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Remote Atmospheric Nonlinear Optical Magnetometry

Phillip Sprangle, Luke Johnson', Bahman Hafizi and Antonio Ting

Plasma Physics Division, Naval Research Laboratory, Washington DC 20375

"University of Maryland, College Park, Maryland 20742-4111

Abstract

In this paper an analysis of remote atmospheric magnetometry concepts, using molecular
oxygen as the paramagnetic species is considered. The objective is to use these mechanisms for
the remote detection of underwater and underground objects. We use the coupled Maxwell-density
matrix system of equations to describe the magnetization of the paramagnetic species in the
presence of an intense modulated laser pulse and ambient magnetic field. The magnetic dipole

transition line that is considered is the b’} — X°X; transition band of O, near 762 nm. The pump

is taken to be a high-intensity, pulsed, polarized titanium-doped sapphire laser. The model is used
to investigate a magnetic anomaly detection signature using the polarization rotation of the
wakefield behind the pump pulse. The major challenges are the collisional dephasing of the
atmospheric oxygen transitions and the strength of the effective magnetic dipole interaction.
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I. Introduction

Optical magnetometry is a highly sensitive method for measuring small variations in
magnetic fields [1-3]. The development of a remote optical magnetometry system would have
important applications for the detection of underwater and underground objects that perturb the
local ambient magnetic field. In our remote atmospheric optical magnetometry model, a high-
intensity laser pulse is employed to drive the magnetic spin precession in the presence of the
earth’s magnetic field. Zeeman splitting of the molecular energy levels and consequently the
precessional frequency are proportional to the local magnetic field. This can, in principle,
provide a precise means to measure variations in the Earth’s magnetic field. For a number of
magnetic anomaly detection (MAD) applications, G magnetic field variations must be detected

at standoff distances of approximately one kilometer from the sensor [4].

In this paper we consider atmospheric molecular oxygen as the paramagnetic species in a
nonlinear remote optical magnetometry configuration depicted Fig. 1. The propagation of the
high-intensity pump laser pulse to remote (~ km) detection sites is considered. By employing the

optical Kerr effect we show that high laser intensities (10> W/cm?) can be propagated to remote

locations. Using a high-intensity polarized laser pulse we consider the polarization rotation of
the wakefield behind the pump pulse. The pump intensity is limited (< 10*2 W/cm?) to avoid
photoionization processes.

/
High intensity, B, + 6B
polarized
laser pulse
Signal
Air
Water/Ground
Perturbing
Object

Figure 1: Remote nonlinear optical magnetometry configuration. The Earth’s magnetic field is
B, =0.5G and oB is the perturbation caused by the underwater/underground object.

Molecular oxygen’s paramagnetic response is due to two unpaired valance electrons.
The ground state of oxygen X32§ , commonly referred to as “triplet oxygen,” has total angular

2



momentum J =1, total spin S =1 and three degenerate sublevels. The excited upper state being
considered is denoted by b12; . Ithas J =0and is a spin singlet S =0 state with only one

sublevel. The upper state can undergo three radiative transitions, b'S; — X°Z;(m=+1),

b's; — X°Z;(m=0), but the latter is insignificant because it is an electric quadruple transition.
There is an intermediate state, referred to as a'A_, into which the excited O, molecule can
decay and is discussed in Appendix A. The O, transition line being considered is the

blzg - X3Z§ transition band of oxygen near 762 nm. In the low laser intensity, long pulse,

regime this transition has been investigated theoretically [5,6] and experimentally [7] and is a
prominent feature of air glow.

In this paper, a high intensity, polarized titanium-doped sapphire laser is considered for
the pump laser. These lasers have an extremely large tuning range from 660 nm to 1180 nm, and
can have linewidths that are transform limited. A major challenge for this, as well as any remote
atmospheric optical magnetometry concept, is collisional dephasing (elastic collisions) of the
transitions. The elastic molecular collision frequency, at standard temperature and pressure

(STP), is y. = N, 0V,, =3.5x10° sec™, where o is the molecular cross section and v, is the
thermal velocity [7]. On the other hand, the Larmor frequency (spin precession) in the Earth’s
magnetic field, B, ~0.5G,is Q , =0qB, /(2mc)~4.5x10°rad/sec (7 Q, =3x10°eV), where
m and q are the electron mass and charge and ¢ is the speed of light. Since the dephasing

frequency is far greater than the Larmor frequency, the parameters are somewhat restrictive for
remote atmospheric magnetometry. However, rotational magnetometry experiments based on
molecular oxygen at STP and magnetic fields of ~ 10 G have shown measurable linear Faraday
rotational effects [7].

I1. Atmospheric Propagation of Intense Laser Pulses (Focusing & Compression)

The magnetic anomaly detection concepts considered here rely on propagation of intense
laser beams in the atmosphere. Atmospheric propagation of intense, short pulse lasers are
strongly affected by various interrelated linear and nonlinear processes [8]. These include
diffraction, Kerr focusing, group velocity dispersion, spectral broadening and self-phase
modulation. Pulse compression can be achieved by introducing a frequency chirp on the pulse;
however, for the problem under consideration, pulse compression is not significant. Nonlinear
transverse focusing results from the Kerr effect. In general, a laser pulse propagating in air can
be longitudinally and transversely focused at remote distances (> km) to reach high intensities
(~10'? W/cm?), as indicated in Fig. 2.
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Figure 2: Simultaneous transverse focusing and longitudinal compression of a chirped laser pulse
in air due to nonlinear self-focusing and group velocity dispersion.

Here we present the model describing longitudinal and transverse compression of a
chirped laser pulses in air [8]. For optimally chosen parameters, the longitudinal and transverse
focal distances can be made to coincide resulting in a rapid intensity increase near the focal
region.

The laser electric field is given by E(r,n,7) = (1/ 2)E(r,n, 7)e™* & +cc., where E isthe
complex amplitude, @ is the frequency, r is the radial coordinate, z=t—z/c and r =z are the

transformed coordinates, the propagation distance z and time t are in the laboratory frame.
Substituting this field representation into the wave equation results in a higher order paraxial

wave equation for E(r,7,7) [8],
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where the wavenumber is k =@/ ¢ and the group velocity dispersion parameter is
B, =2.2x10"*sec? /cm. The nonlinear refractive index of air is n=1+n,1, where the Kerr

nonlinear index is n, =3x10"cm?®/W and I is the laser intensity. The values for 3, and n,

apply to airat STPand A =27/k ~762nm.

Equation (1) can be solved by assuming the pulse is described by a form that depends on
certain spatially-dependent parameters. With this assumption, a set of simplified coupled
equations can be derived for the evolution of the spot size, pulse duration, amplitude and phase
of the laser field. Taking the laser pulse to have a Gaussian shape in both the transverse and
longitudinal directions, the complex amplitude can be written as

é(l’, n7)=E, (n)eiﬂ(n)e—(lﬂa(rl))rz/Rz(77)e—(1+iﬂ('7))r2/T2(77), )



where E, (7) is the field amplitude, 6(77) is the phase, R(7) is the spot size, a(7) is related to
the curvature of the wavefront, T (#) is the laser pulse duration, and A(#) is the chirp parameter.
The quantities E,, 6, T, R, o, g are real functions of the propagation distance 7. The
instantaneous frequency spread along the pulse, i.e., chirp, is dew(n,7) =28(n)r/T*(;7) , where
B(1)=T(n)!1(2,)T (17)/ 17 <0(>0) results in a negative (positive) frequency chirp, i.e.,

frequency decreases (increases) towards the back of the pulse.
Substituting Eqg. (2) into Eq. (1) and equating like powers of r and 7, the following
coupled equations for R and T are obtained,

R 4 & 1
z zzw[l‘p ?j’ .
n NL

OT 4B, & 1 Ap:

= + , 3b
on’ k P, RT? T® (30)

where &, =P(0)T (0) is proportional to the laser pulse energy and is independent of 7,
P(n7) = zR*(n)1(n7) 1 2 is the laser power, 1(77) =cEZ(57)/ (8x) = 1 (Q)R*(0)T (0)/ (R*(m)T (1)) is
the peak intensity and P, = A%/ (2zn,) is the self-focusing power. In Eq. (3) the initial
conditions are given by «(0) =—(kR(0)/2)oR(0)/on and £(0)=T(0)/(28,)0T(0)/on=0.
The first term on the right hand side of Eq. (3a) describes vacuum diffraction while the second
term describes nonlinear self-focusing, i.e., due to n,. Nonlinear self-focusing dominates
diffraction resulting in filamentation when P > B, =3GW [8,9].

In the limit that the pulse length does not change appreciably the laser spot size is given
by R(7) = RO)[1-2a:(0)7/ Zgy + (1~ P1 Py +a2(0)) (171 Zgo)? |, Where Zp, =kR?(0) /2 is the
Rayleigh length. The spot size reaches a focus in a distance 7/ Z, = a(O)/(l— PIR, +a2(0))

aslongas P < (1+a’(0)P, -

Figures 3(a) and 3(b) show the evolution of the laser spot size and the intensity as a
function of propagation distance for 4 =762nm. At focus, the laser intensity

(1o = 6x10°W /cm?) and spot size ( Ry, =1.3mm) are held constant by choosing
appropriate initial conditions: wavefront curvature «(0) =37, pulse duration T (0) =100 psec,
and chirp ,6’(0) =0. By changing the laser energy and the initial spot size, the nonlinear self-

focusing effect changes the focal point from 0.25 km to 0.75 km (see Fig. 3). Nonlinear laser
pulse propagation allows for moving of the detection site location.
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Figure 3: Evolution of (a) laser spot size and (b) normalized peak laser intensity as functions of
propagation distance for different initial laser energies and spot sizes. The laser energy and
initial spot size for the solid, dashed, and dotted lines are &, =100,150,190 mJ and

R(0)=4.7,6.7,8.2 cm, respectively.
I11. Optical Magnetometry Model

The four levels of O, being considered in the magnetometry model are shown in Fig. 4.
The ground state is split by the Zeeman effect into three levels |1), |2), and |3) and the excited
state is denoted by |4) The magnetic quantum number m associated with the various levels is
indicated in Fig. 4. The excited state, level |4> can be populated by right hand polarized (RHP)

light from level |3) or by left hand polarized light (LHP) light from level |1). Here the

quantization axis and the direction of the static magnetic field are taken to be along the direction
of laser propagation, z — axis. Circularly polarized radiation carries angular momentum +#

which is directed along the propagation direction, hence the selection rule for allowed transitions
is Am==1, which will conserve angular momentum [10]. It should be noted that this transition

is strictly magnetic dipole- and spin-forbidden, but spin-orbit coupling between the blig and

X32§ (m = 0) states leads to a transition with a magnetic dipole-like nature and a larger than

expected dipole moment [5,6,11].
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Figure 4: Energy levels associated with the ground and excited state of O,. The transition

frequency corresponds to ~ 762 nm (7w, =1.63eV). The Zeeman splitting of the ground state is
caused by the ambient magnetic field.

A high-intensity pump pulse generates a magnetization current density J,, =cVxM,

where M is the magnetization field. The current density in turn generates a response electric
field and can also modify the pump pulse. The response electric field E is given by (Gaussian

units) (V2 —(1/¢*)a” | ot* ) E = (471 ¢*)ad,, | ot = (4z 1 ¢)a(V x M)/ ét . The magnetization is
represented by a sum of RHP and LHP components M(z,t) = M.(z,t)é; + M, (z,t)é, +c.c.,
where Mg (z,t)=Ng,p5(2,t), M (z,t) = Ny, p,(z,t), N is the density of the paramagnetic
species (oxygen molecules), s, is the effective magnetic dipole moment associated with the
transitions, p,, and p,, are the off-diagonal coherence of the allowed density matrix elements
(see Fig. 4) and é,, = (&, +ié )/2 are vectors denoting the polarization direction. The
magnetization current density can be written as J,, =—icdM,(z,t)/ ozé, +
icOM_ (z,t)/zé_+cc. Interms of the x and y components,
Jy =—i(c/2)0(Mg—M )/ 0z€, +i(c/2)o(M,+M )/ ozé, +c.c.

The density matrix equation is given by [10,12,13] 0p,, / ot=—ia,, pom +

i {Q, o, —Q, o, | +relaxation terms, where o, =, —®, , Q,, denotes the interaction
7

frequency, the phenomenological relaxation terms are due to elastic and inelastic collisions, and
spontaneous transitions and the magnetic dipole interaction Hamiltonian is —n_ - B (Appendix

B). The off-diagonal coherence elements of the density matrix for the relevant transitions (
|1> — |4> and |3> - |4>) are given by



Opuy | Ot=—=y Py —i@yp, +1Qy (pn ~ Pus ) +iQy304, (4a)
0Py | Ot =~ s — 103045 +1Q5 (pss ~Pu ) +iQ, 05, (4b)
where y, is the elastic collision frequency (not population transferring), the full set of density

matrix equations are given in Appendix B.

The pump laser field, which induces the magnetization field, is expressed as a sum of
RHP and LHP fields B, (z,t) = B,(z,1)é, + B_(z,1)8, +cc., where By (z,t) =B, (z,t)e" ™"

pump
and w(z,t) =kz — wt. The interaction frequencies associated with the allowed transitions are

Q,, = 14,B(z,1)/ h=Q(z,0)e"™) and Q,, = i1 B (z,)/ h=Q (z,1)e"®" , where
sz’L =u, ER,L / 7 is (half) the Rabi frequency associated with the RHP and LHP components of

the pump. Note that the Rabi frequency is defined with respect to the peak field.
Although we are considering a magnetic dipole transition it is convenient to express the
Rabi frequency normalized to an electric dipole moment. The magnitude of the Rabi frequency

can be written as Qg =24, Booy / 1= (tty 1 18,) (14, E e 1) = (ptn 1 1,) (14, / 1)(871 1 )2, where
| =cE?

veak | (87) is the pump laser intensity and épeak is the peak field. Taking the

normalizing electric dipole moment to be g, =qr, =2.5x107** statC-cm, where r, is the

Bohr radius the magnitude of the Rabi frequency is ﬁRabi [rad /sec]=

2.5x10° (1, /14,)4/I[W/cm?]. As an example, for | =10"W/cm? and gz / gz, =107, the

Rabi frequency is Qq,; = 8x10° rad/sec.

IV. Faraday Rotation of Wakefields Driven by Intense Laser Pulses
The incident pump field is taken to be polarized in the x-direction

E=E,(z,t)e ' (&, +& )+cc., where @ is the carrier laser frequency and the complex
pulse amplitude Eo(z,t) can be modulated. Employing the variables 7=t—z/c and =z,
E=E, (r)e"e™ (&, +&, )+cc., the corresponding magnetic field in the y-direction is

B=—iE, (r)e " ™" (e, —& ) +cc., where Ak =k —w/c~27i kN2 py, | (hy,) is the
wavenumber mismatch (damping) obtained from the linear dispersion relation. The
characteristic wavenumber mismatch for A =762nm at atmospheric molecular oxygen density

N =5.7x10" cm™ and an equilibrium population of p,, =1/3 is iAk =-T', =—1.7x10cm™
(1/T, ~6m). As the pulse propagates through the atmosphere it induces a magnetization

current which generates a field polarized in both the x and y directions. The wave equation for
the forward propagating, y-component of the complex field amplitude is



(6/6n+iAk)I§y(n, ) =—i27N 14, k(p5(r) + p,u (7)) , Where the Faraday rotated field is
E,(n,7)e"€""&, +cc. The magnetization current is a function of the off-diagonal

coherence terms of the density matrix elements p,,(77,7) = p,,(z)e” " " and

2. (1,7) =P, ()e 7 7. The slowly varying quantities p,,(z) and p,,(z) are given by

reduced density matrix equations (8/07 —iA@,;) P (7)=1Q 4(7) p, and
(0107-iA@,) P (t)=1Q,(7) p,, Where Q. (7) =—iu,E,(2) 1 71, Q=i E, (7)/1,

Lo =Pu=Prn=px=113, p, =0, Ao, =0—,, +iy., Oy =0,—Q,, &, =0,+Q, and it

o!

has been assumed that c|Ak|/a)D 1.

In the case where the pump amplitude is not modulated in amplitude or frequency, i.e.,
conventional Faraday rotation within a long pump duration, 6/9dz =0, the spatial change in the

Faraday rotated field is given by (0/8n+iAK)E, (17,7) =27kN2(E, / h) p,Q, 172 . After
propagating a distance L, the ratio between the Faraday rotated and incident intensities is
11, = |E[TIE[ = @r)' (L1 (Nup, 10 (@, 177,

In the present model the pump pulse consists of a pulse train, as shown in Fig. 5, in which
the duration of the individual micropulses, denoted by 7, can be comparable or longer than the
damping time 1/ y,. However, the time separation between the micropulses T is taken to be

long compared to a damping time. With this ordering of timescales the individual pump pulses
excite the density matrix elements p,, and p,, which generate a wakefield that decays behind

the individual pump pulses (Fig. 5). The magnetization currents generate a Faraday rotated
wakefield behind each pump pulse.
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Figure 5: Pump pulse train and induced polarization rotated wakefields.

The general form of the off-diagonal coherence elements is
(01 or-iAm, ) p. (1)=iQ. (7)p, with solution p. (z)=ip, jd Q. (t)exp(—iAw, (7 —7))
within the pump pulse. The solution behind the pump pulse is 0
Pi(7) =i (7,)exp(iAw,,(r —7,)) and p,(7) =p, (7, )exp(iAw, (r —7,)) . The reduced wave
equations for the x and y components of the wakefields are
(81 dn+iAK)E, (n,7)=—(27/c)J,, (r) =—C.kpW. (z)E,, (5)
(010n+iAK)E, (n,7) =—(27/ ©) J,,, (r) =i C.kp W, (7)E, , (5b)
where k=w/c, w>>|6/07|, c|Ak| and C, =27(NgZ 1)/ y, ~6x107 is a unitless
parameter. In estimating C,we have taken the magnetic dipole moment to equal
Uy, = H, x107* = 2.5x107 statC-cm, the collision frequency to be y, =3.5x10°sec™ and the O,
density to be N =5.7x10®cm?. The current densities are J,, (z) = (N, @/ 2)(D,5(7) — Py (7))
and jMy () == (N @1 2)(Py5(7) + P4y ()) , behind the pulse (7 > r,) they are given by

7 N nszAo D).

J(7) = ﬂh o, o Zyzwx(r), (6a)
- N 2E W
(7)) =i ﬂmh 0P = Icyzwy(f), (6b)

10



where the time dependence of the wakefield is captured by
W, (7) =g 7<) [cos(gzo (r—7,))—& " cos(Q,7) -

(@, 17.)(in(@, (- 7,)) ¢ " sin(Qor)ﬂ,

Wy (2‘) = eih(rirp) |:Sin(Qo (T - Tp)) - e’}/crp Sin(QoT) +

(72)

(7b)
©,17,) (cos(Qo (c—7,)—e 7" cos(Qor))

|

@) |

f (b) |

Figure 6: (a) x-component and (b) y-components of the wakefield response functions W, , (z)
behind the pulse for Q, = 4.5x10° rad/sec. The pulse durations for the solid, dashed, and dotted
linesare 7, =0.1ns, 0.5 ns, 1 ns, respectively.

Figure 6 shows the wakefield time dependence, Egs. (7), for pump pulse durations of
7, = 0.1, 0.5, and 1 nsec, pump pulse energy of 100 mJ, and spot size of 1 mm. This results in a
range of pump intensities from 6x10° W/cm? to 6x10'° W/cm?. Equations (5) indicates that
éx,y / EO is proportional to W, (), if Ak is neglected. For the parameters in Fig. 6, the

E /E,|~05,15,and 16 and |E, / E,|~1x107,

normalized peak wakefield amplitudes are

1.2x10°%, and 2x10°. There is a tradeoff between driving the wakefields with a higher

11



-1/2
p

r, >3/ y, the wakefield amplitude begins monotonically decreasing

intensity pump ( Eo ~7,°°) versus driving it for a longer duration (W, , ~ 7). Asaresult, for

For remote magnetic anomaly detection small spatial differences in the magnetic field
must be measured. Here we consider measuring the differences in wakefield intensities at two
nearby locations. The locations are referred to as (1) and (2) and have local magnetic fields B,

and B, +0B . The intensity of the wakefield at location (1) and (2) is I, and 1, respectively.
The fractional change in intensity of the y-polarized wakefield is
= L|/1 =|s1|/1, = 2‘5I§y / Ely‘ where E,, is the y-component of the wakefield amplitude

and 5I§y is the difference in the wakefield amplitudes between the two locations. Figure 7

shows the fractional wakefield intensities for various values of 6B . For the values shown,
[51]/1,0107,

x107

SB/BU=5xl()_4
__ _8B/B_=1x107

SB/BQ=2><10"3

181/1

1 2
@ () 1 2 3 4 5
BO BO + 53 Y(. (T_TI))

Figure 7: Fractional difference in the wakefield intensity for various fractional differences in the
magnetic field 6B/ B,. The pump pulse has duration z, =500 psec, spot size 1 mm, and energy

100 mJ. The differences in magnetic field and corresponding intensities are from two nearby

locations.

The pump pulse energy is 1(z/2) Rzrp, where R is the spot size. For a pulse of duration
r, =500psec ~2/y,, R=0.1cm and intensity | =10""W/cm?, the pump pulse energy is
80mJ/pulse. For a pulse train, rep-rated at f, =1kHz, the average pump laser power is
(P)= f1(x/2) Rzrp =80W.
12



It is worth noting that at sufficiently high intensities, the upper level, level |4), can be
populated resulting in a laser induced florescence signal to lower energy levels, i.e. levels |1>

and |3) This process is known as the Hanle effect and is briefly discussed in Appendix C. The

magnetization current resulting from the induced florescence of an x polarized pump laser is
J,, <e " cos(wr) [cos(QOr)éX —sin(Qor)éy] [10]. Using polarization filters, the intensity on

a detector due to the x and y components of the current density can be measured separately.
Taking the ratio of the intensities from the x and y components of J,, gives I,./I,, o cot?(Q,7).
Note that the ratio is independent of the collision rate as long as the individual intensities are
greater than the inherent intensity fluctuations.

V. Discussion and Concluding Remarks

Remote magnetometry has important applications, such as detection of underwater and
underground objects. Detection of the magnetic anomaly caused by such an object is important
to Navy missions. In the laboratory, under controlled environment, conventional magnetometry
techniques can be used to measure extremely small magnetic field perturbations (~ ».G ).
Limitations on remote detection include collisional dephasing of magnetic fluctuations, air
turbulence, etc.

The paramagnetic species considered here is the oxygen molecule which has the
magnetic dipole transition (blz; - x3z;) near 762 nm. We considered an intense pump laser to
induce a polarization rotation of the wakefield. This transition is resonantly driven by a linearly-
polarized pump laser pulse. Our examples suggest that the intensity of the rotated component of
the wakefield can be measured.

Numerous issues remain to be considered, these include signal-to-noise ratio limitations,
magnetic field orientation, pump laser absorption in the atmosphere, detection of the wakefield
signal, possibility of inducing O, lasing.

Acknowledgement: We would like to acknowledge Dr. S. Potashnik for useful discussions. This
work was supported by the Naval Research Laboratory Base Fund.
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Appendix A. Transitions in Oxygen Molecule
Oxygen’s abundance in the earth’s atmosphere, approximately 21 %

(N =5.7x10" cm*3) and its paramagnetic response make it a possible candidate species for a
remote optical magnetometer [4-7]. Molecular oxygen O, has two unpaired electrons in the
upper level of the ground state, giving it a paramagnetic response. The ground state of oxygen
X?’Zg , commonly referred to as “triplet oxygen,” has total spin S =1 and three degenerate
sublevels. In atmospheric conditions near the surface of the earth (pressure P =1atm, total
number density N, =2.7x10" cm™, and temperature T =23.5meV ), the ground state is fully
populated because the next excited electronic state’s energy, E, =0.98eV is much greater than

the thermal energy.
The electronic configuration of molecular oxygen is shown in Fig. 8. The first excited

electronic state of oxygen, a'A o is referred to as “singlet oxygen” and only has one spin state
(S,m)=(0,0). This state has an energy of E, , =0.98eV, a'A, can undergo spontaneous
emission via a magnetic dipole transition to the ground state O, (alAg — X3Z;) or a—X.The
a— X transition has a wavelength of 1.27 xzm. This transition is dominantly due to the orbital
angular momentum L and has spontaneous emission rate of A _, =2x10"* sec™ [14].

The second excited state of oxygen blzg will be referred to as the upper state. It is also a
spin singlet state with only one sublevel. The upper state can undergo three radiative transitions;
b'E; — X°%; (m==1), b'E; - X°E; (m=0) and b'T] —a'A, where the first and second
transitions are between the different magnetic sublevels of the ground state and are referred to as
the A band [11]. The transitions will be referred to as b—X,1, b—X,0, and b—a respectively.
The b—X transitions have an energy of E, , =1.63eV, wavelength 4,_, =762nm, and
frequency @, , =2.5x10"rad-sec™. The calculated spontaneous emission rates of the b—X,1
and b—X,0 transitions are A _,, =0.087sec™ and A _, , =1.6x107"sec™ respectively [14].
The radiation from the b—X,1 transition can be seen in air-glow, night-glow and aurorae [14].

The b—X,1 transition is magnetic dipole- and spin-forbidden and it is dominant over the b—a
and b—X,0 transitions which are electric quadrupole transitions [11]. This can be explained by

a large spin-orbit coupling between the b'E; state and the X°E; (m=0) state. The spin-orbit
coupling results in a mixing of the levels and the b—X,1. The b—a transition has an energy of
E, . =0.65eV , wavelength 4, , =1.9um , frequency e, , =9.9x10" rad -sec™ and
spontaneous emission rate of A, , =1.4x10*sec™ [14]. The transitions from the upper b'E;

can be monitored by luminescence spectroscopy [14].
14
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Figure 8: Electron occupancy energy levels of O, as two oxygen molecules are brought together.

Appendix B. Density Matrix Equations

Interaction of an oxygen molecule with radiation is governed by Schrodinger’s equation
indy ot =Hy where H=H,—u,, ~B(t) is the full Hamiltonian, H, is the electronic
Hamiltonian after Zeeman splitting, and —g,, - B(t) is the magnetic dipole interaction energy.

The wavefunction y(r,t)=>'C (t)u,(r) can be decomposed into the orthogonal energy

eigenstates of O,, u,(r). The probability amplitudes C, (t) are related to the density matrix

elements p,, (t)=C,(t)C, (t). The macroscopic electromagnetic fields are driven by a

statistical ensemble of molecules, not a single molecule, and therefore it is necessary to use the
density matrix equations and to introduce phenomenological relaxations terms, i.e.,

0p, Ot =—l®,, P + iZ{Qn, Pim = Py | +relaxation terms.
/
In our model molecular oxygen is treated as a closed four level atom composed of the
ground state O, (X%, ) and the upper level O, (b} ). The ground state has three spin
sublevels m=-1,0,+1 which are referred to as states |1), |2), and |3) respectively. The excited

upper level is referred to as state |4> . The complete set of coupled equations for the density
matrix elements, assuming a closed system, are given by
opy, [ ot = _(rlz + FlB)pll + 1505 + Uy 055 + Ty oy +1 (Ql4p4l — QP ) ' (B1)

Opyp lot=T 12/011_( Iy+T 23),022 + T 0P+ U 2Pu, (B2)
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0Py [ Ot =T50,, + T30, — (F31 +I5, )p33 + 1 300 +1 (934/043 - Q43,034) ' (B3)

OPas 1 Ot =—(Tpy+T 1, +T0) Pas +1( Q401 — Q1004 ) +1( Q300 — Q3 0s). (B4)
0Py | Ot ==y =10y Py +1Qy (P — Pag) +1 Qs (B5)
OPus | Ot ==Y 43P — 10304 +1 Q3 (i3 — Pag ) +1 Q0115 (B6)
0Py | Ot ==y 01 — 1000, 10,0, —1 Q01 (B7)

The population level of state |n) Is given by p.. while the coherence between the states are

givenby p =p- . The transition frequencies are defined as @, = @, — @, where ha, is

energy of the n™" state. For example, the state frequencies are @, =—Q,, @, =0, o, =Q_, and

0!

®, = @, and the transition frequencies are w,, = @, +Q,, @, =-2Q,, and o, = 0, —Q

where o, is O, (blzg — XSZQ) transition frequency in the absence of a magnetic field. The
Larmor frequency is given by Q_ =qB, /(2mc) where q is the electric charge, B, is the static

background magnetic field, and m is the electron’s mass. Equations (B1)-(B7) imply
conservation of population levels, i.e., d(p,, + 0, + P5 + i) 0t =0 (closed system). The

populations are additionally normalized unity, i.e. Tr(p)=1. The interaction frequency between
states m and state n is Q,_ =Q" . Specifically, Q,,(z,t) = 11 B (z,t)/ # and
f241(z,t) =, L5>L(z,t) I i where u is the effective magnetic dipole moment between triplet
oxygen and the upper state and EASR,L corresponds to is the right, handed polarization of the pump
field. The rate equation for p,, is not considered since it does not couple to the those in
Egs.(B1)-(B7).

The rates y,, and y,, consist of contributions from i) elastic collisions (soft, dephasing

collisions with no population transfers), ii) inelastic collisions (population transferring) and
spontaneous emission. The elastic collision rate is taken to be the dominate rate and we set
Y =V =Vu=Y.. Inthe absence of the pump field and at equilibrium we have

Pu= Pr = P =p, and p,, =0. Thisimpliesthat I',, =I',,, I';, =I';; and I',, =T, and we
take these rates, which include inelastic collisions and spontaneous emission, to equal I';. In
addition, the rates I',,, I',, and T, consist of inelastic collisions and spontaneous emission and
we take these rates to be equal to I', . Taking the inelastic collision rates to be equal, i.e.
I', =T, the density matrix equations become
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opy I ot=—y,(py — pff )+i (Ql4p4l = Q01 ) ) (B8)

Opy | Ot ==7,(Pp = P2) » (B9)

Opss | 0t ==, (P = P53) +1(QasPis — QuaPns), (B10)
OPas 1 Ot =7, (s — Pi) +1 (4101 — Qs 04 ) +1( Q300 — Qs ). (B11)
0P | Ot ==, pay =10y Py +1Qy; (P — Pag )+ (B12)
0Py | Ot ==y Py — 10045 +1Q5 (33— Pus )+ 015, (B13)
Oppa [ Ot ==y, s — 10300, 1,0, — 1450, - (B14)

The phenomenological inelastic damping rate is given by y, =3I, =3I, ~10°sec*[6]. The
equilibrium populations for the ground state are p;} = p;; = o5 =1/3 and for the upper state

Pu =0.

Appendix C. Resonant Fluorescent Excitation (Hanle effect)

At sufficiently high intensities laser induced fluorescence, i.e. Hanle effect, can be
considered. The Hanle effect refers to the depolarization of resonant fluorescence lines by an
external magnetic field [1,2,10]. It provides a sensitive experimental technique for a number of
measurements, including remote measurement of planetary magnetic fields [15] and spontaneous
emission rates [10], and spin depolarization rates [16]. It is also the basis of one of the most
sensitive methods for measuring the lifetime of excited levels of atoms and molecules [17]. In
the presence of a magnetic field the Zeeman sublevels of the ground state are split, resulting in a
difference in the resonance frequencies for LHP and RHP light. The resulting phase difference
between LHP and RHP light which is dependent on the ambient magnetic field, alters the
polarization of fluorescing radiation.

To discuss this mechanism in more detail we consider a short intense laser pulse

polarized in the x—directionE_ = EO (r)e " (8, +&,)+cc. Thisis just one of many

pump
orientations and configurations of the pump polarization and magnetic field direction in which
the Hanle effect can occur.

The pump pulse is intense enough to excite level |4) at the expense of levels |1) and |3).
The pump pulse duration 7, is short compared to the collision time which in turn is short
compared to a Larmor period. As the short duration, high-intensity polarized pump pulse sweeps
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by it leaves behind an excited state which fluoresces with polarization components different then
that of the pump. The fluorescence from the excited state p,, to states p;; and ps5 is described
by the off-diagonal coherence of the molecular density matrix elements
Paz = —ilpoTppase @7 and pyy = —iQly T, paee (@177 where
Qo =—ip,E /0, Qo =iuE /1, o,=0-Q, and o, =w+Q,. The magnetization left
behind the pump pulse is M =—M_e %" (e7' =" &, —e ' & ) +c.c. Where
M, =N (E, / h)z,p,,. The associated current density is
J, =M, e [6043 {C0S (@57 ) —iSiN (w57 | &5 + @,y {COS(@,y7 ) —isin (a,7) } &, ]+c.c. , Where
@y, @y [ ¥, . The current density has components in the x and y directions [10] which, for
wll Q,,are given by

Jy =—2M, e " ocos(wr)| cos(Q,7)8, —sin(Q,7)8, |. (C1)

By using polarizer filters, the time average intensity on a detector due to the x and y components
of the current density can be measured separately. Taking the ratio of the intensities from the x
and y components of J,, gives I,,/I, « cot?*(Q,7). The ratio is independent of the collision rate

as long as the individual intensities are greater than the inherent intensity fluctuations.
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