\ 7 ol
. . Q
ECE Tllinois EH[
T O

Study of Coulomb collisions and
magneto-ionic propagation effects
on ISR measurements at Jicamarca
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JIREP Program



ECE Illinois 00 5 D c{:EL%%{mCALAN CUTERV?I;::i\,?I;:G:'I?!iIEERING

== " UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN

Jicamarca ISR measurements perp.to B

Incoherent .
* Physical parameters that can be
scatter process
measured:

* Drifts: using Kudeki et al (1999)
I:Pf"cllcgjnl?tic spectral fitting technique (Doppler
1TSS shift of ISR spectrum).

e Densities: using the “Differential-

phase” technique developed by
Kudeki et al (2003).

Magnetoionic
Propagation
Effects

What about temperatures?
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Jicamarca ISR spectrum perp.to B

Channel 1 — 2004-06-08 11:55:00
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Jicamarca ISR spectrum perp.to B

Doppler shift of the spectrum is a

) T zooiw/ direct measurement of the drift.
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————— The width of the spectrum contains
° information about the temperatures.
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Jicamarca ISR spectrum perp.to B

Channel 1 — 2004-06-08 11:55:00
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measurements using a

g2 simplified spectral model. This
§ 2 model was developed based

f on the collisionless IS theory.
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But, the temperatures they
obtained were about half of
what is expected.
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Jicamarca ISR spectrum perp.to B

Channel 1 — 2004-06-08 11:55:00
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Kudeki et al (1999) fitted the
measurements using a
simplified spectral model. This
model was developed based
on the collisionless IS theory.
But, the temperatures they
obtained were about half of
what is expected.

The measured spectrum was narrower than what the
collisionless theory predicts, and therefore, a revision of the IS
theory for modes propagating perpendicular to B was needed.
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Research project

® Main goal: To develop an incoherent scatter spectrum model for modes
propagating perpendicular to B.

® This project is divided in two stages.
- Study of the effects of Coulomb collisions
- Modeling the magnetoionic propagation effects

® Future Application: The estimation of ionospheric temperatures with
Jicamarca antenna beams pointed perpendicular to B.
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First stage:

Modeling the incoherent scatter
spectrum considering the effects of
Coulomb collisions
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IS spectrum and Gordeyev integrals

® Spectrum of electron density fluctuations (e.g., Kudeki & Milla, 2010)

jweo + 04(k,w)[*(nee (K, H2>%-k&(ﬁ W) [*(|nei (k, w)|?)

(Ine(F,w) ) = 2
jweo + oo (k,w) + 04k, w)]
® |In terms of the Gordeyev integrals, the spectra of thermal density
fluctuations and the conductivities are given by

(s (ks w)[?) o5(w, k) _ 1= jwls(w)
= 2Re{ Js =
N, el s w)) jwe, k212
® The Gordeyev integral is the one-sided Fourier transform of the single
particle ACF (Hagfors & Brockelman, 1971)

Js(w) _ /0 dTe—ij<€jE-AFS> <€jE-AFS> _ <€jE-(F8(t—|—7)—fF’S(t))>
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Langevin equation and particle trajectories

® Instead of solving the Boltzmann kinetic equation with the Fokker-Planck
collision operator to determine the pdf of the particle displacements, we
model the particle motion by a set of Generalized Langevin equations:

du(?) q .

dt - U(t) X é — ﬂ(v) ’17(75) + VDH(U) W1(t) ?A}H(t)

+ \/ Do (v) Wa(t) 011(t) + \/ DLQ(U) Wis(t) 012(t)

dr(t)
dt

® Coulomb collisions are simulated by a deterministic friction force and
random diffusion forces.

— F()

® These equations represent an alternative description of the Fokker-
Planck collision process (Chandrasekhar, 1943; Gillespie, 1996).

® This approach give us more insight into the physics of the problem.
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Computer simulations

® The trajectory of a test particle is simulated using

Toi1 = Tt =T X BAE— B(un) AT, + /Dy (va) ALN; 0 +
m

At X At .
\/DJ_(Un) 7/\/2 V11 + \/DL(%) 7/\/3 V]9

® The Spitzer velocity-dependent friction and diffusion coefficients are
used to model the effects of Coulomb collisions.

® Assumption: the magnetic field is weak enough such that within a Debye
cube the trajectories of electrons and ions exhibit small curvatures due
to the magnetic field.

® For a given plasma configuration, the simulations run for several hours in
order to obtain good statistics of the particle traiectories.



ECE linois Je E//m

y-axis [m]

i ELEG]'RICAL AND

®_c'S

PUTER ENGINEERING

SONER

3-D particle trajectories

Time: 0.0 psec

g
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Perpendicular-to-B displacement
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O+ Plasma:
Ne =102 m3
Te = 1000 K
T; = 1000 K
B=25000nT

10* sequences of 2!7
samples are generated
(30 GB), however, only
the statistics (ACF’s)
are stored (60 MB).

041 o U, pdf
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— Gaussian

Electron velocity distribution
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Normalized velocity (v/C.)

Velocity distributions
have a gaussian shape.
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3-D particle trajectories
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Statistics of ion trajectories

Ion displacement distributions L to B

® The pdf of the displacement in the
direction perpendicular to B is
gaussian as a function of delay T.

® |n the parallel direction, the pdf
also looks gaussian.

® A Brownian motion model with
Gaussian trajectories is a good
representation of the ion motion Ton displacement distributions || to B
process (Woodman, 1967).

® The single-ion ACF can be
approximated by

Ary(7)/oi(T) 0 Time delay [ms]

<€jE'AF> — e_%k2 sin’ a{Arﬁ} \ 6_%k2 cos’ a{Ari)

Ary(r)/oy(T) 0 Time delay [ms]
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Statistics of electron trajectories

Electron displacement distributions | to B

® The pdf of the displacement in the
direction perp. to B is almost
gaussian as function of delay T.

® |n the parallel direction, the pdf
looks gaussian at short T, but
becomes narrow in less than | ms.

. . . Ary(t)/o (T 0 ime delay |ms
® Brownian motion is not a good /o) Time delay [ms]

model for’ the e|eCtr'0nS. Electron displacement distributions || to B

® The components of the electron
vector displacement are not
independent variables.

Ary(r)/oy(T) 0 Time delay [ms]
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Database of single-electron ACF’s

Electron Gordeyev integral (Ag = 3m) ® We have built a library for an
| | ' ' | oxygen plasma that considers

- Il <logio(Ne) < I3

0.5

04 - 600K <Te < 3000K
B - 600K <Ti < 2000K
g 03 - |B| = 20,25,30 pT
: - Large set of aspect angles
go.z from 0° to 90°.
< ® Electron Gordeyeyv integrals

are computed using the Chirp-
Z transform (Li et al, 1991)

® A web-page with the results
05 0 05 | http://collisions.csl.uiuc.edu/
Frequency [kHz] database/gordeyev/

-
—_



http://collisions.csl.uiuc.edu/database/gordeyev/

ECE Illinois

IS collisional spectra (I)

(a) ISR-SPC (o =0°) (b) ISR-SPC (a = 0.01°) (c ) ISR-SPC (a = 0.05°)
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Simulated spectrum at different magnetic aspect angles:
(a) x=0°, (b) x=0.01°, (c) x=0.05°, (d) x=0.1°, (e) x=0.5°,
and (f) &=1° (Milla & Kudeki, 2010).
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IS collisional spectra (2)
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Electron temperature dependence of the simulated IS spectrum for
Ae=3m at aspect angles &=0° (left panels), ®=0.02° (central panels),
and &=0.1° (right panels) (Milla & Kudeki, 2010).
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Collisional IS Spectrum

ISR Spectrum - Sweeping aspect angle
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Collisional IS Spectrum

ISR Spectrum - Sweepmg aspect angle
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Beam-weighted ISR spectrum

D2W = 79.4 dB — ABS = 5971.2
0.08/ L S |

0.06¢

o ® Jicamarca antenna beam pointed
perp to B (beam-width: ~| deg).

® The measured spectrum is the sum

-10 of the spectra corresponding to

|5  different magnetic aspect angles.

-5

0047 A A S A A AR

0.02}
» ISR spectra — Te = 1000 Ti = 1000
o™ 0 s : 1 F 4=20 107 ‘ ‘ ‘
Pe }: ty [ . .
_0.00! : O ) | B s \ Magnetlc field is
: : : 2 107 obtained from the
W00 : SN B IGRF 2010 model.
—0.06[| 100 km €
—a—500 km [ B35 3
_0.08!| —=—1000 km : : f &
‘ : — 40 2
~0.05 9 0.05 g
R X
Radar equation:

S((,d) 5R — (; 50 100 150 200
— Q | 1 7 (o Frequency (Hz)

EK R /d (F) O(If{ “) . .

IS-RCS > o(k,w) = 477 {|n.(k

&
N———
)
~——
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Beam-weighted ISR spectrum

D2W = 79.4 dB — ABS = 5971.2 : :
o @ Jicamarca antenna beam pointed

0.08) A= U : | perp to B (beam-width: ~| deg).
Main-lobe, ) (| : -5 .
0.06r " AN N ® The measured spectrum is the sum
0.04L, L\ icularto B) {110 of the spectra corresponding to
0.02! J " |5  different magnetic aspect angles.
\) " spectra — Te = i=
- ol Locas f %| L 10_1§ ,SR pect T‘ 1000 T 1009
_oerpen .c“ ty @ o \ Magnetic field is
O arallel.toB 2 107 obtained from the
W00 : 30§ IGRF 2010 model.
—0.06[| 100 km €
—a—500 km [ B35 3
_0.08!| —— 1000 km : ; o
-0.05 9 0.05 03
R X
Radar equation:

S((,d) 5R — (; 50 100 150 200
Q 2 Frequency (Hz)

E.K R? / W) (]f‘ ) . .

IS-RCS > o(k,w) = 477 {|n.(k

&
N———
)
~——
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Second stage:

Modeling the magneto-ionic propagation
effects on the beam-weighted
incoherent scatter radar spectrum
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Magneto-ionic propagation model (I)

I Appleton-Hartree Solution
[ 4 Q w2
. e Y, =Ycos, Yp=Ysinf, Y =—, X:—g
e T T w’ w
R
Ficl--o______ \\,‘:L; T Y2 2
\BZ IAT Fo=F —F, Fx=F+F, F= 7/ , Ff=F{+Y[
______________ \,5\> T-- 1 - X
LT n2 S X
Pooeeno 0.X 1—-Fox -
“““ no —nNx _ no +NnNx
L R %-{ T An:OT n=—02 a:Y—O
B [k ___________ -
4 5 il e[ gmihodnr L gdedbodnr 9 inh An) B
o By |7 14a | —2asin(kAnr)  alethofnr 4 gfhobur Ezb_l
Geometry of wave propagation in an . )

hg
inhomogeneous magnetized ionosphere. T,

Backscattered electric field for Sr = = -
: : . —> I xk; T{Ts
every propagation direction

Two-way propagator matrix 7 11,

G R s

|
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Magneto-ionic propagation model (2)

Soft-Target Radar equation:

S(w) OR S L .
EK Rz/ QW (M o(k.w)  olkw) = dmrg (|ne(k,w)*)

But now, W (7) is an effective two-way radiation pattern

W(7) = = Gy(#) Gy (7) T(7)

k2

where I'(7) is a polarization coefficient
= b, TI(7) £

I'(7) (7)
polarization unit vectors M




ECE Illinois |e[e |

PUTER ENGINEERING
< e
UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN

Magneto-ionic propagation model (3)
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Magneto-ionic propagation model (3)

Co-Pal X-Pol
900( 900} . ) . .
800[ 800}
700 700 900 a00
= 600 = 600 1
g 5001 % 500} 1 800 800
£ 400 £ 400 1

300+ 300+ 700 700
200+ 200 ’25 25
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- o
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k=) R |
£ 300~ | o
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Beam-shape modified by magneto-ionic
propagation effects

Meridional Beam Polarization Vector (RX) Zonal Beam
Height = 0.0 km Height = 0.0 km Height = 0.0 km
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Beam-shape modified by magneto-ionic
propagation effects

Meridional Beam Polarization Vector (RX) Zonal Beam
Height = 0.0 km Height = 0.0 km Height = 0.0 km
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Application:

3-Beam radar experiment and
estimation of Ne and Te/Ti profiles
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3Ba antenna configuration

DN-pol

RX1 WU: West 1 (Quarter)
RX2 EU: West 2 (Quarter)
RX5 SU-NU: South (Co-Pol)

RX3 WD: East 1 (Quarter)
RX4 ED: East 2 (Quarter)
RX6 SD-ND: South (X-Pol)

ad)

0

2-Way Directivity

\\

(West beam — U-pol) : 76.95dB 2-Way Directivity (East beam — D-pol) : 76.87dB

West, east, and south
radiation patterns

-20

-25

-30

-35

-40
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.* e Range vs. time plots of the

signal power and cross-
correlation data measured
in the 3Ba experiment of
June 19, 2008.

* On the left, the power
data collected by each of
the radar beams are
displayed in linear scale.

* On the right, the
magnitudes of the cross-
correlation data are also
plotted in linear scale,
while the phase data are
plotted in degrees.
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Inversion results

DEWD 3Ba - Electron Density (Ne) — Date: 19-Jun-2008 " DEWD 3Ba - Calibration parameters — Date: 19-Jun-2008
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Conclusions and Future work

® The modeling of the perpendicular-to-B IS spectrum measured by the
Jicamarca radar needs to consider:

- Electron and ion Coulomb collisions effects
- Magneto-ionic propagation effects
- Beam-weighting effects

® We have developed the tools to model these effects, but still need to
optimize our procedure for routine operational use.

® We also need to study in more detail the sensitivity of our model to
plasma temperatures and densities.

® Our model was developed for an O+ plasma, we need to extend our
model to H+ and He+ plasmas for radar observations of the topside.

® Spectral fitting for Te estimation should now be possible given the Te/Ti
profiles and the development of our collisional ISR spectral model.



