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Linear mode conversion of Langmuir/z-mode waves to radiation in plasmas

with various magnetic field strength
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Linear mode conversion of Langmuir/z waves to electromagnetic radiation near the plasma and upper
hybrid frequency in the presence of density gradients is potentially relevant to type II and III solar
radio bursts, ionospheric radar experiments, pulsars, and continuum radiation for planetary
magnetospheres. Here, we study mode conversion in warm, magnetized plasmas using a numerical
electron fluid simulation code when the density gradient has a wide range of angle, J, to the ambient
magnetic field, B, for a range of incident Langmuir/z wavevectors. Our results include: (1) Left-
handed polarized ordinary (oL) and right-handed polarized extraordinary (xR) mode waves are
produced in various ranges of J for Qq= (wL/c)'/ 3(coce/cu) < 1.5, where w,, is the (angular) electron
cyclotron frequency, w is the angular wave frequency, L is the length scale of the (linear) density
gradient, and c is the speed of light; (2) the xR mode is produced most strongly in the range,
40° < 6 < 60°, for intermediately magnetized plasmas with Qy= 1.0 and 1.5, while it is produced
over a wider range, 0° <0 <90°, for weakly magnetized plasmas with Qy=0.1 and 0.7; (3) the
maximum total conversion efficiencies for wave power from the Langmuir/z mode to radiation are of
order 50%—99% and the corresponding energy conversion efficiencies are 5%—14% (depending on
the adiabatic index y and f§ = T./m.c?, where T, is the electron temperature and m, is the electron) for
various Q; (4) the mode conversion window becomes wider as Q, and ¢ increase. Hence, the
results in this paper confirm that linear mode conversion under these conditions can explain the weak
total circular polarization of interplanetary type II and III solar radio bursts because a strong xR

mode can be generated via linear mode conversion near 6 ~45°. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4837515]

I. INTRODUCTION

Standard linear analyses of dispersion relations for ho-
mogeneous plasmas yield wave modes that are uncoupled
and distinct. However, in inhomogeneous plasmas, the wave
modes are often coupled to each other. For some range of
frequency and angle of propagation, the energy can be trans-
formed linearly from one mode to another with constant fre-
quency via a process called linear mode conversion (LMC).'

Density gradients facilitate LMC from the Langmuir/z
mode into electromagnetic (EM) waves when the wave fre-
quency is near the electron plasma frequency (w,,.). This
LMC process is potentially relevant to radiation from fore-
shock regions upstream of Earth’s bowshock,*? type II and
IIT radio bursts from the solar corona and interplanetary
medium*'° radiation from the outer heliosphere,1 !"and iono-
spheric medium frequency bursts.'> LMC also occurs near
the upper hybrid resonance () and is believed to be im-
portant in producing continuum radiation in the magneto-
spheres of Earth and other magnetized planets,"*™” and
auroral roar emissions.'®

Recent progress in LMC theory suggests that LMC can
effectively generate solar and heliospheric emissions.*™®
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Kim et al.* (hereafter KCR08) demonstrated that LMC can
produce the right-handed polarized extraordinary (xR) mode
as well as the left-handed polarized ordinary (oL) mode from
Langmuir/z waves, contrary to earlier expectations that re-
stricted the mode conversion process to only the oL mode. "’
They suggested that the partially polarized type II and III ra-
dio bursts, which have degrees of polarization between 0%
and 70%, but are never 100% polarized,”® could be directly
generated via the LMC process because the production of
both xR- and oL-mode radiation by LMC leads immediately
to weakly circularly polarized radiation. KCROS8 also showed
that the energy conversion efficiency, defined as the ratio
between of energy densities for incoming Langmuir/z and
outgoing EM waves, is similar to nonlinear and observed
conversion efficiencies.

The angle between the density gradient and the back-
ground magnetic field (6) varies from 0° to 90° in space.
Continuum radiation from planetary magnetospheres is
believed to come preferentially from a source near the magnetic
equator.*?'"*> There, the average density gradient (VN) is
approximately radial, and the background magnetic field (B) is
perpendicular to the magnetic equator, so & = 90°.**%° For type
IT and IIT bursts in the corona and solar wind and terrestrial
foreshock emissions, VN is directed radially outward from the
Sun, while the direction of B with respect to the radial direc-
tion (density gradient) is 0 ~45° (Refs. 8 and 26) at 1AU and
increases beyond 1AU asymptoting to 6 ~90° in the outer

© 2013 AIP Publishing LLC
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heliosphere, according to the Parker model for B,. However,
most previous LMC studies for simplicity focused on parallel
density cases where VN, || Bo.>*>*"?® For the parallel case,
LMC occurs near o ~ w,,,, where  is the incoming wave fre-
quency but in the perpendicular density case®>* where VN, L
B, and LMC occurs near @ ~ wyy.

Recently, LMC for the case of oblique density gradients
has been examined.® Using a warm plasma wave simulation
code developed in Ref. 4, Schleyer er al.® (hereafter SCK13)
calculated the mode conversion efficiencies in weakly magne-
tized plasmas. They showed that the energy conversion effi-
ciency is strongly dependent on the angle d, f=To/mec?,
where T is the electron temperature, 1. is the electron mass,
and ¢ is the speed of light, and the incident angle 6 of
Langmuir/z waves to the density gradient. They also showed
that the power conversion efficiency, defined as the ratio
between incoming and outgoing Langmuir wave power, is in-
dependent of 5. However, they only adopted a single back-
ground magnetic field strength (B) and ratio w,./w,,, = 0.005,
where @, is the electron gyrofrequency, in a weakly magne-
tized plasma. Because both the mode conversion efficiencies
and outgoing EM wave polarization depend on w../w), (Refs.
4 and 5) and can vary substantially in strongly magnetized
plasmas, it is necessary to investigate how wave polarizations
and conversion efficiencies depend on B and 9.

The purpose of this paper is to investigate the LMC pro-
cess as a function of d, By, and 0 and to examine the conver-
sion efficiency from Langmuir/z to oL and xR waves,
respectively. This paper provides an extension of the previ-
ous simulations and analyses of KCR08 and SCK13 into pa-
rameter regimes relevant to the entire heliosphere. We
determine the power of the incoming and reflected
Langmuir/z waves and the outgoing oL and xR modes from
the simulated data and calculate the total, oL and xR modes’
energy and power conversion efficiencies. We also construct
the hodograms and polarization ellipses of outgoing EM
waves and compare the results with theory.

This paper is structured as follows: In Sec. II, the defini-
tions of the power and energy conversion efficiencies and
the relationship between these conversion efficiencies are
described. Section III describes the simulations model
descriptions and presents simulation results for the conver-
sion efficiencies and outgoing wave polarizations. The last
section contains a brief discussion and the conclusions.

Il. MODE CONVERSION EFFICIENCIES
A. Definitions of mode conversion efficiency

The mode conversion efficiency from one mode to
another can be defined using wave energy density or power.
The energy mode conversion efficiency (¢) is defined as the
fraction of energy from the incoming Langmuir/z mode
wave (uL,-,,) converted into EM wave energy (MEIVIW,)5

MEM

p= g (1)
m

EM __
where M[)ut - Zi:x,y,z

2 2 2
Ei|EM,out’ ”an = Zi:x,y,z Ei‘L,m’ Ei|L7in’

and |E,-|§M‘Um are the spatial power spectra of the Langmuir/z
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and transverse fields in the ith dimension, respectively. The
power conversion efficiency (¢,,) is

SE uk

2 out out

8p:1—|RL| :1——( :1— s (2)
S g,

where S is the Poynting flux and R; is the reflection coeffi-
cient of the Langmuir/z mode. If there is only one outgoing
EM wave mode, then the relationship between ¢ and ¢,
becomes*°

&
L=4, 3)

where ngM and ng are group velocities of EM and
Langmuir/z waves. For unmagnetized plasmas, the group ve-
locity ratio ( |ngM/vg,L |) between EM and Langmuir/z waves
is reduced’ to |ngM/ng |~ (yp)~ "/, where 7 is the adiabatic

index, thus,
e _1
—~ 0P @)

In magnetized plasmas, there are two different outgoing
EM waves (i.e., oL and xR waves) and the total energy con-
version efficiency can be described as the sum of the oL (&)
and xR (¢") conversion efficiencies

e~et 48, )

where the superscripts * represent xR and oL mode waves,
respectively. The relationship between ¢, and ¢ is

+ —

v v

Gp=1— R[> ~e" S+ £ (6)
V&
L 3

Equation (6) clearly shows that the relationship between ¢
and ¢, in strongly magnetized plasmas is not as simple as for
unmagnetized or weakly magnetized plasmas, because vgi is
a function of By, Ny, 7, f§, and wavevector, k. In weakly mag-
netized plasmas, the ratio between the two conversion effi-
ciencies reduces to Eq. (3) since v, " ~ v, ~kc*/.

B. Parameters for conversion efficiency

The mode conversion efficiency is expected to be pri-
marily a function of the quantities**~"

q = (koL)*?sin>0% (7)
and
1/3
Q) = (koL)'Y)/2, ®)

where ko= w/c, L is the density scale length, 0“;, is the inci-
dent angle of Langmuir/z waves to VNy, and Y, = w../o.
Willes and Cairns™* generalized Eq. (7) and found that the
mode conversion efficiency is primarily a function of

q = (koL)**K3, )
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where K| =k, /kq is the normalized wavevector perpendicu-
lar to VN of the incoming Langmuir/z waves.

Similar to KCRO8 and Ref. 34, the maximum of 6%;, for
outgoing oL and xR waves (0% hax.in) can be calculated
from K?, = (K" sin0**,,)* = (K~ sin0~,,,)°, where K= are
normalized wave numbers and 0™ ,,, is the angle between K
and VN, of outgoing oL (—) and xR (+) waves. Because the
maximum of sinf™,,, is 1

+ - Ki - b +
eanfoin = sin l(ﬁ> ~ sin~! 1 iﬂX K1, (10)
e

Xo(1 - X,)
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where K™ =K (0% ,,,=90°), (K“)?=(1 — X,)/(yp) is the
normalized wave numbers of the Langmuir/z mode and
Xe:(wpg/w)z. For 0*,,, =m/2, since outgoing oL and xR
waves propagate perpendicular to VN, the angle between
wavevector to By becomes |n/2—¢| (for instance, 90° for
Bo|| VN, and 0° for By L VNy). Because EM waves far from
the resonance cone in warm plasmas can be treated as cold
plasma waves,*> K= for outgoing EM waves in the region
far from the mode conversion area can be calculated using
the Appleton-Hartree equation’' under the cold plasma
approximation,

an

Y4sint|n/2 — ¢|

2 a3
|y, Yindn2 = i\/

2

From Eq. (7), (10), and (11), the maximum of ¢ then can be
calculated as

2
1 _Xe +
— K-

B 2/3
= (koL) B

(12)

*
Imax—in

Figure 1 shows OLtmax_,-,, and qtmax_m as a function of €
for w,,=2x 10°s™", koL =1 x 10°, p=0.01, X, =0.95, and
0=0°, 30°, 60°, and 90°, respectively. In this figure, 0™ axin
for oL waves clearly increases when ¢ and/or Q increase, and
0 maxin always exceeds 0°. For 6 = 0°, 0" ,.x..» does not depend
on Q because the dispersion of two oL modes in Eq. (11) can
be reduced to K*= 1 — X,, which is independent of B. For the
xR mode, 0", has a maximum value of 5.74° near 6 = 0° for

oL mode xR mode
10 6
. (a) o
4 =
5 8 5=9 - 0=90
4 € RS
[==] 7 0 [==]
2
6 30
0
5 0
0 1 2 3 0 1 2 3
6
c
5.6/ 5 =90 (©) @
% 5.4 % 4 0
£ £
‘o 52 K= 8=90
2
5 0
4.8 0
0 1 2 3 0 1 2 3
Qo Qo

FIG. 1. The maximum angles 0 = 0™, in degrees and maximum values
of g= qimax_,ﬁ, where the superscripts = represent xR and oL mode waves,
respectively, for LMC into ((a) and (c)) the oL and ((b) and (d)) xR modes as
functions of Qy= (koL)"*Y"? for koL=1x 10%, yf=0.01, and X,=0.95.
Here, 0 is the angle between density gradient and the ambient magnetic
field.

2P v2(1 - X eostln/2 - 9]

1 =0.01 and decreases when ¢ and/or ) increases. The maxi-
mum value of €, for mode-converted xR-mode waves, which
occurs when gt =0 and 0", =0°, can be derived from
Egs. (8) and (11) when K*|, — 0 and Y,=(1-X,), thus,
Qo ~ (koL)"*(1 —X,)"* = 2.24 for the given conditions.

Based on 0 ..., We can determine whether oL- and/or
XR-mode waves can be generated from the Langmuir/z waves
or not. Both oL and xR modes can be produced by LMC when
0F < 07" pax < O maxs bUL only the oL mode can be generated for
07 max < 0F < 0 max» While no EM waves can be produced for
0F > 07,,,..x. We examine wave simulations described in Sec. III
for 0° <6 <90°, Qp<2, and 0.01 < g <3.5, respectively. In
the simulations, the adopted values of ¢ are lower than the val-
ues of ¢ max.in in Figure 1 so that both oL and xR modes can be
generated from Langmuir/z waves via the LMC process.

lll. NUMERICAL SIMULATIONS
A. Model description

To investigate LMC between Langmuir/z and EM waves
in warm magnetized plasmas we use the numerical fluid sim-
ulation code developed in Ref. 4. Assuming the plasma
obeys an adiabatic pressure law with PN’ = constant, where
P and N are the plasma pressure and density, respectively,
the code solves the linearized Maxwell equations, the elec-
tron momentum and continuity equations for an electron
fluid with finite mass and thermal pressure, and Ohm’s law

OB
E=—— 1
V x 5 (13)
1 OE
B= = 14
v X IuOJ +C2 8[ ) ( )
v
NomeE = —Noe(E +v x By) —neEyg — Vp —vv, (15)
J = —Ngev, (16)
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on
= _V- (N 17
ot v ( ()V)7 (17)
P = ynPy/No, (18)
Py = TyNy, (19)
and
VP,
E)=———. 20
0 Noe (20)

Here, E, B, v, and J are the perturbed electric and magnetic
fields, electron velocity, and current density, n and p are the
perturbed electron density and pressure, and Py Eg, and v
are the background electron pressure, magnetic fields, and
collisional frequency, respectively. Since we have adopted a
constant B in slab geometry, there is no background electron
velocity and current in the simulation. In addition, v is only
adopted near the boundary to absorb waves. Note that only
linear perturbations are contained in Egs. (13)—(20).

In order to solve equations numerically, the following
assumptions are adopted:

1. We assume that VN lies in the z direction and By = (B,
sind, 0, By cosd), where § is the angle between B, and
VN,. For simplicity, By is assumed to be constant. We
perform wave simulations for Qy=0.1-2.0.

2. We define X, = a)zpe/a)2 with

Xo forZ <0
X, (Z) = (21)
Xo(l+2Z/L) forZ >0,

where X=X, (Z=0)= w2p0 / @* and Z = kyz is a normal-
ized length. Typical solar wind values for the electron
density, with @,o=2 x 10°s™'and density scale length
with koL =1 X 10° are used. However, in order to save
computing time, we assume that y=0.01 rather than
more plausible values of 107*-10~" for the corona and
solar wind. Here, we also assumed Xy =0.95 similar to
the previous simulation studies.*® Although both power
and energy conversion efficiencies depend on f,°° the
simulation results for both the conversion efficiency and
conversion window can be scaled to realistic parameter
and the dependence of y is weak compared to the depend-
ence on f.° Thus, we adopt y= 1, for simplicity. Under
given conditions, mode conversion occurs near Z,. = koL
(I —Xo) =50 when o =~ wp,.

3. Since collisions are adopted only near the boundary,
plasma in the region where mode conversion occurs in the
simulation box can be considered collisionless.

4. Because there is no background gradient in the X and Y
direction, all variables may be represented as a superposi-
tion of Fourier modes with dependence, A =A(Z, t) exp
(iK, X), where X and K, are normalized lengths and wave-
numbers: X = kox and K, =k,/ko. Here, K, is constant by
Snell’s law, and we assume K,=0 without loss of
generality.

5. We divided the simulation box into four regions (see
Figure 2 in Ref. 5); region I has constant N, but waves are

Phys. Plasmas 20, 122103 (2013)

damped due to imposition of collisions, region II has con-
stant Ny where Langmuir/z modes are generated in elec-
tric fields, region III has constant Ny, and region IV has
inhomogeneous N,, where mode conversion occurs.
Although reflecting boundary conditions are used in the
code, the waves damp before they reach the boundary in
region I due to collisions so the boundary condition is
effectively an outgoing boundary. Moreover, waves never
reach the boundary in region IV because they are reflected
and/or mode converted before they region that boundary.

6. The size of each region in the simulation box is arbitrary:
7y = 802"k, where 2" = 2me/7B(wf — w§0)71/2 is wave-
length of Langmuir wave in unmagnetized plasma, for
region I, Zn= 102"k, for region II, Zy=50, 250, or
650"k, for region III, and Zy = 1001 ko + Zine for region
IV, respectively. In order to describe short wavelength
Langmuir/z waves as well as long wavelength EM waves,
the spatial grid size dZ is chosen to be dZ = ko "/14.

7. For weakly magnetized plasmas (Qy=0.1 and 0.7), we
adopt a short simulation box with ZIH:SO/ILkO, but for
intermediately magnetized plasmas, longer simulation
boxes with Zy=6501"k, and 250"k, are used for
Qy=1.0 and 1.5, respectively.

8. Initial Langmuir/z waves are generated continuously by
driving the E, and E, components in region II with a wave
having a single frequency o and wavevector K = (K“,,0,
K*.) = (K'sin0";,, 0,K“cos6*;,). Time histories of the elec-
tric and magnetic fields in region III are then recorded
during the stationary time period, after the initial transi-
ents have died out.

B. Calculations of mode conversion efficiency

Calculations of the conversion efficiency from the simulation
data require the wave power in each wave mode, obtained
from the Fourier transform (in Z) of the wave solution in
region III where the density is constant and decomposition into
the normal modes is straightforward. In order to distinguish the
two separate peaks of oL and xR waves in the Fourier-
transformed K domain, the resolution 0K = 27m/Z;; should be
smaller than the difference in wavenumber of the two peaks, at
least 0K <|K'.-K.|. For weakly magnetized cases of
Qy=0.1 and 0.7, because K.~ K ., 5K becomes extremely
small and Zy;; should be infinite or extremely large to separate
two wave modes. Therefore, in order to save computing time,
we adopt a short simulation box with Zjj; = 502 ko. With the
short simulation box, JK is not sufficiently small enough to
separate the oL and xR modes and thus the power in the oL
and xR modes cannot be determined directly from the simula-
tion data. For the intermediate magnetized plasmas, we adopt a
longer simulation domain satisfying 6K < |[K".—K .|, which
enables us to calculate the separate mode conversion efficien-
cies for both the oL and xR wave modes.

Figure 2 shows the peaks in the power spectra for vari-
ous magnetization conditions in shorter and longer simula-
tion boxes. The spatial dependences of the EM waveforms
from E, (the ES waves have E, and E. field only) in the left
column of Figure 2 show direct evidence for superposition of
two EM wave modes for all Q, cases. Since K ,~K", and
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0K > |K".—~K .| for Qy=0.7, there is only one peak in the
power spectra for Qy = 0.7 in Figure 2(a). However, two sep-
arated peaks of oL and xR waves are clearly seen in the right
columns of Figures 2(b) and 2(c). The xR and oL mode
waves are dominant for Qy= 1.0 and 1.5, respectively.

In order to calculate the energy of each of the wave
modes, we adopt a wavenumber bandpass filter that covers
the bandwidth K™°%°—§K < K™°de < gkmode 4 5K where
K™% is a center wavenumber of outgoing EM waves and
0K =2n/Zp, and then we calculate the electric power of
each mode according to

23

J 20K

Kmode +4 K
Kmode _§5 K

mode

(K)E}"(K), (22)

where E is the bandpass-filtered Fourier transform of E in the
spatial variable, Z. For the weakly case of Qy,=0.1 and 0.7,
since K™% =K'~ K", as shown in Figure 2(a), the peak in
the total electric power contains both oL and xR waves. For
the longer simulation box, the total electric power of the out-
going EM waves is sum of the power of the oL and xR waves

EM __  — +
out — Mout + Mout'

u (23)

C. Simulation results: Q¢ =0.1 and 0.7

For weakly magnetized plasmas with Qy=0.1 and 0.7,
we calculate the power (¢) and energy (¢,) conversion

efficiencies without separating into oL and xR modes and
plot contours of ¢ and ¢, as a function of ¢ and ¢ in Figure 3.

For Qy=0.1 in Figures 3(a) and 3(b), both conversion
efficiencies are independent of 6 and are similar to the
unmagnetized plasma cases® =% and the parallel density gra-
dient case of 6=0°"*" The maximum power (&,™™) and
energy (¢™) conversion efficiencies are ¢,""* ~50% and
"™ ~ 5%, respectively, for those parameters. Owing to the
weak By, the ratio of the group speeds (ngM/ng) of the EM
and Langmuir/z waves can be reduced to the unmagnetized
plasma case of (yﬂ)_l/2 in Eq. (2). Therefore, ¢,/e~ 10
=(yp)~ " for given conditions and the simulation results are
in good agreement with theoretical ratios.

For Qy=0.7 in Figures 3(c) and 3(d), both conversion
efficiencies are shown maximize for the perpendicular den-
sity gradient (6 =90°, where &,""*~80% and &™* ~ 8%)
and minimize for parallel orientation (6=0°, where

X~ 40% and ™™ ~4%), see also Ref. 6. The power
(Ag,) and energy (Ag) mode conversion ¢ windows become
wider when ¢ increases, which is similar to the previous sim-
ulation results of SCK13 for Qy=0.76. In this case, the effi-
ciency ratio, &/, also can be reduced to the unmagnetized
approximation, &,/e ~ 10 = ()" 2. We define a g™ (where
e=¢"") and ¢,"" (where ¢,=¢,"") for each 6. The value
of g™ and ¢, are almost constant as ¢ varies and
g™ = g, =~ 0.5 for both Qy=0.1 and 0.7 in Figure 3.

By assuming that both the oL and xR modes are per-
fectly circularly polarized and analyzing hodograms in their

X ax
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FIG. 3. Contour plot of the power (¢,)
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simulations, KCRO08 separated the total conversion efficiency
into separate conversion efficiencies for the oL and xR waves
for 6 =0°. However, the oL- and xR- mode waves cannot be
assumed to be 100% circularly polarized waves for ¢ # 0°
even in weakly magnetized plasmas, and the method that
KCRO8 used is not appropriate. In addition, the homogene-
ous portion of the simulation domain chosen is too small to
resolve the oL and xR mode conversion efficiencies directly
for Qy=0.1 and 0.7. Instead, we compose hodograms for the
outgoing waves and compare them with the polarization
ellipses analysis of the oL and xR modes.

In order to construct hodograms, we choose a single spa-
tial point in region III and use a wavenumber bandpass filter
to extract the pure long wavelength EM waves. This is
because the long wavelength EM modes and short wave-
length Langmuir/z waves have comparable amplitudes in
both E, and E.. Then, the electric fields E = (E,, E,, E.) are
rotated to (E 1, E,, E) with

and total energy (&) conversion effi-
ciencies in the ¢-0 plane for X, =0.95,
0y =2x10>s"", keL=1x 10, and

0.08 7B =0.01 for (a) Qo= 0.1 and (b) 0.7.

0.06
0.04

0.02

20 40 60 80

E, cosd —sind E,
<E||)<sin5 cosé)(Ez)’ 24
where E||(1) is an electric field parallel (perpendicular) to B,.

In Figure 4, we plot hodograms of the polarization of
the electric field transverse to By (i.e., £, and E,) for (a)
Qy=0.1 and (b) 0.7, respectively. The columns are for
0=20°, 40°, 60°, and 80° and we choose a value of
g =0.425 that is close to ¢™** for all 6. The hodograms are
normalized to the maximum value in each component so that
a circularly polarized field would appear as a circle. The
hodograms in Figure 4 confirm that in weakly magnetized
plasmas both oL and xR wave modes are produced via LMC
process in various J, as explained in detail below.

Figure 4(a) shows that the sum of the EM waves for
Qp=0.1 are almost purely linearly polarized and that the
polarization changes from linear to elliptical as ¢ increases.
The ratios b/a of semi-major to semi-minor axes are 0, 0,

6=20 6=40 5=60 6=80
— 1
o 0.5
1
ouw” 0 — ___47'
—_ -0.5
L FIG. 4. Hodograms showing the polar-
-1 R L ization of the electric field transverse to
~ 1 By (i.e., E, and E,) for (a) Qy=0.1 and
S (b) 0.7. Columns represent for ¢ =20°,
i 0.5 40°, 60°, and 80°, respectively.
o |_u>' 0
— -05
-1 0 1 -1 0 1 1 -1 0 1
EJ_ EJ_ EJ_
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0.03, and 0.08, while the theoretical ratios b/a of xR and oL
wave modes are *0.8, *0.55, *=0.23, and *0.12 for
0=20°, 40°, 60°, and 80°, respectively, where * represents
XR and oL waves. Thus, the linear polarization for 6 =20°
and 40°, the right-handed elliptical polarization (RHP) for
0=060° and left-handed elliptical polarization (LHP) for
0 =280° are evidence of the mixture of two EM wave modes.
For Qy=0.7 in Figure 4(b), RHP and linear polariza-
tions are dominant for 6 =0°-60° and 80°, respectively. The
ratios b/a are 0.14, 0.25, 0.53, and 0, for 6 =20°, 40°, 60°,
and 80°, respectively, while the corresponding theoretical
ratios b/a of the xR (oL) wave modes are 0.8, 0.57(—0.52),
0.27(—0.19), and 0.18(—0.08). Although the xR mode is
dominant in this case, the simulated |b/a| is much less (or
more) than theoretical values because the outgoing EM
waves are not 100% composed of xR waves but is a mixture
of oL and xR waves. The results in Figure 4 are similar to
wave simulations for 6 =0° that show linear polarized or
RHP outgoing EM waves for Qy < 1.

D. Simulation results: Q,=1.0and 1.5

For intermediately magnetized cases, we adopt longer
simulation boxes with Zy =650k, for Qy=1.0 and

QO=1.0

g

g
x P
>
©
2 g
L
[}
©
o -
.
(@]

xR-mode
+
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Zin =250 ko for Qy= 1.5, respectively. Since fine resolu-
tion of 0K =2m/Z; enables us to calculate the energy con-
version efficiencies from Langmuir to oL and xR waves from
the simulation data directly, we directly determine the power
(¢,), total energy (¢), Langmuir energy to oL-mode (¢”), and
Langmuir energy to xR-mode (¢") conversion efficiencies,
respectively. These efficiencies are shown as a function of ¢
and ¢ in Figure 5.

For Qy=1.0 in Figures 5(a) and 5(b), ¢, and ¢ decrease
compared to the value for Qy=0.7 at small ¢ but increase for
large 6. The minimum power and total energy conversion effi-
ciencies occur near 6 =0° and the maximum conversion effi-
ciencies increase up to &, ~95.5% and £™**~ 12% near
0~60° and ¢ ~ 1.1, as found in Ref. 6, while ¢ increases up
to 4% for (Qo, ) = (0.7, 0°) and 8% for (g, 6) = (0.7, 90°) in
Figure 3. The minimum near é =0° is expected to be due to
an interference effect between incoming and reflecting
Langmuir/z waves, as shown in Ref. 5. Both ¢ and ¢, increase
rapidly when ¢ increases from 0° to 60° but decrease slightly
for 60° < 9 < 90°. The value of g, increases as ¢ increases
and Ag, becomes slightly wider.

Figures 5(c) and 5(d) plot the energy conversion effi-
ciencies directly into oL (¢7) and xR (¢") wave modes for
Qo= 1.0. For most conditions of (9, ¢) we determined ¢ and

FIG. 5. Contour plot of the power con-
version efficiency ¢, and the total
energy (¢), oL-mode (¢7), and energy to
xR-mode (¢") conversion efficiencies
in the ¢—0 plane for ((a)-(d)) Qy=1.0
and ((e)-(h)) 1.5, respectively. Here,
the black color represents regions
where the oL and xR modes cannot be
separated for each other due to the lim-
ited wavevector resolution of the
simulations.
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et directly from the simulation data; however, in the black
regions in Figures 5(c) and 5(d), we can only calculate the
total conversion efficiency ¢ because 6K is not small enough
to separate the two peaks.

For Q,=1.0, ¢ is minimum near 6 = 0° and increases
with §. For intermediate 40° <6 < 60° and 0.5<¢g< 1.5, &
has a peak but does not exceed 46% of the maximum e. At
larger 0, ¢ increases significantly and has its overall maxi-
mum. The oL mode waves are dominant for large J. In con-
trast to ¢, ¢ in Figure 5(d) shows the maximum near
0~ 50° of about 7.4%.

For Q)= 1.5, &, in Figure 5(e) increases up to 99% for
all 6 and q,,ma" increases as o increases; thus, Ag, shifts to
higher ¢ without changing ¢,"**(d) as ¢ increases. The width
Agq for Qy=0.7 increases as ¢ increases in Figure 3; however,
™™ also increases with ¢. Different to g,™, ™**(0) varies
with 6 as shown in Figure 5(f); &™ peaks near 6 = 50°-60°
and 1.3 < ¢ < 1.7. The peak value ™ ~ 14% is higher than
the value of 12% for Q= 1.0. Figure 5(e) also shows that Ag
slightly increases in 9.

For Q= 1.5, the oL mode is dominant for all ¢ and ¢ in
Figures 5(g) and 5(h); the maximum of ¢ is 13.5% while
the maximum of ¢* is 2.7%. The only domain with signifi-
cant ¢' lies in the intermediate density gradient cases of
30° < 6 < 70°, which is similar to the case Qy= 1.0 in Figure
5(d). Therefore, Figure 5 confirms that xR-mode waves can
be generated from incoming Langmuir/z wave modes by
LMC and that such radiation occurs effectively only for
oblique density gradients and not for parallel or perpendicu-
lar density gradients.
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In order to verify the relationship relates ¢, and & in
Eq. (6), in Figure 6, we plot the energy conversion efficiency
(&,°) for Qp=1.0 and 1.5 that calculated from simulated & in
Figure 5 and the theoretical ratio of group speed between EM
and Langmuir/z waves (v, /v,"). The theoretical ratio of
group speeds vgi/ng in Figures 6(a), 6(b), 6(d), and 6(e)
clearly shows that v," 5 v,~ and strongly depends on By, ¢,
and 0. The value of ¢, in Figures 6(c) and 6(f) increases over
100% under some conditions, but, in most cases, sp” agrees
well with power conversion efficiencies. For instance, for (€,
0, q)=(1.0, 50, 1.3), where ¢ is close to ™, vg*/ng:7.8
and v, "/v;" =64, and ¢, is ~102% agreeing well with the
simulation result of &, ~ 99%.

E. Dependence on magnetic field strength

In Figures 3, 5, and 6, we found that the conversion effi-
ciencies increase as €, increases. For instance, &™
increases from 5% to 14% and &,""* increases from 50% to
99% as Q) increases from 0.1 to 1.5. It is also found that
Aq ) becomes wider with increasing €, except for smaller
0. However, four cases of €}, are not enough to determine
how conversion efficiencies vary in €.

In order to investigate the detailed characteristics of
how conversion efficiencies depend on B,, we performed
multiple simulations 0.1 < Qg < 2. In these simulations, we
adopt smaller Zy;; = 502"k, and wavenumber bandpass filter
that covers bandwidth K™ -0K <K <K' 4 6K in order to
contain both oL and xR waves. Figure 7 plots ¢ as a function
of Q, for 6 =0°, 30°, 60°, and 90°, with blue, green, and red

FIG. 6. For Qy=1.0 and 1.5, ((a) and
(b), (d) and (e)) the group velocity ra-
tio between the oL (—) and xR (+)
wave modes and Langmuir/z waves,
((c) and (f)) the total energy conver-
sion efficiencies as calculated from the
seperates oL and xR modes.

g d

- (A + o4 L
g (vglvg) +g (V.N)
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FIG. 7. Energy conversion efficiencies ¢ as a function of Q, without separa-
tion into the oL and xR modes for q=0.25 (blue), 0.5, (green), and 0.75
(red), respectively. The values of Xo, koL, and yf are as in Figures 3 and 5.

colors representing the locations ¢=0.25, 0.5, and 0.75,
respectively. The maximum conversion efficiency &™**
increases up to 10.4% at 6 =60° for ¢=0.75. For 6 =0°,
& occurs at ¢ =0.5, but for 6 =30°-90°, £™** occurs at
q=0.75. For 6 =0° in Figure 7(a), as shown by KCRO8, the
conversion efficiencies oscillate in Q, due to interference
between incoming and reflecting Langmuir/z wave modes.
For 0 =30°, weak oscillations are found for ¢ =0.25, but
these oscillations become weaker as ¢ increases. For ¢ = 60°
and 90°, we found no oscillation with Q. Figures 7(c) and 7
(d) clearly show that &™* occurs at higher Q, when ¢
increases and at lower Q, when 0 increases. The result for
0=90° in Figures 3, 5, and 7 shows good agreement with
the inverse LMC problems of ordinary and extraordinary
waves to upper hybrid waves in cold plasma, for which Ref.
37 showed that the maximum power conversion efficiency,
"™, occurs at higher Q, when ¢ increases; for instance, at
(Qo, ¢) =(0.7,0.8), (1,1), and (1.55, 1.22).

IV. DISCUSSIONS AND SUMMARY

Extending KCR0O8 and SCK13, we study mode conver-
sion in warm magnetized plasmas using a numerical electron
fluid simulation code where the density gradient has a wide
range of angles ¢ to the ambient magnetic field By for a
range of incident Langmuir wavevectors. One of the advan-
tages of our wave code is that we can use it to directly deter-
mine the separate energy conversion efficiencies to oL and
XR waves. Our results show that both oL and xR waves are
produced for Qy= (koL)"*(w./®) < 1.5. The xR modes are

Phys. Plasmas 20, 122103 (2013)

produced over a wider range, 0° < <90°, for weakly mag-
netized plasmas with Qy=0.1 and 0.7 and are produced
most strongly in the range, 40° < § < 60°, for intermediately
magnetized plasmas with Qy=1.0 and 1.5.

This finding is interesting because ¢ varies from 0° to 90°
in space; for instance, 6 ~ 0° in the solar corona, 6 ~45° in the
solar wind at 1AU*% and & ~ 90° at the Earth’s magnetic equa-
tor.>>%® As shown in Figures 3 and 5 as well as KCRO8, because
the xR wave generation condition can be determined by Q,
KCROS8 and Ref. 38 estimated the typical value of Q in various
spaces such as Q. =~ 0.98 for the solar corona, Q, = 0.87 for
solar wind at 1AU, Qppm 1.1-8.4 for Earth’s plasmapause,
Qp~0.2-0.9 for magnetopause, and €, ~ 0.2-0.6 for plasma
sheet boundary layer (PSBL), respectively.

Since we adopt the typical parameters in solar wind at
1AU (except for the plasma temperature) the results thus
suggest that the LMC process may play an important role in
producing partially polarized solar radio emissions, espe-
cially in the solar wind at 1 AU. This result is consistent
with observations of type II and III bursts with degrees of
polarization between 0% and 70%.°

For 6~ 90°, as shown in Figure 5, the xR-mode waves
can be produced for Qy < 1.0. Terrestrial continuum radia-
tions, which occur for 0 ~90°, are observed as oL-mode
waves'> or both oL- and xR-mode waves.””** Because
Q,,~0.2-0.6 < 1.0, Schleyer et al.*® expected that both oL
and xR-mode waves are generated in the PSBL, which is
consistent with observations.>’ Therefore, the results in this
paper confirm and generalize the conclusions of KCROS8 to
arbitrary 9.

Similar to SCK13, both the power and energy conver-
sion efficiencies show continuous bands in the g—d plane for
all Q. For Qy=0.1 and 1.5, &,"**(J, Qo) is relatively inde-
pendent of §, however, spma"(é, Q) increases with increasing
o0 for Qyp=0.7 and 1.0. For weakly magnetized plasmas, the
total energy conversion efficiency differs from the power
conversion efficiency by the ratio of the group velocity for
each mode (e~¢, v,"/v," ~¢, (8)"?); however, in the
intermediately or strongly magnetized plasmas, ¢,/¢ varies
with ¢ because the ratio of group speed is different for the oL
and xR modes and is a function of By and J. The maximum
efficiencies &,""* and ¢™** increase from 50% to 99% and
5% to 14% as Qg increases from 0.1 to 1.5, respectively, and
the window Ag,,, becomes wider.

There are several limitations to the analysis presented in
this paper. First, though Langmuir waves are more typically
observed as wavepackets rather than continuous waves,‘”‘43
only a single continuous Langmuir wave train with constant
frequency has been simulated. When wave packets propagate
into the density gradient, the incoming and outgoing wave-
numbers (and frequency) will vary with time and frequency
and the mode conversion efficiency will vary with time and
should be appropriately averaged, which is a simple general-
ization of Cairns and Willes.'° Thus, the conversion should
only apply to the time-average,'*® and the averaging further
reduces the efficiency by a factor on the order of 10-30 for
the solar wind and corona.

Second, a simple density gradient has been adopted in
this paper. However, a Langmuir wave packet could occur in
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small density fluctuations and such small-scale density fluc-
tuations could affect wave propagation and mode conversion
efficiencies. Combining a linear density profile with super-
posed density fluctuations, Willes er al.** found trapped
modes and resonant variations in the conversion efficiency
(e.g., increased efficiency when integer numbers of wave-
lengths fit within a cavity formed by the superposed turbu-
lence). Recently, Yu et al.® calculated the mode conversion
efficiencies from incoming EM waves to plasma oscillations
in small density fluctuations shorter than wavelength and
they found that a special incident angle exists at which the
power mode conversion increases to almost 100% with sen-
sitive dependences on incident parameters.

In addition, Recent STEREO observations showed that a
significant number of the waveforms are consistent with
trapped eigenmodes of Langmuir waves in density depletion,
corresponding to waves in a potential well.*'*®*” Because
the observed eigenmodes are standing waves, they are in
same ways equivalent to oppositely directed Langmuir
waves, which are required for the generation of radio emis-
sion near ,, harmonic by a nonlinear process. As the
trapped Langmuir waves are being reflected continuously at
each side of the density well, there may also be LMC of the
fundamental mode.*®*° Therefore, the study of LMC for
incoming Langmuir/z wave packets in realistic density pro-
files remains an interesting and important area for future
work.

ACKNOWLEDGMENTS

The work at the Princeton University was supported by
NASA grants (NNHO9AMS3I, NNHO9AK631, NNH11AQ46I,
NNH11ARO7I, and NNH13AV37I), NSF grants (ATM0902730
and AGS-1203299), and DOE Contract No. DE-AC02-
09CH11466. The work at the University of Sydney was sup-
ported by the Australian Research Council.

'T. H. Stix, Waves in Plasmas (American Institute of Physics, New York,
1992).

L. Yin, M. Ashour-Abdalla, M. El-Alaoui, J. M. Bosqued, and J. L.
Bougeret, Geophys. Res. Lett. 25, 2609-2612, doi:10.1029/98GL01989
(1998).

3. H. Cairns, J. Geophys. Res. 93, 3958-3968, doi: 10.1029/JA093iA05p03958
(1988).

“E.-H. Kim, I. H. Cairns, and P. A. Robinson, Phys. Rev. Lett. 99, 015003
(2007).

SE.-H. Kim, L. H. Cairns, and P. A. Robinson, Phys. Plasmas. 15, 102110
(2008).

°F. Schleyer, I. H. Cairns, and E.-H. Kim, Phys. Plasmas 20, 032101 (2013).

R. P. Lin, D. W. Potter, D. A. Gurnett, and F. L. Scarf, Astrophys. J. 251,
364-373 (1981).

8D. B. Melrose, in Solar Radiophysics, edited by D. J. McLean and N. R.
Labrum, (Cambridge University Press, New York, 1985), p. 177.

°S. A. Knock, I. H. Cairns, P. A. Robinson, and Z. Kuncic, J. Geophys.
Res. 106, 25041, doi:10.1029/2001JA000053 (2001).

191, H. Cairns and A. J. Willes, Phys. Plasmas 12, 052315 (2005).

"D, A. Gurnett and W. S. Kurth, Space Sci. Rev. 78, 53 (1996).

12). LaBelle, Geophys. Res. Lett. 38, L03105, doi:10.1029/2010GL046218
2011).

13D. Jones, Nature 260, 686 (1976).

14p, Jones, W. Calvert, D. A. Gurnett, and R. L. Huff, Nature 328, 391 (1987).

Phys. Plasmas 20, 122103 (2013)

D, A. Gurnett, W. Calvert, R. L. Huff, D. Jones, and M. Sugiura,
J. Geophys. Res. 93, 12817, doi:10.1029/JA093iA11p12817 (1988).

K. Ronnmark, Geophys. Res. Lett. 16, 731, doi:10.1029/
GL016i007p00731 (1989).

75.-Y. Ye, J. D. Menietti, G. Fischer, Z. Wang, B. Cecconi, D. A. Gurnett, and
W. S. Kurth, J. Geophys. Res. 115, A08228, doi:10.1029/2009JA015167
(2010).

8p H. Yoon, A. T. Weatherwax, T. J. Rosenberg, J. LaBelle, and S. G.
Shepherd, J. Geophys. Res. 103, 29267-29276, doi:10.1029/1998JA900032
(1998).

“D. B. Melrose, Plasma Astrophysics (Gordon and Breach, New York,
1980).

2°G. A. Dulk and S. Suzuki, Astron. Astrophys. 88, 203-217 (1980); see
http://adsabs.harvard.edu/abs/1980A%26A....88..203D.

2'K. G. Budden, The Propagation of Radio Waves (Cambridge University
Press, New York, 1985).

22D, D. Barbosa and W. S. Kurth, J. Geophys. Res. 85, 6729, doi:10.1029/
JA0851A12p06729 (1980).

23], D. Menietti, S.-Y. Ye, P. H. Yoon, O. Santolik, A. M. Rymer, D.
A. Gurnett, and A. J. Coates, J. Geophys. Res. 114, A06206,
doi:10.1029/2008JA013982 (2009).

24W. S. Kurth, D. A. Gurnett, I. H. Cairns, D. D. Barbosa, and R. L. Poynter,
Geophys. Res. Lett. 17, 1649, doi:10.1029/GL017i010p01649 (1990).

>D. D. Barbosa, W. S. Kurth, S. L. Moses, and F. L. Scarf, J. Geophys. Res.
95, 8187, doi:10.1029/JA0951A06p08187 (1990).

%M. G. Kivelson and C. T. Russell, Introduction to Space Physics
(Cambridge University Press, Cambridge, United Kingdom, 1995).

?7L. Yin and M. Ashour-Abdalla, Phys. Plasmas 6, 449-462 (1999).

28E. Mjglhus, J. Plasma Phys. 30, 179-192 (1983).

2M. J. Kalaee, T. Ono, Y. Katoh, M. lizima, and Y. Nishimura, Earth
Planets Space 61, 1243 (2009).

3OM. J. Kalaee, Y. Katoh, A. Kumamoto, T. Ono, and Y. Nishimura, Ann.
Geophys. 28, 1289 (2010).

3y Katoh and M. lizima, Earth Planets Space 58, €53 (2006).

32K -S. Kim, E.-H. Kim, D.-H. Lee, and K. Kim, Phys. Plasmas 12, 052903
(2005).

*D. W. Forslund, J. M. Kindel, K. Lee, E. L. Lindman, and R. L. Morse,
Phys. Rev. A 11, 679 (1975).

34A.J. Willes and 1. H. Cairns, Publ. -Aston. Soc. Aust. 18, 355-360 (2001).

A, D. M. Walker, Plasma Waves in the Magnetosphere (Springer-Verlag,
1993).

36D, J. Yu, K. Kim, and D.-H. Lee, Phys. Plasmas 20, 062109 (2013).

7K. Kim and D.-H. Lee, Phys. Plasmas 13, 042103 (2006).

38p, Schleyer, 1. H. Cairns, and E.-H. Kim, “Linear mode conversion of
upper hybrid waves to radiation: Averaged energy conversion efficiencies,
polarization, and applications to Earth’s magnetosphere,” J. Geophys. Res.
(submitted).

3. Nagano, S. Yagitani, H. Kojima, Y. Kakehi, T. Shiozaki, H. Matsumoto,
K. Hashimoto, T. Okada, S. Kokubun, and T. Yamamoto, Geophys. Res.
Lett. 21, 2911, doi:10.1029/94GL02108 (1994).

4Oy, Matsumoto, H. Kojima, Y. Omura, and I. Nagano, in New Perspective
on the Earth’s Magnetotail, edited by A. Nishida, D. N. Baker, and S. W.
H. Cowley (American Geophysical Union, Washington DC, 1998), p. 259.

“IR. E. Ergun, D. M. Malaspina, I. H. Cairns, M. V. Goldman, D. L.
Newman, P. A. Robinson, S. Eriksson, J. L. Bougeret, C. Briand, S. D.
Bale, C. A. Cattell, P. J. Kellogg, and M. L. Kaiser, Phys. Rev. Lett. 101,
051101 (2008).

“2p_J. Kellogg, J. K. Goetz, S. J. Monson, and S. D. Bale, J. Geophys. Res.
104, 17069, doi:10.1029/1999JA900163 (1999).

“D. M. Malaspina, I. H. Cairns, and R. E. Ergun, J. Geophys. Res 115,
A01101, doi:10.1029/2009JA014609 (2010).

AT Willes, S. D. Bale, and 1. H. Cairns, J. Geophys. Res. 107, 1320,
doi:10.1029/2002JA009259 (2002).

“p. J. Yu, K. Kim, and D.-H. Lee, Phys. Plasmas 17, 102110 (2010).

“D, M. Malaspina and R. E. Ergun, J. Geophys. Res. 113, A12108,
doi:10.1029/2008JA013656 (2008).

“’D. B. Graham and 1. H. Cairns, Phys. Rev. Lett. 111, 121101 (2013).

“Bp_ . Kellogg and D. M. Malaspina, in The Sun, the Solar Wind, and the
Heliosphere, edited by M. P. Miralles and A. J. Sanchez (Springer, 2011).
“p. Malaspina, I. H. Cairns, and R. E. Ergun, Astrophys. J. 755, 45

(2012).


http://dx.doi.org/10.1029/98GL01989
http://dx.doi.org/10.1029/JA093iA05p03958
http://dx.doi.org/10.1103/PhysRevLett.99.015003
http://dx.doi.org/10.1063/1.2994719
http://dx.doi.org/10.1063/1.4793726
http://dx.doi.org/10.1086/159471
http://dx.doi.org/10.1029/2001JA000053
http://dx.doi.org/10.1029/2001JA000053
http://dx.doi.org/10.1063/1.1889123
http://dx.doi.org/10.1007/BF00170792
http://dx.doi.org/10.1029/2010GL046218
http://dx.doi.org/10.1038/260686a0
http://dx.doi.org/10.1038/328391a0
http://dx.doi.org/10.1029/JA093iA11p12817
http://dx.doi.org/10.1029/GL016i007p00731
http://dx.doi.org/10.1029/2009JA015167
http://dx.doi.org/10.1029/1998JA900032
http://dx.doi.org/10.1029/JA085iA12p06729
http://dx.doi.org/10.1029/2008JA013982
http://dx.doi.org/10.1029/GL017i010p01649
http://dx.doi.org/10.1029/JA095iA06p08187
http://dx.doi.org/10.1063/1.873211
http://dx.doi.org/10.1017/S0022377800001100
http://dx.doi.org/10.5194/angeo-28-1289-2010
http://dx.doi.org/10.5194/angeo-28-1289-2010
http://dx.doi.org/10.1063/1.1896285
http://dx.doi.org/10.1103/PhysRevA.11.679
http://dx.doi.org/10.1071/AS01051
http://dx.doi.org/10.1063/1.4812452
http://dx.doi.org/10.1063/1.2186529
http://dx.doi.org/10.1029/94GL02108
http://dx.doi.org/10.1029/94GL02108
http://dx.doi.org/10.1103/PhysRevLett.101.051101
http://dx.doi.org/10.1029/1999JA900163
http://dx.doi.org/10.1029/2009JA014609
http://dx.doi.org/10.1029/2002JA009259
http://dx.doi.org/10.1063/1.3496381
http://dx.doi.org/10.1029/2008JA013656
http://dx.doi.org/10.1103/PhysRevLett.111.121101
http://dx.doi.org/10.1088/0004-637X/755/1/45




The Princeton Plasma Physics Laboratory is operated
by Princeton University under contract
with the U.S. Department of Energy.

Information Services
Princeton Plasma Physics Laboratory
P.O. Box 451
Princeton, NJ 08543

Phone: 609-243-2245
Fax: 609-243-2751
e-mail: pppl_info@pppl.gov
Internet Address: http://www.pppl.gov




	M_Richman_extender.pdf
	Background
	Extender
	Parallel Algorithms

	Speed Optimization
	Efficient Parallelization
	Optimizing Representation of Plasma Surface
	Results


	Automation
	Fortran 90 module
	Generalized PBS job scripts

	Conclusion
	PBS batch job template


	report number: 4988
	Title: Linear Mode Conversion of Langmuir/z-mode Waves to Radiation In Plasmas With Various Magnetic Field Strength
	Date: FEBRUARY, 2014
	authors: Eun-Hwa Kim, et. al.


