ'AXA ) (18)

This shows that the RFR term occurs in the fundamental definition of the light intensity tensor itself for
circularly polarized electromagnetic radiation.

The Inverse Frequency Squared Dependence.

The RFR term shows that the intrinsic spin of a fermion forms an interaction energy with the optical
conjugate product A x A", It can be shown as follows that the conjugate product A x A” is proportional to the
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power density 7 of the field and inversely proportional to the square of its angular frequency @ = 21/ In S.1.
units, the fundamental equation linking A4 to the magnetic field B is, in classical electrodynamics:

B=VxA : (19)

So if A is a vacuum plane wave, so is B (and its electric counterpart E, the electric field strength in volts per
meter). If the plane wave A is a solution of the vacuum d’Alembert equation, it may be written as:
. AY
AP =AD" = (ii + j)e* (20)

Nz}

and so the plane wave B is, from eqn. (19):

. BY ,
BV =B®" =_——(ii + j)e? Q1)
V2
Using the classical Maxwell equation, the plane wave E is:
. EO .,
E® =E® = 7 ¢ ~if)e®. (22)

Here, @ is the electromagnetic phase, 49, B, and E© are scalar amplitudes, and i and j are unit cartesian
vectors in X and Y, perpendicular to the propagation axis Z of the plane wave. The following relations
between conjugate products then follow using elementary algebra:

2
c 1
AP xA? =—=BPxB? =—E"xE?® (23)
() ()

and show that the product A x A® is proportional to B x B? divided by the square of the angular
frequency. Expressing B x B® in terms of beam intensity of power density {13} ( in W/m?):

BY x B® = j o jp0r (24)
c

where L, is the vacuum permeability in S.I. units.

The basis of the RFR technique is that a probe photon at a resonance angular frequency w,,, can be absorbed
under resonance condition:
2.2 1(0)2
e‘c’B
ho, = ————(1-(-1)) (25)
2mo

defined by the transition from the negative to the positive states of the Pauli matrix @,. This process is
precisely analogous to ordinary optical absorption, in which terms NMR is a radio frequency spectroscopy.
The RFR probe resonance frequency is therefore:

2
fu=m =(e ”°c]—1— (26)

2n 2nhm Jo?

and is inversely proportional to the square of the angular frequency w of the circularly polarized pump
electromagnetic field which takes the place of the superconducting permanent magnet of ordinary NMR or
ESR {14, 15}.
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For 'H proton resonance, the result (26) is adjusted empirically in our development for the
experimentally different g factors of the proton and electron, respectively 5.5857 and 2.002. A more complete
theory must rest on the internal structure of the proton, and similarly for other nuclei whose g factors differ
from that of the proton. In principle, the theory developed here gives rise to a means of investigating nuclear
properties using readily available microwave or radio-frequency generators instead of superconducting
magnets.

For proton resonance, the RFR equation is therefore:

5.5857¢* I
o, =| 222 L 15320108 L @7)
2.002hm 0) 0)

2 2

and some data from this equation are given in Table 1, which shows that RFR proton resonance frequencies
can be far higher than those attainable in ordinary NMR. Therefore the concomitant resolution of RFR is also
far higher in theory and the instrumental resolution substantially improved in theory. Additionally, RFR has
its own spectral fingerprint because the molecular property tensor determining the chemical shift is unique
(Section (6)).

If RFR is applied to the electron, the same overall advantage is obtained, the equivalent of eqn. (27)
IS

1
O, =1.007x10%* — (28)
(O))
Table 1
RFR Frequencies from eqn. (27) for the Proton
for I=10 W/cm?®
Pump Frequency Resonance Frequency
5,000 cm™ (visible) 0.28 Hz
500 cm™ (infrared) 28.0 Hz
1.8 GHz 1.8 GHz (auto-resonance)
1.0 GHz (microwave) 6.18 GHz
0.1 GHz (r.f) 20.6 cm™ (far infrared)
10.0 MHz (r.f) 2,060 cm™ (infrared)
1.0 MHz (r f)) 206,000 cm™ (ultraviolet)

These conclusions can be obtained on the non-relativistic classical level and it is possible in theory to practice
proton and electron spin resonance without permanent magnets at much higher resolution, and with a unique
spectral fingerprint determined by a novel, site specific, molecular property tensor (Section (6)).

Practical design suggestions are given in the discussion section.
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RELATIVISTIC CLASSICAL LEVEL

In this section, it is demonstrated that the RFR exists on the relativistic level. In order to do this, we use
the Einstein equation {16}:

p'p, =m'c (29)
where p* and p, are energy momentum four vectors, and where m is the mass of the fermion, ¢ being the
velocity of light. In order to demonstrate the existence of the RFR term, eqn. (29) must be written in terms
of the well known gamma matrices {17}:

Y*puy*p, =m'c? (30)
and in the classical electromagnetic field is introduced through the minimal prescription:
v (p, —eA, " (p, —eA,)=m’c’. (1)
In the compact Feynman slash notation {17}, eqn. (30) becomes:
Py =m’c’ (32)
and eqn. (31) becomes:
(F—eANp—ed)=m’c". (33)

This is the classical relativistic expression for the interaction of an electron, or proton, with the classical
electromagnetic field. The quantized equivalent of eqn. (33) 1s the Van der Waerden equation as described
by Sakurai {7}(eqn. (3.24)). The RFR term in relativistic classical physics is contained within the term
e /{zf This result is demonstrated by expanding the terms as follows:

AN =AY A, =€ (Y A, —ye ANy Ay —yeA"). (34)

We now use the well known relations between the gamma matrices and Pauli matrices {17}:

—' 0 ¢ . y 0 0 o . P 0
(v-p)(v-p)—L . OMO p][—o OHO p}

- (35)
_[©-p)o+p) 0 }
|0 (c-p)c-p)
to find:
e’ AA" = e* (4,4, — A+A" —icAx A"). (36)
This includes the RFR term:
Topr =—i€'GeAx A’ (37)

which therefore exists in relativistic classical physics.
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NON-RELATIVISTIC QUANTUM LEVEL
Time Independent Schridinger-Pauli Equation.

Both the time independent and the time dependent Schrodinger equations can be used to demonstrate
the existence of the RFR term in quantum mechanics, a demonstration which is consistent with the
correspondence principle, because the RFR term is classical in nature. As demonstrated by Sakurai {7}, the
time independent Schrodinger-Pauli equation can be used to demonstrate ordinary ESR and NMR in the non-
relativistic quantum limit. We adopt this method to demonstrate the RFR term in non-relativistic quantum
mechanics with the time independent Schrédinger-Pauli equation:

FI\u = Eny (38)
with the Hamiltonian operator:
A 1
H=—(c+p)o-p)+V,, (39)
2m

where V is a potential energy term which does not affect the result. The method is first checked for self-
consistency using a real valued potential function 4 corresponding to a static magnetic field, then the same
equation is used to demonstrate the existence of the RFR term.

In a static magnetic ficld, the minimal prescription shows that the time independent Schrédinger-Pauli
equation of a fermion in a classical electromagnetic field is:

FI—)%(c-(p+eA))(0'-(p+eA))+VO. (40)

The ESR or NMR term is obtained from

Ay =i (Gepx A+c-Axp)y + . ...
2m

_eh
m
eh

m

eho-B\|,l+....
2m

oo(Vx(Ay)+AxVy)+ ..
(41)

o((Vx AWy +(Vy)x A+ Ax(Vy )+ ....

This is the famous “half-integral spin” term first usually derived from the Dirac equation. However, following
Sakurai {7}, this term exists in the non-relativistic limit of quantum mechanics from the time independent
Schrédinger-Pauli equation, as just demonstrated. There is no need to use the time dependent Schrodinger-
Pauli equation to show the existence of this term. However, it is a purely quantum term, because it depends
on the well known operator equivalent p — —iAV. It is the spin Zeeman effect and in perturbation theory
gives the non-zero ground state energy:

En =—2€%(0

and is the basis of magnet based ESR and NMR.

o «B|0)#0 (42)
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To obtain the RFR term, the same method is used for complex valued A. This gives an extra classical
term, or expectation value, which can be written as:
. 2

ie
En=

ceAx A" (43)
2m

Perturbation theory gives the extra ground state term:

. 2
En=l—€——(0
2m

c-AxA']O), (44)

which is again classical and real valued. It has the inverse square frequency dependence described in Section
2 and exists on the non-relativistic quantum level. This result is consistent with the correspondence principle.
If we define the magnetic field {18}:

B® = —i%A xA" 45)

the RFR term is described succinctly as:

En= —%—Z—(O

o -B<3>|0> (46)

and the RFR term is the fundamental fermion to one photon interaction. From Table 1, it is seen to be
potentially of great utility because of its advantages in resclution over ordinary NMR and ESR.

Time Dependent Perturbation Theory.

Consider a two level system consisting of a fermion in up and down spin states. The time dependent
Schrédinger equation is used to consider the effect of the RFR term on this fermion:

HY = ihéL—P— 47)

Ot
H=H®+H®() (48)
Y()="P e, (49)

The unperturbed two level system has energies E, and E, and eigenfunctions ¢, and §,. These are solutions
of

H% =E vy, (50)

In the presence of the time dependent perturbation HV(¢), the state of the system is described by a linear
combination of basis functions:

(1) = a,(1)¥, (1) + a, ()Y, (D). 1)
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The system evolves under the influence of the perturbation, so a, and a, are also time dependent. If it starts

as state 1, it may evolve to state 2. The probability at any instant that the system is in state 2 is a, (H)a, (1)
and the probability that it remains in state one is:

a,(a; (1) =1-a,(ay(1) (52)

Therefore

HY =aHOY +aHP ()Y, +a,HOVY, +a, H® ()Y,
., 0
= zhé—t(a,‘l’1 +a,'¥,)

(53)
=iha, g—q—"—+ih-ai | +iha, oF, i —a&‘l’z.
ot ot ot ot
Each basis function satisfies
HOW oY, (54)
ot
a HY(O¥, +a,HO (O, =iha ¥, +iha\V,. (55)
This equation is:
a,HO (e +a,HO (e = ihayy e + ihdyy o™, (36)
Now multiply through by #;" and integrate over all space. Since ¥; and ¥, are orthonormal,
a HP (e " + a, HO (t)e™ """ = iha e ™", (57)
Similarly multiply through by "
a HY (e " + a, HY (He ™" = iha e, (58)
Here
HO (1= j i H® Oy dt (59)

and ¥, and Y, are time dependent parts of the wavefunction of states 1 and 2 of the unperturbed fermion.
Thus:

HP (1) = fw H® (wde = (1[H O 0]1) (60)
and so on.

At this point, we input the RFR Hamiltonian:

cedAx A (61)

o) e’
HY () =i
®) o

so the existence of H,,)(¢) and H,,")(?) and so on depends on the properties of @ between fermion states.
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I
S=—n 6
> c (62)
and
o E‘%,%}E state !
(63)
B El%,—%) = state 2
then
S,0 =—ha; S, B =—=nb (64)
and
. 1 |
(]S, a]\——h:—hjoc adt
P2 2
| (65)
(]S, |B)=0 =—§hja Bdr
Now define
BY =—iZAxA (66)
h
and
HO()=->8.8 =-Z5 B (67)
m m
So eqn. (9) and (10) become
aHY (H)=iha
1 l(ll)( ) . 'l (68)
a,H,; (t)=iha,
because
HP ()= B‘” HY () =0,
(69)
(2) (t) = (3) (l)(t) 0.
Eqns. (68) are decoupled differential equations of the form
3) » R(3)
a, =i eB; ai; a,= —-ifBz a,; (70)
2m
where
B(3) A(0)7 (7D
h
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There is the constraint
aa +a,a, =1. (72)
A particular solution of eqns. (70) and (72) is
1 iﬁ 1 _iﬁ
a=—=e a,=—e (73)
NG N
The perturbed wave function is therefore
B _ ey
=&e' 2m +—\P—2e 2m (74)
J2 V2
and
=aa =0.5
b =q 1‘ 75)
p,=a,a,=05
The probability of finding the system in one state or the other remains constant at 50%, and:
l{] = %em’n:' + Uli_l_z_e_'mn:’ (76)
where
3)
= e2B ;1 , (77)
is the RFR resonance frequency defined by:
ho = HO®). (78)
The final result is
v % ot % )
where
oY
H IP =i h? (80)
t

which is a combination of states with energies *hwm ..
a combination of @ and [ spin states in a fashion exactly analogous to NMR and ESR.

RELATIVISTIC QUANTUM LEVEL.

The RFR term prepares or dresses the fermion in

The Einstein equation becomes the van der Waerden equation {7} with the usual operator rules between

momentum and coordinate space:
p" — iho*
P, zhay

(81
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to give:

m?c?

(V"0 *3, )y =y (52)

where Y, is a two component wave function as described by Sakurai {7}, eqn. (3.24). The classical
electromagnetic field is introduced into eqn. (82) using the covariance derivatives O, +ieA, and
0, — ieA“ , with which procedure we regain the term e’ ,{g/f " on the quantum relativistic level. Finally the
Dirac equation is regained from the van der Waerden equation using standard methods {7} and the two
equations are equivalent, so the RFR term appears at the quantum relativistic level. The RFR term was first
derived using the Dirac equation {18}.

CHEMICAL SHIFT TERM IN RFR.

The technique of RFR is site specific, and the chemical shift is given by a unique molecular property
tensor, so RFR has its own spectral fingerprint in theory as well as a greatly increased spectral resolution.
This result can be shown using time independent perturbation theory at second order with the energy:

e ;(0|H |ZZ)<:|H 0) -
and perturbation Hamiltoman {19}:
H=51;(p+e(A+AN))2+V (84)
where V'is a potential energy and where
Ay = 4::‘;3 my XF (85)

is the vector potential due to the nuclear magnetic dipole moment m,. Here (4, is the vacuum permeability
in S.1. units and r the distance between the nucleus and electron. The relevant perturbation term is {19}:

En=i—2—;i———z<0

m CDOn n

p-A|n><n|AN-A'lO>+ c.c. (86)

We use the following relation {19} between the linear momentum p and the transition electronic electric
dipole moment £

m
(0lp|n) =00, (O]u|n). 7
Using some straightforward vector algebra and the definition:
my=g, Zho (88)
4m
converts term (86) into:
2
EN=((i=—cAx A" (89)
2m

where



AIAS Authors 261

=850 S o|uln)(nl 5 o) ©V)

8tm 5

is the RFR shielding coefficient or chemical shift. Here g is the nuclear g factor of the proton and m the
proton mass. The coefficient ¢ is unitless and has an order of magnitude 10°. It is of the same order of
magnitude as in NMR and is site specific, meaning that RFR is expected to give a unique spectral fingerprint
because the molecular property tensor defining ¢’is a novel one:

b= {olulr) ot ) on

This molecular property tensor does not appear in NMR. The site specific RFR spectrum is proportional to
I/ w? because i4 x A" has this basic property.

DISCUSSION

To detect RFR experimentally, it would be necessary to work initially on the interaction of a fermion
beam with an electromagnetic beam. All levels of one fermion theory given in this paper could then be tested
under conditions which most closely approximate them. A successful demonstration of RFR would require
careful engineering in the matter of beam interaction. The inverse Faraday effect has been demonstrated
experimentally {20} at the microwave frequencies necessary for successful demonstration of RFR. The
simplest demonstration is autoresonance, where the circularly polarized pump frequency (w) is adjusted to
be the same as the RFR frequency (w,,,):

®,, =0. (92)

Under this condition, the pump beam is absorbed at resonance because the pump frequency matches the
resonance frequency exactly. Eqn. (28) simplifies to:

o>, =1.007x10%] (93)

Therefore we can either tune w,,, for a given I or vice-versa using interacting fermion and electromagnetic
beams. Since auto-resonance must appear in the GHz if the pump frequency is in this (microwave) range, it
might be convenient to modify the set up described by Deschamps et alia {20} in their demonstration of the
inverse Faraday effect through Faraday induction rather than through resonance, as in this paper. They used
a pulsed microwave signal at 3.0 GHz from a klystron delivering megawatts of power over 12 microseconds
with a repetition rate of 10 Hz. The TE,; mode was circularly polarized with a polarizer placed inside a
circular waveguide of 7.5 cm of diameter. A plasma was created by the very intense microwave pulse. To
detect RFR experimentally, the same standard of engineering would have to be reached with an
electromagnetic beam interacting with an electron beam, rather than a plasma. The intensity of the microwave
radiation would be much lower as governed by eqn. (b) for autoresonance. As in the design used by
Deschamps et alia {20}, the section of the waveguide surrounding the tube would have to be made of nylon
internally coated with a 20 micron layer of copper. The incoming electron beam would have to be guided
carefully into the circular waveguide used to circularly polarize the microwave radiation. The engineering
design has to be at least as accurate as in the experiment of Deschamps et alia {20} which detected the inverse
Faraday effect. Eqn. (b) predicts that resonance occurs at 3.0 GHz if 7 is tuned to 0.0665 watts/cm? for an
electron beam. For a circular waveguide of 7.0 cm diameter, this requires only 2.94 watts of circularly
polarized microwave power from the klystron at 3.0 GHz.

The above estimate is based on a one fermion theory, and the resonance frequency in a fermion beam
is different, due to fermion-fermion interaction in the beam. Therefore it is strongly advisable that [ can be
tuned over a considerable range round the theoretical 2.94 watts to allow for unforeseen discrepancies. Once
the main resonance frequency is detected, refinements can follow, and the electron beam replaced for example
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by a proton beam or atomic beam. The experimental demonstration should aim to detect the expected I/ w?
dependence, and in atomic beam or molecular beam samples, the expected site specificity due to the novel
molecular property tensor 4

If this series of beam experiments is developed successfully, a major new technique in analytical
chemical physics will emerge. It is to be emphasized that RFR is the resonance equivalent of the well known
inverse Faraday effect first detected at microwave frequencies by Deschamps et alia using magnetization of
a plasma, a method that requires much greater microwave pump power. Therefore, in this sense, the
phenomenon underlying RFR has been detected empirically.
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