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It is proposed that radical concentrations can be modified by combinations of weak, steady and
alternating magnetic fields that modify the population distribution of the nuclear and electronic spin
state, the energy levels and the alignment of the magnetic moments of the components of the radical
pairs. In low external magnetic fields, the electronic and nuclear angular momentum vectors are
coupled by internal forces that outweigh the external fields’ interactions and are characterized in the
Hamiltonian by the total quantum number F. Radical pairs form with their unpaired electrons in
singlet (S) or triplet (T) states with respect to each other. At frequencies corresponding to the energy
separation between the various states in the external magnetic fields, transitions can occur that
change the populations of both electron and nuclear states. In addition, the coupling between the
nuclei, nuclei and electrons, and Zeeman shifts in the electron and nuclear energy levels can lead to
transitions with resonances spanning frequencies from a few Hertz into the megahertz region. For
nuclear energy levels with narrow absorption line widths, this can lead to amplitude and frequency
windows. Changes in the pair recombination rates can change radical concentrations and modify
biological processes. The overall conclusion is that the application of magnetic fields at frequencies
ranging from a few Hertz to microwaves at the absorption frequencies observed in electron and
nuclear resonance spectroscopy for radicals can lead to changes in free radical concentrations and
have the potential to lead to biologically significant changes. Bioelectromagnetics. 2014;9999:1-10.
© 2014 Wiley Periodicals, Inc.
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INTRODUCTION of singlet (S) to triplet (T) states for radical pairs and
the resulting changes in radical concentrations as a
function of magnetic field strength, orientation, and
the viscosity of the medium.

Some of the effects of the exposure of biological
systems to weak magnetic fields at low frequency are
reviewed by Liboff [2007], among others. Several
theories have been advanced to describe these results,
including ideas about cyclotron frequency resonances
[Liboff, 2007] and paramagnetic resonance splitting
of vibrational [Lednev, 1991] or Zeeman levels
[Blanchard and Blackman, 1994]. However, all of
those theories have difficulties [Binhi, 2002] that have
prevented their general acceptance by the scientific

Frequency and amplitude windows in biological
systems have been observed for some time and are
predicted as the result of the Zeeman shift in the
energy levels for electron spin states of radicals at
magnetic field levels of millitesla and larger fields.
Reviews of this have been done by Grissom [1995]
and Steiner and Ulrich [1989]. These reviews show
that both changes in nuclear spin states and changes
in the orbits for electrons in a molecule occur with
variations in the magnetic field. Some effects on
chemical reaction rates of nuclear polarizations on
some alkyl radicals are described by Kaptein [1968].
This work is followed by numerous papers showing
the effects of nuclear polarization and nuclear spin

states on chemical reaction rates, including Kaptein *Correspondence to: Frank S. Barnes, Department of Electrical

and Oosterhoff [1969], Charlton and Bargon [1971],
den Hollander et al. [1971], and Buchachenko [2001].
Woodward et al. [2001], among others, found many
radio frequency (RF) absorption spectra lines in the
100 T range. Reviews of dynamic spin chemistry by
Nagakura et al. [1999] and by Hayashi [2004] present
detailed descriptions of the theory for the conversion
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community at large. Additionally, the lack of a
generally accepted mechanism, other than heating, by
which weak RF waves can modify biological processes,
has contributed to the debate on the possible biological
effects of magnetic fields, including whether sources
such as cell phones, radar pulses or power lines cause
detrimental health effects from these fields.

At present, a leading candidate mechanism for
the way fields are transduced to affect biological
systems is that they modify the rate of recombination
of radical pairs by changing the members of the pair’s
relative electronic state between S and T, resulting
in increased or decreased recombination rates and
changing the subsequent radical concentration, thereby
producing downstream biological consequences. Adair
[1999] calculated the effects on radical pair recombi-
nation due to changing the relative state of the electron
moments of a separated radical pair by differences in
electron spin precession rate in each radical’s com-
bined internal and any small, external field, making
various simplifying assumptions but not considering
resonant transitions between states created by electron
and nuclear moments, strongly coupled as they are in a
low external field.

Both theoretical and experimental work on the
effects of weak magnetic flux densities on free radical
concentration has been carried out by the group at
Oxford [Brocklehurst and McLauchlan, 1996; Wood-
ward et al., 2001; Henbest et al., 2004; Timmel and
Henbest, 2004; Liu et al., 2005; Henbest et al., 2006;
Rodgers et al., 2007]. However, these workers have
also concentrated at low fields on the spontaneous
evolution between S and T states of the spins as they
precess (low field effect). Other works on the effects
of magnetic fields on radicals has been carried out
by Chiabrera et al. [2000], Hansen and Pederson
[2006], Wang and Ritz [2006], and Zanetti-Polzi et al.
[2013].

In this article we outline a model by which
changes in radical concentrations may result from
exposures to low intensity magnetic fields, noting that
these changes can lead to biologically significant
changes in metabolic rates and other processes. At
frequencies corresponding to the energy separation
between the various states in the external magnetic
fields, particularly at low external field intensities,
transitions can occur that change the populations of
the combined electron and nuclear states, F' states,
which result in changes in the average population of
the S and T states of the electrons in the radical pair.
This results in changes in the pair recombination rates,
which, in turn, can change radical concentrations and
modify biological processes. When the ambient static
field is reduced sufficiently the energy differences
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between some states are smaller than their spontaneous
widths and similar transitions may occur.

BACKGROUND

In weak external magnetic fields, molecular mag-
netic moments are characterized in the quantum mechan-
ical Hamiltonian by a combined angular momentum
F=J+ I, where J is the total electronic angular momen-
tum and 7, the total nuclear angular momentum. As the
external field strength approaches the strength of the
internal field, due to electron spins, this coupling breaks
down and the Hamiltonian has separate terms for J and /
interactions with the external field [Herzberg, 1950;
Townes and Schawlow, 1955]. However, the theoretical
articles mentioned in the previous paragraph do not use
the F coupling; it is used in the experimental and
theoretical analysis of resonance spectra of nitric oxide
(NO) by Gallagher et al. [1954] and Kaptein [1972].

Figure 1 shows that under the low-field effect, a
magnetic flux density on the order of tens of micro-
tesla, which is in the vicinity of the earth’s magnetic
field, can lead to changes in radical concentrations so
long as the frequency of the external magnetic field is
slow when compared to the lifetime for transitions
between the S and T states [Brocklehurst and
McLauchlan, 1996]. The lifetime for these transitions
is typically in the range of 10~ '* to 10~ ®s. Thus, even
RF frequencies may be slow compared to the lifetime
for these transitions. Except above ~5 mT, at the very
peak of the curve around 0.3 mT and, in particular, in
the very low-field vicinity of the earth’s field of
~45 uT, small changes of magnetic field can modify
the transition rate and, therefore, change free radical
concentrations. We propose that stimulated transitions
between levels in a radical will produce additional
level population changes, probably of at least similar
magnitude.

B/mT

Fig. 1. A schematic representation of the experimentally
observed field effect in the pyrene/1,3-DCB system. At the
lowest low field values, including that of the geomagnetic field,
the effect of the field is to increase the proportion of radicals
which survive the geminate period and diffuse into the sur-
roundings, but at high field the reverse happens. The schematic
presentation is used since the actual published results mea-
sured the derivative of the curve, and to display them would
introduce an unnecessary complication [Batchelor et al.,1993].



Chemical reaction rates increase when the energy
levels for the initial state and the product approach
each other. The maximum rates occur when the energy
levels are equal. Thus both electric (e.g., Stark effect
or internal quadrupole interactions) and magnetic
fields (e.g., Zeeman or hyperfine interactions) can shift
the energy levels so as to increase or decrease a
chemical reaction rate. It should be noted that magnetic
energy shifts, ug B, that are small compared to kg7,
can lead to large changes in chemical reaction rates if
the initial states are in excited energy levels [Steiner
and Ulrich, 1989; Hayashi, 2004]. Examples of this are
the number of radicals that survive as a result of the
absorption of an ultraviolet (UV) photon or a variety of
chemical reactions. Excitations by electric fields keep
particles that start in a singlet state in a S state. Free
radicals may be created by splitting a molecule so that
the surviving fragments each have an odd number of
electrons in an orbit. This can be done by hemolytic
cleavage of bonds, or thermolysis in solution leading to
a pair of radicals in S states, and photolysis in either
S or T states. In large molecules, the radical pairs often
form in a T state.

In a typical molecule there is an even number of
electrons in the outer orbits; and when they are split,
one fragment has an electron with spin up and the
other with spin down, as shown in Figure 2. These two
fragments often recombine in about 10719, However,
if one of the spins flips, then recombination is
forbidden by the Pauli Exclusion Principle and frag-
ments typically survive for about 10> s. This, in turn,
increases the probability that the fragments may drift
apart and diffuse through the solution as radicals. The
relative energies of the S and T states of a radical pair
in a magnetic field as a function of distance between
the pair particles are shown in Fossey et al. [1995].
Radicals can be carbon centered and form in a number
of common compounds including a variety of methyl
and alkyl radicals. They can also be formed in a wide
variety of other compounds including radicals centered
on nitrogen oxides, phosphorus, oxygen, and sulfur.
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Fig.2. Formation of radical pairs in relative S or T states.
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Biological effects due to low frequency expo-
sures that are sharply defined in frequency and field
strengths have been observed by Blackman et al.
[1979], Liboft [2007], and others. The effects of low
frequency modulation of RF signals have been
observed by Bawin et al. [1975], Blackman et al.
[1979], and Woodward et al. [2001]. To obtain the
narrow line widths on the order of 10 Hz for both the
low frequency and for modulated RF signals, energy
states with long lifetimes are required. These long
lifetimes exist for changes in nuclear spin states and,
for many organic molecules, they are in the range
from 1 to 100s [Bovey et al., 1988].

Another phenomenon that we propose may be
related to the same mechanism concerns changes seen
on reducing the ambient steady and alternating mag-
netic fields produces changes in biological organisms,
compared to controls remaining in the earth’s normal
magnetic field. Examples may be seen in the work of
Prato et al. [2013] with nociception in mice, Mo
et al. [2013] with neuroblastoma cell proliferation, and
Martino et al. [2010].

ENERGY LEVELS OF FREE RADICALS

We will start with the Hamiltonian for the
dissociation of a simple hypothetical molecule such
as hydrogen (H,) or nitric oxide (NO) into two parts,
H and X, where X has no nuclear spin, following the
work of Kaptein and Oosterhoff [1969]. This is a two-
step process and, after some time, the pair is completely
dissociated and the effective Hamiltonian for the pair
becomes

H:H§+H2+Hex+Hss+Hsi (1)
where H; and H are the electron and nuclear Zeeman
terms, depending upon the interaction between the
external magnetic field B and the electronic and
nuclear magnetic moments, respectively. These terms
take the form peB, where u depends on the appropri-
ate net angular momentum. The total angular momen-
tum is characterized by F for low external fields, the
net electronic angular momentum is J= L + S, the sum
of the orbital and spin angular momenta, and the
nuclear spin is characterized by I. H,, is the exchange
term; Hg is the electron—electron dipolar coupling
term between the members of the pair; and Hg; is the
hyperfine coupling term, that is, the interaction of
the nuclear moment with the local field due to the
electronic motion, depending on JeS. The H} term is
often ignored since it is small compared to other terms.
However, H} is a term which we believe may be
important for modifying the concentration of the
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nuclear spin states when driven by a magnetic field at
a frequency corresponding to the Zeeman splitting
between these energy levels. As will be shown below,
different nuclear spin states have different coupling
coefficients to the electron spin states. Therefore,
changing the distribution of nuclear spin states can
affect the electron states and change the average
transition rate for the electrons between the S and T
states for radical pairs. For polyatomic molecules with
more than one atom that has nonzero nuclear spin,
there may be a coupling between these spins that leads
to narrow absorption lines that are separated by a few
cycles [Bovey et al., 1988]. This would add another
term to the Hamiltonian, H%. This coupling is also
weak and may only be important when there are
frequency components in the driving signal that
correspond to the energy separation. The long lifetimes
for the nuclear spin states leads to very narrow
frequency absorption bands.

As noted above, it is important to note that at low
external magnetic field intensities, where the interac-
tions between the internal magnetic fields and
moments associated with / and J are stronger than
interactions of either with the external field, the
electronic, and nuclear magnetic moments are coupled
together into a total net moment, characterized by
F=1+J. This is generally the case for external field
intensities on the order of the Earth’s field, ~45 uT. In
this instance, the Hamiltonian is written in terms of F,
the quantum number characterizing the total state, and
not in separate terms for the nuclear and electronic
spins. Most nuclear magnetic resonance (NMR) and
electron paramagnetic resonance (EPR) spectra are
taken at quite high external magnetic field intensities,
where / and J are decoupled and F is no longer a good
quantum number. However, low-field transitions are
between states characterized by F and its projection
along the applied field direction, My not between
purely electronic nor purely nuclear spin states.
Finally, if there is a transition in one member of the
radical pair that changes the orientation J, there can be
a transformation of the joint state of the pair from S to
T or vice versa.

POSSIBLE TRANSITION FREQUENCIES:
HERTZ TO GIGAHERTZ

There are multiple interactions where weak
magnetic fields can change the population distribution
in the various spin states: (i) The Zeeman transitions
between electron states. These include transitions
between states with different angular momentum as
well as transitions between electron spin states. The
energy values for these transitions are also affected by
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the magnetic field effects on the orbits of other
electrons. These effects are described as changes in the
g value or Ag; (ii) Transitions between nuclear spin
orientations or the Zeeman states for the nuclear spins,
since these couple to the electrons, as discussed below;
and (iii) Transitions associated with the coupling
between the spins of different nuclei in the same
molecule.

Because of the coupling of electronic and nuclear
spins at low field where F is a good quantum number,
low-field transitions affect both the nuclear and
electronic spin states. Figure 3 illustrates the large
number of transitions that contribute to the NMR
spectrum of a radical pair with various combinations
of hydrogen (nuclear spin ') and deuterium (nuclear
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Fig. 3. Calculated magnetic field effect spectra of isotopomeric
Py " "DMA* radical pairs with protons and deuterons in various
positions as shown (a-d). Each“stick” represents a magneticres-
onance among the electron-nuclear spin states of the radical
pair, which produces a change in the yield of the product formed
by recombination of singlet radical pairs [from Woodward
et al., 2001].
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Fig. 4. Energy level diagram and complete spectrum of the
J =1 — 3/2 rotational transition of the 21'[1/2 state of N'*O'®,

spin 1) in the molecule. These transition frequencies
were calculated for an external field of 500 p.T.

Several types of transition that are of interest are
indicated in Figures 4 and 5, including those between
J values of the electronic states, such as between
J=3/2 and J="'5. A second set of transitions are
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Fig. 5. Energy level diagram of the J=3/2 level of the 2Tl
state of N'*0'®. Stage (a) is in the absence of magnetic field.
Stage (b) shows the magnetic levels considering only molecu-
lar effects. Stage (c) adds magnetic hyperfine splittings. Stage
(d) includes the nuclear electric quadrupole IJ coupling and
shows the nine transitions AM,=+1, AM,=0. Arabic indices
on the transitions correspond to the labeling of the observed
absorption lines [from Beringer and Castle, 1950].
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between nuclear spin states. At low fields where F is a
good quantum number, transitions are allowed that
result in various combinations of AM; =0, AM;==+1,
AM;=+1, or AM;=0, where M; is the quantum
number defining the projection of the nuclear spins
onto the externally applied magnetic field and M, is
the projection of the electron spins onto the magnetic
field. For weak magnetic fields where F is the
quantum number, the Zeeman splitting’s energy differ-
ences between the M states of a given level are equal
since the Zeeman Hamiltonian is linear in B; as the
external fields become stronger, F' becomes a less-
good quantum number and this is no longer true. At
B =0, the T states for both the electrons and nucleus
are degenerate. At higher external magnetic fields, the
Zeeman interaction dominates and transitions between
I and J states are independent. Figure 6 shows the
levels of a diatomic deuterium molecule as a function
of external field; each deuterium nucleus has /=1
while the electronic spin in the ground state is J=0.
In Figure 6 one can see how the states characterized
by F at low fields evolve due to the strong field-
electron spin interaction into groups of states charac-
terized by J at high field. The groups are further split
by the interactions shown in Figure 5 that are too small
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Fig. 6. Left: Energies of D, molecule states as a function of
magnetic field with low-field (F, m) and high-field (my, m))
quantum number labels. Note linearity of curves in low-field
region, where F is a good quantum number, and curvature
as well as crossovers as field increases [after Ramsey, 1956].
Vertical lines indicate allowed transitions. Relative orientations
of one transition's upper and lower state angular momenta
are shown (Right upper and lower). In left diagram, circles indi-
cate possible level-crossing transition points and double arrow
indicates region of possible zero-field transitions.
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to be shown in Figure 6. Figure 6 also shows the types
of allowed transitions in this simple molecule that
constitute the basis for our proposal for changes in
members of radical pairs.

TRANSITIONS BETWEEN LEVELS

Dependence on Alternating Field Intensity

The Zeeman energies for transitions of electrons
for a single unpaired spin in the Earth’s magnetic field,
~45 uT, typically fall in the region between 1 and
10MHz. The Zeeman frequencies for transitions
between the nuclear spin states are in the region
around 100-1000Hz. The coupling between nuclei
leads to transition frequencies around 10 Hz [Bovey
et al., 1988]. Observation of absorption bands in EPR
and NMR spectra indicates that the two states have
unequal populations. This distribution can be modified
by the application of magnetic fields at the resonant
frequencies; and with sufficient power, which is
usually quite low, the populations become equal and
the net absorption goes to zero. For example, the
change in the population for nuclear spin states is
given by

! Mleq

neq_l—!—yzB]TzT] (2)
where n¢q is the number of radicals in the initial state;
1’ q is the population difference between the upper and
lower energy levels which, as expected, goes to zero
with increasing power; y is the gyromagnetic ratio; B,
is the magnitude of the AC magnetic flux density; T
is the relaxation time between states and 7, is the
nuclear spin relaxation time [Bovey et al., 1988].
We will assume 7, to be seconds or longer and 7; to
be between 10~ ° and 10~ '°s for transitions from the S
to T states of the radical pair. Using y=1.933 x 10’
for the nuclear spin transition, we get values for B; of
between 2.68 x 107> and 2.68 x 10™°T to reduce the
value of #’¢q by a factor of 2. Other transitions will have
different values of y and give a wide range of values for
the significant changes in the populations of ng. Cai
et al. [2012] indicates that the sensitivity of birds to
changes in magnetic fields could be as low as few tens
of nanotesla by taking advantage of quantum coherence.

Thus, quite low values of B; can lead to changes
in radical concentrations via their effect on radical
recombination processes, especially if the resonant
fields cause a transition in one member of the radical
pair that shifts the pair’s joint electronic state between
S and T. The data from the Oxford group [Timmel
et al., 1998; Woodward et al., 2001] and others
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[Simké, 2007; Usselman et al.,, 2014] leads to the
expectation that these changes in radical concentra-
tions will be in the range of 2% up to 40%, though
according to Timmel et al. [1998], the usual values are
10-20%. Other examples of changes in radical con-
centrations with the application with variations in the
magnetic field given by Zmyslony et al. [2004] and
Mannerling et al. [2010]. Usselman et al. [2014] show
changes in H,O, of 50% and a decrease of O~ of
40% for exposures of rat pulmonary arterial smooth
muscle cells (tPASMC) for exposure to 10T at
7MHz along with an increase in growth rate of 40—
45% over that for static magnetic fields at 45 wT. From
the biological point of view, shifts in radical concen-
trations that cannot be compensated by feedback and
repair processes may have significant downstream
consequences.

Energy and Dependence on Applied Frequency

Changes in the absorption or emission rates for
applied electric and magnetic fields are expected to
change with applied field frequency (f) and maximize
when the separation between the energy levels (AW)
for allowed transitions, is equal to Af, where /4 is
Planck’s constant. For electron spin states, this occurs
when AW=gu,B. Here, u, is the Bohr magneton,
given by u,=qh/Amm. where ¢ is the charge on the
electron, m, is the mass of the electron, and B is the
magnetic flux density. The g factor takes into account
variables such as the vibrational and rotational energy
of the molecules and the coupling between electrons in
different orbits. It is close to 2 for single electron spins
in an outer orbit. In an external magnetic flux density,
B =45 T, and for g ~ 2, the resonant frequency (f) for
inverting the spins is f~1.26 MHz. It is to be noted
that since we are considering the interaction between
two electrons which become unpaired in the formation
of the radical pairs, these electronic moments may
precess about the applied field at different rates and
have different g factors, and the difference between the
electrons’ frequencies Af= Agu,B/h, where Ag can be
small, would depend upon the magnetic field. For
example, for the radical pair formed on splitting
(CH5-CH; CH-OEt), Ag=5.5x10"* and f=346Hz
for B=45 p.T [Grissom, 1995]. For nuclear magnetic
transitions, the magnetic moment is associated with
the spins of the protons and neutrons. The Zeeman
energy separation between nuclear states in a magnetic
field is given by AW = p,,B. In general, nuclear dipole
moment is given to a first approximation by w=
g.(ghl/AmM,,), where [ is the spin quantum number for
the nucleus, M, is the mass of the nucleus and g is the
charge on an electron or proton, 4 is Planck’s constant,
and [ is the quantum number describing the nuclear



spin states. This expression is often written in terms of
W, the nuclear magneton, which has the same form as
the Bohr magneton with the substitution of the mass of
the proton for that of the electron (u,, =5.05 x 10~%7
J/T). g, varies with the shielding of the nucleus by the
electrons and the proximity of other nuclei. In general,
the magnetic energy level spacing decreases with the
shielding of the magnetic flux density by the electrons
and the spacing between these nuclear spin states
changes with the applied magnetic field [Bovey
et al., 1988]. The value of / is given by the number of
protons and neutrons in the nucleus and the way they
pair up (or do not) within each species. Empirically,
when both the mass number Z and the atomic number
A are even, then /=0. If 4 is odd, then / will have
half-integer values, 1/2, 3/2, 5/2, etc. If A is even and
Z is odd, then 7/ will have integer values, 1, 2, 3, etc.
[Bovey et al., 1988].

The Zeeman energy level separations in the
nucleus are so small that they are often ignored in
calculations dealing with the NMR spectra of mole-
cules in a magnetic field [Kaptein and Oosterhoff,
1969; Scaiano, 1996; Binhi, 2002]. We propose here
that these transitions may be excited by low frequency
magnetic fields or by RF fields that are modulated at
low frequencies, especially in the region where the
external field coupling with the moment becomes of
the same order of magnitude as that of the electrons
and the relevance of F begins to break down. Kaptein
and Oosterhoff [1969] show, for the case where H is
small, that there is a preferred electronic spin state, on
the average, at a particular H atom in a molecule, with
the selectivity parameter given by A* = +[da) 2/
(1+ 4a)2r2)], where © is the lifetime, a=1/24
where 4 is the hyperfine coupling constant J' is the
exchange integral, and w = (J 2 +a ) . The impor-
tant feature of these calculations is that the electron
spin states are coupled to the nuclear spin states. It is
also true that the strength of the coupling depends
on the nuclear spin state and its projection onto the
external magnetic field.

Figures 4 and 5 give an indication of what the
energy level diagram looks like for nitric 0x1de (NO).
Fi igure 4 shows the basic level structure of the 21, 2.3
state in the absence of a magnetic field, while Flgure 5
shows the various effects of splitting of the *Il5,
levels, including the electronic, but not the smaller
nuclear Zeeman shifts. The grouplng of Tl levels
lies above the °Il;, levels in energy. In a nonzero
magnetic field, all of the levels will be split according
to the Zeeman effect. Note that NO is an important
molecule and a neural transmitter that provides a
biochemical link between the nervous s?/stem and the
immune system [Kiel, 1995] and that N, the most
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common isotope, has a nuclear spin value /=1, while
10 has I =0 [Heath, 1982].

The coupling between the electrons and the
magnetic moment of the nucleus leads to the nuclear
hyperfine levels. These energy levels are different for
different values of M; and M;. Column d of Figure 5
shows that the electric quadrupole moment of the
nucleus also modifies the energy separation between
the Zeeman levels of the nuclear spin states, but only
nuclei with spins of 1 or more can have electric
quadrupole moments [Bovey et al., 1988]. At low
fields, the energy splitting AW of an F level due to the
nuclear magnetic moment in an external magnetic field
(similar to that in column b of Fig. 5 for the molecular
electronic moments, but much smaller), is given by
Townes and Schawlow [1955],

AW:{—ugﬂU+U+Fw+U—JU+U]

~ gl U+ ) FFE ) 101}

mpB
2F(F + 1)

where my is the quantum number for the projection of
the total low-field molecular angular momentum F on
the B field. The lifetime for transitions between the
nuclear spin states is long, seconds, or more. If we
calculate the differences between these energies for
levels in the J=3/2 state of NO, as in Figure 4, taking
the values for the J=3/2 levels of NO with the
nitrogen nuclear magnetic dipole moment, p©=g;u,
=0.4036 u,, I=1 and g;~0.001 for these levels
[Townes and Schawlow, 1955] we get energy differ-
ences for Amy= =1 transitions within the same F
state corresponding to frequencies of ~60 to
~1000Hz, depending on the value of F. Similar
transitions in the J=1% state, where g;~2, have
frequencies in the vicinity of 500 kHz. Although this
calculation uses a formula for a free molecule, it
should be taken as an indication of the order of
magnitude of the frequency splitting between mg
levels under physiological conditions. Since these
transitions reorient the total molecular angular momen-
tum F, they change the relative orientation of the total
angular momentum of the two members of a radical
pair and can affect whether their relative electronic
states are S or T. If the couplings within the molecule
are weak enough that F is no longer a good quantum
number in external fields with strengths on the order
of the Earth’s, resonant transition frequencies will still
occur that reorient Zeeman states in both I and some
values of J for which g, is small, as in the J=3/2 state
in the example above.

3)

Bioelectromagnetics
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The long lifetimes of the nuclear spin states lead
to very narrow absorption bands for transitions
between nuclear spin states that may be only a few
cycles per second—at least for free molecules or very
isolated spins. In addition, these lifetimes of seconds
are so long compared to the 107°~107'%s for the S to
T transitions of the electrons and the diffusion time for
the radicals of the pair to separate that without an
exciting field, we can consider the population of the
nuclear spin states as constant. If we excite transitions
between the nuclear spin states by applying a magnetic
field at these frequencies, this distribution is modified.
For our example with J=3/2 and /=1, F=1/2, 3/2
and 5/2 and within each F state the allowed hyperfine
states are characterized by mp=-—-F, —F-+1,...,
F—1, F, with different energies separating the my
levels in each F state. If we start with unequally
populated spin states after creating a radical pair in a
steady background magnetic field B and then apply a
time-varying magnetic field at the resonant frequency
for the transition between the adjacent my states at a
strength that saturates the transitions, then the popula-
tion in the m states gets redistributed so that the
populations become equal. Although in thermal equi-
librium these states are separated in energy by only
small amounts and would be essentially equally
populated, this population distribution may not be true
upon formation of a singlet-triplet radical pair. If, in
addition, we use circularly-polarized RF to induce
only M=+41 or M= —1 transitions but not both, we
would create an unequal, nonthermal distribution of
M states, similar to that seen in optical pumping of
atomic transitions [Happer, 1972].

Reduced Magnetic Fields

A number of experiments [Mo et al., 2013; Prato
et al,, 2013] have found that reducing the ambient
magnetic field through shielding or applying compen-
sating fields has produced changes from samples
remaining in the Earth’s field and whatever small
alternating fields are in the laboratory. Since the
splitting between Zeeman levels is linearly proportional
to the magnetic field, at some very low field intensity,
the energy difference between the levels becomes
smaller than their natural line width and the levels
become degenerate. In this instance, provided that
angular momentum and other selection rules are
followed, there is a certain probability of spontaneous
transitions between states similar to those described
above when the proper frequency-alternating field is
applied.

Another source of narrow line widths for tran-
sitions that are separated by energies corresponding to
a few cycles has been observed in the coupling of the

Bioelectromagnetics

spins between nuclei of adjacent atoms in molecules
[Bovey et al., 1988]. This coupling can either be
directly between the nuclear spins or through the
circulating electrons. Therefore, the electron states can
be perturbed by an externally applied magnetic field,
which in turn can change the strength of the coupling
and the corresponding resonant frequencies.

An example of changes in growth rates of
mastacytoma cells with the application of magnetic
fields at 60 Hz is shown in Figure 7 [Bingham, 1996].
It should be noted that the growth rate of these cells
could both be accelerated and inhibited by changing
the average value of the AC magnetic field. Other
measurements in this thesis show shifts in these
curves with both frequency and the DC magnetic
fields. It is hypothesized the changes in growth rate
are the result of changes in the rate of generation or
of the radical associated with the metabolic processes.
The changes in growth rates with magnetic fields
may result from changes in the alignment of the
energy levels between the fragments of a radical
pair or by changing the distribution in the population
in the energy levels by applying magnetic fields at
the frequency corresponding to transitions between
energy levels.

CONCLUSION

We hypothesize that transitions in weak com-
bined steady and time-varying external fields can
reorient the total molecular angular momentum F,
changing the relative orientation of the total angular
momentum of the two members of a radical pair, and
can affect whether their relative electronic states are S
or T. We have shown, in one example, that steady
fields on the order of the Earth’s magnetic field would
require frequencies in the extremely low frequency
field region for some transitions and in the RF region

V N

0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
AC Magnetic Field Intensity (mT)

Fig.7. Growth of P815 Mastacytoma Cells, Bdc =38 uT, f=60 Hz
[after Bingham, 1996].



for others. If a process creates a pair of radicals that
are in a T state relative to each other, for example,
then those radicals’ recombination rate can be affected
if one experiences a time-varying field with a frequency
corresponding to the hyperfine splitting caused by the
external steady field that changes the combination to a
relative S state. For chemical processes that initially
generate radical pairs in T states, the change will
reduce the number of radicals that are free to drift off
and increase the number that recombine into stable
molecules. The same would hold true for a pair
generated in a relative S state in which an applied field
subsequently changes them into a relative T state.

Finally, we suggest that observable magnetic
field effects might generally happen under situations
where an organism is stressed by other conditions that
lead to changes in the radical concentrations so the
combination of these stresses and the magnetic field
changes take the radical concentrations outside the
range of values where they are compensated for by
radical scavengers. If this is so, it may explain why it
is hard to get reproducible results, as the initial
conditions in biological systems are hard to reproduce.
This is particularly true in human experiments. In
many animal experiments, the conditions are designed
to eliminate other stresses so that the compound effects
of a magnetic field stress and other stresses are not
seen. It is to be noted that radicals are generated as a
part of the metabolic processes and their values may
vary by more than a factor of 10. However, at the
same time these radicals are generated, the generation
of radical scavengers is signaled for and the concen-
trations are brought back to a baseline level. Extended
elevation levels of radical concentrations can lead to
resetting of the baseline and damage [Droge, 2002].
This in turn may lead to the reason why long term
exposure to cell phones may be different from short-
term exposures.

Our proposal is, at this point, an outline of a
possible mechanism, rather than a fully elucidated
theory, and further development is necessary. Of
necessity, our discussion draws on evidence from the
literature, but has a number of places where direct
support is not available. Coupling constants in many
molecules and radicals of interest are not measured.
Some of the measurements or theories we have drawn
upon are for isolated molecules and may not be
directly applicable for the case of molecules and
radicals in physiological settings, though the interde-
pendence between nuclear and electronic states in
solution is clear and measureable, for instance, in line
shifts and broadening of NMR and EPR spectra. An
experimental check of the proposed hypotheses and
variations in our ideas that include excitations at both
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RF transition frequencies for the Zeeman states of
the electrons and modulation at frequencies in the
5-500 Hz region could lead to significant increases in
our understanding of how weak magnetic fields can
modify biological processes. Ultimately, increasing
our understanding of these effects could well lead to
additional therapeutic applications and to an under-
standing of factors under which these conditions might
lead to adverse health effects.
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