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The effects of a local external magnetic field on the microwave scattering from a laser-generated
plasma are investigated by modeling and experiment, leading to the prediction and observation of
magnetically induced depolarization of the scattered microwaves. The sample volume is localized by
the small laser-generated plasma and the depolarization is shown to depend on both the magnitude
and direction of the magnetic field, indicating the potential for standoff detection and measurement

of vector magnetic fields in gases.

I. INTRODUCTION

In this paper, we study the effects of an external mag-
netic field on the microwave scattering from a laser-
generated plasma and demonstrate magnetically induced
depolarization of the scattered microwaves. Since the
magnetically induced depolarization occurs locally at the
small plasma and is shown to depend on both the mag-
nitude and direction of the magnetic field, the discovery
of this magneto-optical effect suggests a new potential
technology for the standoff detection and measurement
of local vector magnetic fields in gases.

Historically, a variety of magneto-optical rotation ef-
fects have been studied, including Faraday rotation [1],
the Kerr magneto-optic effect [2], and the Voigt effect [3].
Unlike Faraday rotation where polarization rotation is
due to propagation through an optically active medium
such as plasma [4], the interaction with a small plasma,
where A > L, (A = 27mc/w is the wavelength of the
electromagnetic radiation and L, is the plasma length
scale), can result in a magnetically induced polarization
change not yet considered that is independent of propa-
gation length. Previous theoretical investigations of the
electromagnetic scattering by a small plasma in a mag-
netic field [5-7] examined the wave solutions of the scat-
tered fields, but depolarization effects were not consid-
ered. Here we present a derivation of the magnetically
induced depolarization effect and demonstrate this effect
in experiment, hence introducing the capability of stand-
off measurements of local magnetic fields.

Shneider and Miles [8] investigated the microwave scat-
tering by small plasma objects, showing that for a plasma
with skin depth 0 > L,, the plasma scatters the ra-
diation as an oscillating dipole. Their findings led to
a new regime of microwave scattering diagnostics in-
cluding radar resonance-enhanced multi-photon ioniza-
tion (Radar REMPI) [9] and Rayleigh microwave scat-
tering (RMS) [10]. Radar REMPI has been applied to
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trace species detection [11], electron loss rate measure-
ments [12], and temperature measurements in gas mix-
tures and flames [13-15], while RMS has been applied to
time-resolved measurements of electron number density
for plasma medicine applications and multi-photon ion-
ization cross-section measurements [10, 16]. Both Radar
REMPI and RMS achieve nanosecond time resolution
through GHz bandwidth homodyne/heterodyne detec-
tion. In this paper, we extend these methods to the time
accurate measurement of local magnetic field properties.

The magnetically induced depolarization of microwave
scattering from a laser-generated plasma enables a mag-
netic field measurement that is localized at the small
plasma and can be detected at arbitrary angles. This
is in contrast to the measurement of a magnetic field via
Faraday rotation, which is path integrated and requires
measurement of a forward propagating beam. The mea-
surement of a vector magnetic field via the magnetically
induced depolarization effect is distinct from (but can be
complementary to) remote vector magnetometers in the
literature [17-20]. The proposed measurement technol-
ogy brings standoff capability to magnetometry, allowing
one to measure and monitor magnetic fields in environ-
ments with limited diagnostic access.

II. THEORY

To model the interaction, we consider a small plasma
sphere with length scale L, and assume the plasma to
have a skin depth § > L,. We model the effects of a po-
larized incident microwave field with angular frequency
w on the motion of the electrons within the main plasma
body in the presence of an external magnetic field, illus-
trated in Fig. 1. Assuming a Maxwellian distribution of
electrons, a fixed background of ions, and a spatially con-
stant density plasma of number density n and volume V,
we obtain the equation of motion for a displaced electron:

Ar = 7£(Eoe*i“’t+A'rxBemt)fl/mA'rfgngr, (1)
m

where Ar is the vector displacement of the electron, e/m
is the electron charge-to-mass ratio, Fgq is the microwave
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FIG. 1. Model setup for microwave scattering by a small
plasma in a magnetic field. A polarized incident microwave
beam interacts with a small spherical plasma, resulting in an
oscillating induced dipole moment. Ar is the vector electron
displacement from the main plasma body.

electric field amplitude, Begt is the applied external mag-
netic field, v, is the electron momentum transfer colli-
sion frequency, and w, = y/ne?/meg is the plasma fre-
quency. The depolarization factor ¢ [21] is included to
capture the effect of the plasma geometry on electric po-
larization; since we have assumed a spherical plasma,
(e = (¢ = (. = ¢ =1/3. We neglect the Lorentz force
due to the microwave magnetic field since this is much
smaller than the Lorentz force due to the microwave elec-
tric field for non-relativistic electrons.

Taking Eq = FoZ, Begt = BextZ, and Ar = Azd +
Ayg+AzZ, we obtain a coupled system of driven damped
harmonic oscillators for Az and Ay (the displacement in
2 is unaffected by the fields in this setup). We then
take Az = Azge ™! and Ay = Aype ™! to obtain the
non-homogeneous solution due to the interaction with
the microwave field. The complex amplitudes Axy and
Ayg are found to be:

- B
and
Ay = SRR 3)

where w. = eBeyt/m is the electron gyrofrequency and
&= ((wg—wQ—z’I/mw)*l. We will consider the small mag-
netic field and low collisionality limits, i.e., keeping terms
to first order in (w./w) and (v, /w) With w.w < \wa)—wQ\
and v,,w < [(w? — w?|, respectively. These approxima-
tions fall well within the limits of our experiments and
help to more clearly illustrate the magnetic field effect.
[The full expressions in Egs. (2) and (3) would need to
be used instead if the experiment parameters do not fall
into these limits.]

In the Rayleigh regime, where the receiver distance
from the plasma is R > A > L, and the skin depth is
d > L, [8], the averaged scattered dipole radiation power

is [22):

~|d)?
(©) = 6megcd’

(4)

where d = enV Ar is the induced dipole moment of the
small plasma. Using the principle of superposition, we
can obtain the scattered electric field signal E (the mea-
surable quantity in microwave scattering experiments) in
the & and ¢ polarizations by considering the induced
dipole moment for each polarization independently:

Esp x /(Oy) x |Axgl, (5)

Esy 08 \ <®y> X |Ay0|7 (6)

which gives the depolarization ratio:
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The phase difference Agp between the & and g polariza-

tion scattered fields is found from the phase difference
between Axg and Ayg:

and

1)’
=)
The angular dependence of the scattered electric field po-
larizations follows from the corresponding radiation pat-
terns for the oscillating dipoles in each polarization di-
rection [8]; we consider scattering in the 2 direction since
the & and g dipoles both radiate at a maximum in this
direction. We make two conclusions based off this model:
1) in the presence of a magnetic field, we obtain a mag-
netically induced depolarization (in the Eg X Begt direc-
tion) of microwave scattering, and 2) this depolarization
signal is linear in w, o Bey: to first order. The magnet-
ically induced depolarization of the scattering signal is

illustrated in Fig. 2.

The physical mechanism behind the magnetically in-
duced depolarization can be pictured as follows: An in-
coming microwave beam with an initial polarization (re-
ferred to as “E polarization”) is scattered by the plasma
electrons in the presence of an external magnetic field.
The electrons will have an oscillation component in the
E polarization direction at the microwave frequency, act-
ing as an oscillating dipole that radiates the E polariza-
tion, but will also experience an ExB.,; drift which oscil-
lates at the same frequency. This results in an oscillating
dipole component in the ExB.,; direction, and hence ra-
diation of ExB.;; polarization, which is orthogonal to
the E polarization and will be referred to as “magneti-
cally induced depolarization”. Note that the derivation
of the full tensor linking Es(ox Ar) and arbitrary Ejp is
a simple extension of the model introduced here to the

tan Ap = (8)
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FIG. 2. Illustration of the magnetically induced depolariza-
tion effect. The incident microwave beam is polarized in what
is referred to as the E polarization direction. The scattering
in a magnetic field leads not only to E polarization but also
to a magnetically induced depolarization component.

cases Fg = Epy and Eg = EyZ, where the former also
demonstrates the magnetically induced depolarization ef-
fect while the latter is equivalent to the zero external
magnetic field case, since in this case Eg || Begt- By
applying a rotation matrix to this tensor, we can then
find the expected scattering polarization ratios for an
arbitrary magnetic field orientation, which could then
be used to measure the vector magnetic field. If the
plasma is generated by laser-induced ionization at a laser
focus, the measurements can be spatially resolved, and
since microwave scattering is used to probe this small
laser-generated plasma, one can perform standoff mea-
surements of the local vector magnetic field.

III. EXPERIMENT SETUP

The experiment setup follows from the illustration of
Fig. 2. The small plasma (L, ~ 0.1 mm) is produced via
2+1 REMPI of xenon by focusing a 0.2 mJ, 1 kHz repe-
tition rate, 100 femtosecond laser pulse at 256 nm wave-
length with a lens of 30 cm focal length into a quartz
glass cell of 7 mTorr xenon with fused silica windows.
The external magnetic field is generated by an electro-
magnet with a maximum magnetic field of By,q, =~ 0.08
T. The bistatic homodyne microwave detection system
is described in [10]. The transmitter emits w/27 = 12.6
GHz microwaves with E polarization which are scattered
by the plasma (A = 2.38 cm > L, ensures the plasma
can be considered small). The receiver can be rotated
to select either the scattered E polarization or ExB.,;
polarization, the resulting signals of which will be called
the E polarization signal and the magnetically induced

depolarization (also referred to as “depolarization”) sig-
nal, respectively. The transmitter and receiver are both
at a distance R ~ 10 cm away from the laser-generated
plasma. We also have § &~ 3 mm along with the relevant
characteristic frequencies w./2m ~ 2 GHz, v,, ~ 2 GHz,
and w,/2m ~ 100 GHz, ensuring that our experiment
satisfies the Rayleigh regime as well as the small mag-
netic field and low collisionality limits described above.
To ensure the plasma does not distort the external mag-
netic field, we require the magnetic Reynolds number
R,, = ULpgo to be less than unity, where U is the
plasma fluid velocity, L is the magnetic field gradient
length scale, and o is the plasma conductivity [23]. For
the small plasma in our experiment (which expands via
ambipolar diffusion), we have as upper bound estimates:
U~ 20 km/s, L ~ 1 mm, and ¢ ~ 3000 Q~'m~!, which
result in R, ~ 0.06 < 1. For the preceding calculations,
the electron temperature T, ~ 2 eV was estimated by cal-
culating the excess energy above the ionization threshold
that the 3-photon ionization (from 2+1 REMPI) pro-
cess contributes, and dividing this excess energy among
the three degrees of freedom of the newly freed electron.
We also used the upper bound on the plasma density
n a3 x 102 m~3 (full ionization case) to ensure a max-
imum estimate for the magnetic Reynolds number.

IV. RESULTS AND DISCUSSION

The effect of switching on an external magnetic field
of Beyt = Bpaz 18 shown in Fig. 3 for both the depo-
larization and E polarization signals. It should be noted
that, 1) there is a nonzero depolarization scattering sig-
nal for B.,; = 0 due to other depolarization effects (such
as scattering by the glass cell and by randomly oriented
nuclear spins), and 2) there is a small phase shift between
the depolarization and E polarization setups leading to
a qualitative difference in the signals. Neither of these
points are issues in our test, since we are focusing on the
relative change due to the introduction of an external
magnetic field in each case. The magnetically induced
depolarization signal has a greater relative change com-
pared to the E polarization signal, which is in agreement
with our model: the depolarization signal is shown to
be proportional to (w./w) ~ 1/6 [Eq. (6)], while the E
polarization signal is shown to have no dependence on
the magnetic field [Eq. (5)] since the effect is of second
order, i.e., (w./w)? ~ 1/36 < 1. These findings suggest
adjusting the receiver to the E polarization to perform
measurements of quantities described in [9-16], and ad-
justing the receiver to the magnetically induced depolar-
ization to detect and measure magnetic fields.

The dependence of the depolarization scattering signal
on external magnetic field strength is shown in Fig. 4.
The magnetic field was varied by adjusting the current
applied to the electromagnet. The trend is approximately
linear, which is in agreement with our first order model
[Eq. (7)], and verifies that the depolarization scattering
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FIG. 3. Microwave scattering signal at maximum and zero
external magnetic field for (a) magnetically induced depolar-
ization and (b) E polarization. The magnetically induced de-
polarization signal has a greater relative change compared to
the E polarization signal, which agrees with our model. The
results have been averaged over 1000 laser shots.

is sensitive to the magnitude of the external magnetic
field. A suitable calibration of this curve would allow
quantitative measurements of the external magnetic field
magnitude (since in this case Eg | Begt), Or more gener-
ally for non-orthogonal fields, quantitative measurements
of the external magnetic field component orthogonal to
both Eg and the receiver polarization.

Since the depolarized signal varies linearly with mag-
netic field strength, reversing the magnetic field direction
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FIG. 4. Depolarization signal dependence on magnetic field
strength. The trend is approximately linear, in agreement
with our model. The zero magnetic field offset is due to other
depolarization effects mentioned in the text. The vertical er-
ror bars represent the standard error in averaging each signal
over the interval of 300-500 ns while the horizontal error bars
represent the uncertainty in the current dial controlling the
magnetic field strength.

(in our case, by switching the current leads) should lead
to a reversal of the magnetically induced dipole, which
corresponds to a 180° phase shift in the depolarization
signal. Figure 5 demonstrates this effect by varying the
distance of the receiver from the small plasma and plot-
ting the signals for both positive (+2) and negative (—2)
polarity magnetic field with the B.,; = 0 background
signal subtracted out. The horizontal axis is the phase
difference between the scattered (RF) and local oscillator
(LO) microwaves, which is calculated from normalizing
the receiver displacement by A and multiplying by 360°.
We see a sinusoidal dependence for each signal, with a
period of 360°, corresponding to a full wavelength dis-
placement between the RF and LO signals. The depolar-
ization signals for positive and negative polarity external
magnetic field are shown to have a relative phase differ-
ence of 180°, which is a verification of the sign reversal
predicted for the magnetically induced dipole and demon-
strates the capability to detect magnetic field polarity.

V. CONCLUSION

In summary, we have investigated the effect of an ex-
ternal magnetic field on the microwave scattering from a
laser-generated plasma, where we have predicted and de-
tected a magnetically induced depolarization of the scat-
tered microwaves. The scattering is localized at the small
laser-generated plasma and depends on the magnitude
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FIG. 5. Depolarization signal dependence on positive and
negative polarity magnetic field for varying phase difference
between the RF and LO signals, corresponding to changing
the receiver distance from the small plasma. We see a sinu-
soidal dependence for each signal, with a relative phase dif-
ference of 180° between the signals, corresponding to a sign
reversal of the magnetically induced dipole. The vertical er-
ror bars are described in Fig. 4 while the horizontal error bars
represent the uncertainty in the distance measurements due
to ruler resolution.

and direction of the magnetic field, showing the potential
for standoff detection and measurement of local vector

magnetic fields. The standoff capability of the proposed
measurement technology opens the possibility of vector
magnetic field measurements in limited diagnostic access
environments. The nanosecond time resolution provides
a time-resolved measurement of the magnetic field, which
may be useful in monitoring rapidly varying magnetic
field fluctuations. Since the depolarization and E polar-
ization signals differ in their response to an external mag-
netic field, one can use this knowledge to either minimize
magnetic field influence on a measurement quantity of
interest, or maximize magnetic field influence to measure
the local structure of the magnetic field. Although the
small plasma was generated via REMPI in our case, in
principle any small plasma could be used. The magnet-
ically induced depolarization effect can be extended to
different regimes in the electromagnetic spectrum such
as terahertz or millimeter waves. It should be noted that
the plasma should satisfy the Rayleigh regime if quanti-
tative measurements are to be made, though a plasma in
the Mie regime would also demonstrate the qualitative
effect of magnetically induced depolarization and hence
would still allow detection of the magnetic field.
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