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— » Unexpected (nonlinear) effects in ARAKS, Zarmtsa-z

Echo, Polar-5, ... rocket experiments with electron beams
Artificial Aurora and near-rocket glow
Artificial radio emission
Suprathermal electrons
Elevated electron temperature
Beam scattering and prompt electron echo (PEE)

> Beam-Plasma discharge theory

. Threshold (beam energy, current, pitch angle, and Nel 7

. Saturation: Beam-trapping and Strong Langmuir Turll_ é 3
. Optical and radio emissions from the BPD region 5

= Artificial auroral rays and natural (Enhanced) aurora

> Summary

* Based on E. Mishin et al. (1989), Interaction of electron fluxes with the ionospheric
plasma, Hydrometeoizdat, Leningrad (in Russian).

* Galeey, A,, E. Mishin, R. Sagdeev, V. Shapiro, and V. Shevchenko (1976), Discharge
in the near-rocket region during electron beam injections in the ionosphere, Sov. =
Phys. Doklady. B -



A )
\/ARAKS, ECHO-7, Electron 2, Polar
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current 0.5 A

pitch-angles 0-90 deg downward
0- 50 deg upward

energy 15 and 27 keV

pulses 20 and 40 ms

Electron 2 mother-daughter
experiment .

mother

Jacobsen et al, 1981

= On-site UHF radio
receivers

Similar to Polar 5 [Grandal
et al., 1980]

g{ Winckler, 1989
ECHO-7

nose PAYLOAD
v CONFIGURATION

“mother” -“daughter(s)”
experiments
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\/ Zarnitsa-2 (Aurora-2)

[ )
Mg Dokukin etal, 1981~ o
A —
0,67 ﬂ 04 SEC — 7 i
U — '
el-ec tron beam pul-ses DC-AC_CONVERTER e \El \
GUN CONTROL E 3 r/ea
BATTERY = §
BSA 1 - 16 KEV BQU1 P 750 7ns, Aty E ?__}; \‘
= PLASMA SOURCE I £ \
SOMDES '.l_lll__‘ -f"‘" = 5A1.5 km sl | E s‘l; \
- _ G wr recTevER I £S3 \
2'n I =3
iy pC FIELD z
Iw.lw__L ~EEE : 2
' I
I B

MR-12 ROCKET

Zarnitza-2Payload
9.3 keV 2/0 mA 7 keV 450 mA 48,0 MHZ 7§ 3
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\/Collismnal (single-particle) interaction

Qr in the E/F-region ionosphere
Energy dissipation rate

Beam (primary) electrons excite &
ionize neutral particles via collisions
(Bethe's formula)

(Beam-Atmosphere Interaction)

dep )
~ —gp/Ilp o< N(2)

140¢ \
\ \ 7.2 keV
R dz
130} \ VY N [120km]
N\ |, tkmp = 5—«/‘% [keV]
©
2 120 \ 3 % Flux of suprathermal Y
- B ‘l' (secondary) elecirons (I)(g) oC &
N _______________________\:__\__‘ ] defines brighiness and colors
110} = of amroral glow
/"—'M- ’ eg, )
/—T the red-to-blue ratio
100 R L ST Y| O
’ = %‘r‘ightngfs = i Qﬂ, @ Gﬂ, (8)(1)(8 1_9)de8
o . : z rey gy, Yog
Luminosity altitude-profile calculated for ¢, = %) g ’0/70, ’r, ,)
(0]
7.2 keV by Monte Carlo method. The dashed v Foagy, zy
(0)

line shows MSIS neutral density.
* Peak altitude and thickness are explicitly

determined by the electron beam energy g,
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Optical emissions

Zarnitsa-2

z z he Echo 7 beam near 150 km altituc
Low-light TV Observations

Near rocket glow ACCELERATOR
ellipse 300-500 Rkl

' radar and optical data
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\~/
N Near-rocket glow vs. altitude

Beam induced 391.4 nm luminescence as a
function of altitude: const @ h>140 km

Fr
WE—— 00 120 KO 160 180 200 haw
TarmtsaZ { ln;o ')I T N U R S B SR I
Jon |O'F Polar5 .-
W0 - n olar
391.4-nm power 10-30 'E -
i 0.3%-1% beam power 3
JO q ]
[
- ‘ -
20 0“\ 00? — ,c”
0s8 3
- W o 60 :
AR TR N 40 3
,0 b & b ° 0 ° ° oo /0 ]
0 )
- S const(N) *® . N
y 3 R I Yo ), G (R S () R NP o 0% >/ CO”S{ )
100 140 180 220 20 ¢ e
LAl 1 | 1 1 L ld 1§ /
N0 120 130 10 150 Anmoeed IS0 140 130 120 110 Hy wu|| 107

** Greatly exceeds Monte Carlo (single-particle) values near the

rocket
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\ .
\/ Near-rocket glow

i TIthneSS 1, 2 pitch-angles 42-78 deg
Electron 2 o\ g I 3 -pitch-angles 85-90 deg
| near-rocket glow lower edge of AA
4
-Z
"" J
2
¥ 4 3
!j near-rocket A
low N
g 5 7
150 140 130 120 170 H km

+* Greatly exceeds Monte Carlo (single-

Shape & dimensions are
similar to Zarnitsa-2

particle) values near the rocket
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{ Beam Plasma Discharge

lonization cross-section

The HF (wn > v¢) breakdown criterion or’ in 754017 em?
Townsend condition ,L 1/Ve
electron lifetime 7 |oss > Theatlng(‘{: ™~ ‘{:IDH) —|_ T ionization
heated electrons /L
elastic [+]3
L . colllsI € E2 2 /6
collisional heating =;,,, ~ IJE() j ’Theating 0 : .
1eV 100 eV 1 keV 10keV
The ionosphere is a weakly ionized plasma Wpo > Wee
I - Ve .
In BPD, the waves !:Il’St, l?eam plasma vo(p,m0) > — ot Ny
are excited by the beam| instability (BPI) must develop 2

Let's n; is the threshold beam density for BPI
At ny > n;, BPD is self-sustained if

avalanche

heated bulk accelerated

Ne L’wn (T ) + ﬂ’tetiy

teﬂ‘

sonn — Vion (Eb)
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\
\0'/ Beam Plasma Discharge near a rocket{§
% E

BPIlis much faster than the macroscopic processes

TBPI < Tionizations Theating s Tloss

L2
® Steadystate W = ( —— ) = aypnyp&p

87

oy depends on the BPl nonlinear saturation

Let’s neglect ionization by the accelerated tail electrons

e | lownsend condition

BPD radius
(3 —5) negion _ PL
Theating ™ N N < Tloss — %
collisional HE(aEGﬂ)abnb&b K 'RJ—d 1B
rocket spee 0
® The BPD ey :OJ_ Nn

94 L‘_:}
(3—5)gion VRL Vel
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maximum density ne ~ NpVe(Eion)
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§.{ Zarnitsa-2: UHF radio emission

UHF radioemission %
h. km ! 136 1 1 126 i3
0
]
I
=
- 504
-
m "
Eam -
301- ne
. Erag
100 IE ﬁ 250 t secio0 1.8 i
e 20 9 ™
power flux (1-2) 10  W/m“Hz s00
power 30-100 W
\_ 1% - 3% beam power ) -
- ltitude
DOkUkln et al.’ 1981 DISTRIBUTION STATEMENT A - Unclassifie &F : J‘lliu' : -!#Iil' : -fﬂ d":t'-ll'
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\'.'/ Beam Plasma Interaction
<

Beam structure ® The beam is not "locked" by the spatial charge
(virtualcathode) at the beam currents

3/2
ep | keV
Injection Il B, |® If nl()o) > ng, the beam expands due to electroszt)atic
repulsion until ny(z+) <ng at Z > Zx o /)
Wpo

Ip\1/2 ) 1/2
e The beam radius and |p | (2+) = (—b) 2 % | FP— E(E) /<< 1

effective pitch-angle at z, le “po wpo \e
e For injections at Ay > 6, Yo g
. - L M *Ue
electrostatic repulsion ends at W0
It . vp .
resulting in Poe — Ap < p < p.. =——sinby
a hollow cylinder Wee
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§.{ Beam Distribution Function
<

e | he beam distribution function
0 at p > P
v,p)=n o —
fo(v,p) b(P){ G LG ) atp <py

= Bump-in-tail in || direction and beam of “oscillators” in L direction (el. ring)
= [nstabilities of aradially bounded beam at small and large injection pitch-

angles
Much
e BPD diameter Rgpp is the wave excitation region 1 By tghrzfl‘ter
the beam
eNarrow beam, p | K up/wppat g < 0, diameter
I/ 4 o,
Rgpp~ () 2= > e
» Linear theory: Alekhin, Karpman, Ryutov, Sagdeev, 1972
= Lab. experiments: Jost et al., 1982; Bernstein et al., 1983
Vi A
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Modulation by the rocket spin

The variation of the radioemission
spectrum due to the rocket spin
elec®ontgyrofiarmonics
@ s+1/2
109 1o "t 12t e
25,0 (M. ewmn ZarnitSa-2 o =
=
5
Z5.5 near-rocket glow
3 /
” [ o
§6.o \/ ¢
=
5 .
ﬁ 6.5 — A "
o 180° 360°
SPIN PHASE OF THE ROCKET
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\ .
\"/ BPD initial stage

. 2 -1/3
(J1(§;)=0) T~ (ﬂ)l/3 (1 + (5_1) ) Wide

Ne kop_L beam
b 1/2
Th ~ Wpl (n—zi) Narrow beam
Saturation due to 2 0\ 1/2
trapping of the Wy = | Eq| ~ npep Cos2 B ("h )
beam electrons o wWp0
u u
Y~ I~ A
Y Vb

Wo > no-z'g — Aperiodic instability Theating ™ Qp—il
saturated by trapping of the bulk electrons 7. — Wo/ng

[DeGroot and Katz, 1973]
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BPD development

\
\

N\

e Quastroscillatory process: Rise—Saturation—
— Heating— Sup pression (due to conversion)— Rise, etc.

e At each step, the beam propagates through the "sup-
pression” zone farther from the rocket

B Tgeat > Eion at

hel= ( p0 ) (—b) sin3/24,

e Towansend condition

’ : 10 £; :
Nn > Nipy = 3-101 (—) T;,;tBOIG]"RJ.[km/ s1y

T
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NZ ARAKS : UHF radio emission

ARAKS: Signal from a ground receiver at 50 MHz

-

-
' ‘
/‘;M/ML% .;'M%H’v‘{ww ,.",‘%WWWWW iy

Delay of the 50-MHz signal relative to the injection pulse a few ms delay of 75 MHz relative to 50 MHz e § ==

20

power flux (1-2) 10" W/m?Hz

power 30-100 W
1% - 3% beam power

=  Consistent with the BPD ionization rate

Mishin and Ruzhin, 1980
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\ 4 BPD

The electron temperature near the ARAKS rocket
T, K L [Gringauz et al., ASR1981] from the RPA data
F 4

" JSC tank

nBol 207 "

———— — —

Ven>Vy
ohmic heating

e n e [ 3

EXCEDE, PRECEDE

e oy

120 43D 140 150 460 170 430 h
Greatly-elevated electron
temperature

L 2107 suppression by collisions

Altitude and neutral density range over

which BPD is expected [Linson, 1982]

Steady state at ne > nx = nbLb ~ 103nb
Eion
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\/ Strong Langmuir Turbulence

[ =g—-_

2, = yati h
2 1 107 (1 2 ;) " lonization by accelerated
Dip fe electrons
“LiA
+* Waves are trapped inside density cavities o ’ 9
% Collapsing cavities transfer the wave ( TE =h
energy toward short scales Gom = 10 v, (TE) Iy
¢ In saturation, the wave energy is =iomn A:’_—“H
Z (km)
3my The electron distribution function and the simulated
T Ll 4]
= e'e 00 angmuir spectrum [Sotnikov et al., 1¢
Wsir o Mele<W Langmuir spectrum [Sotnikov et al, 1992]
] p - |
~
\ M
¢ Short-scale waves are absorbed \
by plasma electrons, leading to ~ \
non-Maxwellian suprathermals ; \ W
-’ \ ~SLT !
e — 1 Pa 4 A
-Ff{( ,| ) = pﬂ Na ( iﬂlﬂ) \' .I \. ,
Umin o | t’.x“ ./ tail \. ..-beam-excited
{pﬂ 208_]—) J'A."'_‘:_.n_.___ b} ()() s ":.__h_,
v,(x) Vo (X) Vg v
DISTRIBUTION STATEMENT A - U . = = +




UNCLASSIFIED

A )
\/ Suprathermal Electrons
13 all

o -
° BT
3] S \e
X : \o
o = » % W\, ©
[§] > ro  \
% A 8g-13
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NE “: 10% o ; 'I q"o
o € BANKS | o® |
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U ~~~~~~
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! “ — No gas V e 1 1 1 ] L 1 ] ] 1 1 1
IOOLJ 2 s sazazzl 2 2 sxazxasl 2 s sssnszl 2 2 4 6 8 10 12
V4 e = =\ ENERGY (keV)
. The SCEX 111 soundmg rocket experiment
B g
£ the RPA data Bale et al.,, JGR 1995 :
v 107 - 1
- : B
freed - 3
e .7 1
e 10 s.. y _g
R e 9
o : 1
% - 5 T 4 10’ el g Aw I3
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it iy 3 ess th
10° L NN SN ] 10'
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=  Flat suprathermal spectra
= Many more suprathermal electrons than coII|S|onaI values
: 8 i 20
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Mishin et al,,

Artificial Aurora Rays

1981
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140
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\"/ SLT Auroral Rays

» Effects of collisions on SLT Ly > v, > —

As the collapse rate is smaller thanI', , the beam can excite waves but the
trapped waves are damped faster than collapsing. As nonlinear transfer is
reduced, the Langmuir wave energy grows until collapse will be possible.

1/2
TR o m L'y \ - -
the limiting collision frequency | 1/, = ( b) Volokitin and Mishin , 1979

M (ve\”
Wave energy density IT?L..-"';?.IETE ~ (_9)

) Iy

G == 10 ve(Te) 14

Zio0n
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Plasma Turbulence Layer

//'
\.

¢

Schematic of altitude-profiles

altitude

010002000 30004000 0 1 & 3 4 §
K ! [th”m'a]

- Schlezier et al., GRL %
Mishin and Telegin, 19891;(0) W(O)
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/ Enhanced Aurora

[ 4
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//'

Electron intensity, cm s'sr kev ™!

lo’b A4 L4 L 'Y"'I v v v ""'I L T T'YYY: =
140
: Obsgrved spectrum b
S 0())
/ 07-"
10° i /e "ail - 130
=
-
<
Primory spectrum ?’420— _____
107 |-+ reflected albedo — b
- 3 =
[ Primary spectrum ] o
L N =0-635cm™ 11 e e T T 11O T T T T T T
E.*10°2 keV ’I i 110F
'
10° P S a1 PP W RPN
o1 | 10 100 . .
energy keV luminosity, a.u.

100! = 2 - r

Double-peaked auroral rays
Dzyubenko et al., 1980

sharp upper boundary

Hallinan et al., 1995 %
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A )
\/ Beam-Plasma Instability

Natural Auroras

& ¢
A
% N a»‘&
=3 ABO
R u
S

3'/0.7 Cm_gs_lsZér_lkéV_l 8. <10° lo'> TTTTTTYYY YT T v rrrrrg
0= - 3
4 i i :
T - Obsgrved spectrum b 4
2| = |t / 0,,,0
% /e iny,
T 10° i - £/ =
8 - ‘l‘s 3
;‘. 4
" ; <
=t Primary spectrum
§|o' - + reflected olbedo )
0 (SN RS R T (R RTIT| 3 - .
0,01 o1 7 kev 10 w ]
L Primary spectrum 4
g : - N =0635cm™® o
Beam of field-aligned elecyrons over the II class arc i E.~10:2 kev | i
[Arnoldy et al., 1974] ]
l IO‘ Bru.antAci:all. 19?8. aadaaal " Ad A AL
(o8] ] energy 10 keV 100

Inverse Landau
damping

Ty, b

M, A_”

Fb ~ Wy

AFRL HERITAGE | 1917-2017 25
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Beam scattering near the rocket 8

o
Q.'
_ Flux of suprathermal and . Polar 5
®omued scattered beam electrons /N om 1 jl'{.::mz g & IEEV} o 1 150-180 km
70° - ’ooﬁd;’ 10" ] :51251%-1233 I'I'I[{nn';l
3 e ’ﬁ-r- 4146 118 km
:A ﬂimtﬁd- !" == T = v
-1t — ' - k. S
= - % ¢ 4 50 dyu
: A Aifmas Observed fluxes of 8-10 keV electrons inside the "halo”
- A
bd bgdganhy 07

echo 5 © 7 0.5keV

- echob AZ 8keV 7 o
F ARAKS & & 13 keV
Pul 1 | R
o0 140 180 220 it kM
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*** Greatly exceeds collisional
scattering near the rocket

** Prompt Electron Echo ( PEE)
[Hendrikson et al.,

1975; Winckler

et al., 1975; Maehlmn et al., 1980;
Wilhelm et al., 1985] with time
delays < 100 ms during upward

beam injections
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Prompt Electron Echo SLT model &

o)

3t + uv

NSy

ds

(S)ep = Veffau[(l — I )3145

1—u? v? OB A{f)

U

pt = cos @, s is the coordinate along the geomagnetic field,

— [
2B 0s A H 2”/”

2, 9f

Wi,

Veff=Wp

JE)=o () 30E)

kr > ko = wp/v,

Mishin et al, 1989
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\/

— __Albedo at the source altitude (160 km
",'9 for upward injection ' '
“‘;‘ Mishin et al., GA 1993
1 Khazanov et al., GRL 1993
o
0.4

FEyp =10 keV

0.2
Veff = 0 s

10 20 30 40
E (kev)

1
+ = f A
3+(E) = [0 wb(E, p)dp
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PEE calculations

upward inijection

—Pitch-angle distribution 20 km above
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Flat accelerated electron spectrum

_ 2V, &
2 = 1076 (1+

3w, 1.

: \ Qpa. — 1 = min Pa
) - _)m_) ) o ( | )

Joining condition

(Pa =

Secondaries (class |l arc)
[Feldman&Doering, 1975]

) | naL 1 lllll

-Fa(":min) — Fﬂ(fmin)
,a' L
/ .
» Acceleration of secondary electrons ”-‘5
— ¥ T ] _2 5 ¥
Smin— %U(” L}'{I?I'STE) / [E\’r] _________ B
n. is the density of secondary electrons 2' ; :, ,

Mishin & Telegin, 1989

1] 20 0 g0
energy, ey
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Limited survey of nonlinear beam-plasma interactions during active
experiments with electron beam injections in the ionosphere is given.

Artificial aurora and near-rocket glow, artificial radio emission, accelerated and
albedo electrons, rocket potential and electron temperature near a rocket, and
telemetry damping.

Theory of beam-plasma discharge

Enhanced aurora
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Eleciron intensity, o "¢ w™ eV
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\ Al &
\‘.éolllsmnless Beam Plasma InteractioRy

Inverse Landau
damping

Fb r ()

2
Ty, b
, — Ve -Te
P Ne (A_”) ( )

Langmuir waves gain energy at the expense of the beam

dit

d d
np— ()p = _E Zk Wr ~—1pW,

Relaxation length

[, =~

AVso RpED
o0
Vb r

QL-saturated wave energy (no wave-wave

coupling)

£

W, = 0.1n,g, T—b > n,T,

e
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