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ARTICLES

Electronmagnetohydrodynamic response of a plasma to an external
current pulse

H. B. Zhou,® K. Papadopoulos, and A. S. Sharma
University of Maryland, College Park, Maryland 20742

C. L. Chang
Science Applications International Corp., McLean, Virginia 22101

(Received 30 June 1995; accepted 1 February 1996

In this paper we examine the dynamic response of a magnetoplasma to an external time-dependent
current source in the context of electronmagnetohydrodyna(idéiD). A combined analytic and
numerical technique is developed to address this problem. The set of cold electron plasma and
Maxwell’s equations are first solved analytically in th&,w) space. Inverse Laplace and
three-dimensional complex Fast Fourier Transform techniques are used subsequently to numerically
transform the radiation fields and plasma currents fronikhe) space to thér,t) space. The results

show that the electron plasma responds to a time-varying current source imposed across the
magnetic field by exciting whistler/helicon waves and forming an expanding local current loop,
driven by field-aligned plasma currents. The current loop consists of two antiparallel field-aligned
current channels concentrated at the ends of the imposed current and a cross-field Hall current
region connecting these channels. The characteristics of the current closure region are determined by
the background plasma density, the magnetic field, and the time scale of the current source. The
results are applied to the ionospheric generation of extremely low-frequgtidy) and very
low-frequency(VLF) radiation using amplitude modulated high-frequency heating. It is found that
contrary to previous suggestions the dominant radiating moment of the ELF/VLF ionospheric
source is an equivalent horizontal magnetic dipole. 1896 American Institute of Physics.
[S1070-664X96)01805-4

I. INTRODUCTION sponse of a magnetoplasma to a current pulse, in the param-
eter range where the ratio of the electron cyclotron to elec-

The transient response of a magnetoplasma to external%n neutral collision frequencyy,) is larger than unity,

imposed stationary or moving current pulses is a fundamen\;vh”e the ratio of the ion cyclotron to the ion neutral colli-

tal plasma physics problem with a wide range of applica-_. . . o
tions. The formal solution of this problem for a cold, colli- sion frequency(n) is smaller than unity. This s the case for

sionless, isotropic plasma is well knowrKueh? used the the plasma in the D and E regions of the ionosphere between

far-zone dyadic Green’s function to calculate the radiation 0170_130 km altltude.rar?ge. AL high latitudes this region is
an electric dipole in a two-dimensiond2-D) magneto- penetrated by electric fields and currents. As a result, tran-

plasma. A solution was found only for the case when thesfienf‘ pregipitation events that cause I.ocal conductivity modi-
frequencyw is much higher than the electron plasma fre-fications mQuce current pulses, to which the plasma responds
quency w, and the electron cyclotron frequendy,, viz. by g-enera.tlng equtromagneﬂEM) waves and currepts. Of-
wlws>1 andw/Q.>1. For low frequenciesp<(),, the inte- particular interest is the plasma response to periodic heating
gral equation reduces to a transcendental equation that caft the D region by ionospheric high-frequen@F) radio
not be solved analytically. Vidmarused a saddle point Wave heaters. This phenomenon is extremely important,
method to study the delta function excitation of waves in thesince it leads to the generation of low-frequency EM waves
Earth’s ionosphere in one dimension. He found an asympin the ultra low-frequencyULF), extremely low-frequency
totic solution, valid for the far-zone field and long after the (ULF), and very low-frequencyVLF) ranges.® A new
source turn-on. Transient effects were lost through the use dechnique that combines analytic and numerical methods is
the saddle point method. Furthermore, saddle point methoddeveloped in this paper. The electron plasma and Maxwell’s
are very difficult to uséfor multidimensional cases. Because equations are solved analytically in Fourier space; then in-
of the mathematical difficulty in calculating the integrals verse complex fast Fourier transfor(fFT) technique is
analytically in two or three dimensions, numerical solutionsused to transform the radiation fields and plasma currents
are required. from Fourier space into real space and time. A general form
The objective of this paper is to study the transient re-of time-varying current source is used, and collisional effects
on the plasma response are retained. This paper is organized

dCurrent address: GE Capital Spacenet Services, Inc., 1750 Old Meadof¥S _fOIIOWS- In the ne_Xt section we discuss the dielectric_prop-
Road, McLean, Virginia 22102-4300. erties of the D region and present the model used in the
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sphere can be seen by referring to the dispersion relation of
the plasma in the 70-130 km altitude range for parallel
propagation k=¢,k). This is given by

kc)? w? w?
0. w] T w(w—ive—Qy) o(o—ir—0Q;)" ®)

For w<Q;<v;, v,<(,, and neglecting the displacement
current, we obtain

QO v Q;
0. w=k%? — 1—i(—e+—') . (6)
wg Qe v
80 100 120 140 This is the helicon mode and suffers weak attenuation, even

for w<vg,v;. The important aspect of the above analysis is
that in the 70—130 km range the plasma response is con-
FIG. 1. K, (z) andK,(z) as functions of altitude for typical ionospheric trolled by electron dynamics, Ilet only in the usual whistler
parameters. range ();<w</{}.), but also in the low-frequency range
(w<<(})). As a result, when the plasma response to externally
induced perturbations is considered, it is sufficient to retain
computations. In Sec. Ill we present the basic set of equagnly the electron dynamics and ignore the motion of the ions.
tions and the methods used to obtain their solutions. Th@uch a model is referred to as the e|ectr0nmagnetohydrody-

Computational results are discussed in Sec. V. In Sec. V W@amic (EMHD) model and is described in the next section.
discuss the application of the model to the generation of

ELF/VLF waves in ionospheric heating. In the final section|||. IONOSPHERIC PLASMA MODEL
we summarize the results and present suggestions for future
studies.

Altitude km

We study below the response of an electron plasma to a
time-dependent and bounded current soudgé,t). The
plasma is modeled by the EMHD equations, which, as dis-
cussed in Sec. I, are the equations that describe the plasma

The linear wave equation describing electromagnetidn the range between 70—130 km in the ionosphere. Assum-
wave propagation excited by a currelytr,t) in a vertically ing a homogeneous, cold plasma with the ions forming a

Il. EIGENMODES OF THE LOWER IONOSPHERE

stratified ionosphere is given by stationary neutralizing background, the EMHD equations
2
wi(2) 1 JE 4w ddy(zt) aré
—VXx(VXE)+ 2 Q_eG(Z'E:?T’ 4 4
1) VXB——TGI’]OVE'F?JS, (7)
where dV, e 1
= — — + i —
Ki(2) Kq2) O dt = mg | Et g VeXBo|TveVe, ®)
G(z)=| —Kx(2) Ki(z) 0 |, ) 1B
0 0 Ky2) VXE="Ca ©)
€ 1 Q. wheren, is the electron density/,, is the electron fluid ve-
Ki=17a K1z Kz:,,_e' 3 locity, E and B are the radiation fields, and is the exter-
nally driven current source, whose form will be specified
and later. The dominant plasma response enters through the first
ve term on the right-hand side of Eq7). The displacement
€= Q—+ o 4 current has been neglected since we are interested only in
e |

R low frequencies. From Eq$7)—(9) we obtain for the evolu-
In deriving Eqgs.(1)—(4) a vertical magnetic field=e,B,  tjon of the magnetic field(r,t),
was assumed ang.(»;) is the electroriion) neutral collision 2 o
frequency. Figure 1 shows plots & (z) andK,(z) as a iVZBwL VZB—&(;——Q b-V)(V XB
function of altitude for typical ionospheric parameters. Thedt Ve c? gt el ) )
important aspect of Fig. 1 is that far-130 km the diagonal

elements ofG(z) dominate, giving rise to the traditional = am <_ 9 VxJ+ Qo (V-J)b—Q(b-V)
low-frequency Alfven waves. However, for 70 kaiz<130 c ot ©e ° ©

km, the off-diagonal elements dominate, even for frequen-

cies approaching zero. Since the values&fL, only the elec- XJ— v VX Jg/, (10

tron dynamics is important and the magnetized plasma
modes resemble the well-known helicon modes in solid statevhereQ .= eBy/m.c, b=By/|By|, andw3=4mnye*/m,. This
plasmas® The importance of this mode for the lower iono- is the key equation of the paper. Before proceeding with its

Phys. Plasmas, Vol. 3, No. 5, May 1996 Zhou et al. 1485



solution, it is instructive to examine the evolution of the

electric fieldE(r,t), for an inertiallesgm,=0) and collision-
less(v,=0) plasma. From Eqg7)—(9) we find

We solve Eq(10) by using a spatial Fourier and tempo-
ral Laplace transfornithe Appendix. This yields

JE Qe _, 470y g D(K,w)-B(K,w)=Je K, w), (12)
—— —— VExXb=—-%—bx —. (12)
. we We at whereD(k,w) is the dielectric tensor of magnetized plasma,
|
2
2w+ = o+ K2 ~K20 Kok, Q)
—Ikw+|€2-w+k1/e z3%e yRz3%e
4 w?
D(k,w)=i — ke —iko—i 7 0=k, —keko Qe : (13)
2
_kysze kxkzﬂe —ikzw—i C_Ze w_sze

and J.(k,w) is the transform of the external source and isA. Response to a current sheet: Collisionless case

given by

4
Jok, )= 777 [okxJotiQq(k-J)2—ik,0J,

—ivekxJg]. 14
The dispersion relation is
D(k,w)=0. (15
From Egs.(13) and(15) we find
kk, Q¢ ke
“7 K+ wic? (1_' ko)’ (16

Figures 2—6 show the results for the casg=0,
wd Qe=1, 7=45Q. 1, and lengthL = 42c/ », for the source
given by Eq.(18). The results refer to a current source with
Jo=1 mA/m. Figures 2 and 3 show the temporal evolution of
the magnetic fieldB(r,t) as it propagates away from the
source.

A pulse induced by the current propagates away on both
sides of the source. It is generated during the switch-on and
is characterized by strong dispersion with the perturbations
with shorter wavelengths running ahead of those with longer
wavelengths, as shown in Figs(b2 and Zc) . The wave
packet exhibits characteristics of the whistler wave

which represents the propagation mode at low frequencie®nd propagates with a group velocity3. Since the group

For quasiparallel propagatiok,~k, we recover Eq(6) cor-
rected for electron inertia and with./(), corresponding to
vel Qe[ 1+ (vi/ve) (Qe/€2;)], we have

_ Qe (1 . Ve) 1
T I\t Q) @7

In the following sections, Eq10) and its transform will
be solved first for a two-dimensional current sou¢cerrent
sheet, given by

eJod(z)(1—e Y7, |x|<L,
and then for a three-dimensional source,
eJod(2)8(y)(1—e "u(t), |x|<L,
BV 2D=0, x> L
(19

whereu(t) is a step function, and is the rise time of the
source.

IV. COMPUTATIONAL RESULTS

velocity of the parallel propagating whistler is
Vg:2c\/wQe/w§, this observed group velocite/3) corre-
sponds to a frequencyw=(./36, comparable to the
switch-on time7=450, . The wave numbers in the wave
packets are in the rangk=5—-6w//c. The identification of

the precursor waves as whistlers is clear from the wave po-
larization (Fig. 3), which shows that th&, and B, fields in

the x=0 plane are 90° out of phase, as expected for these
right-hand polarized waves.

The dispersion curves vs k, obtained by computing
wavelengths at different frequencies, is displayed in Fig. 4.
The computed points fall on the theoretical dispersion curve
for whistlers!® shown as a solid line in Fig. 4. When the
source is turned off, the wave packets disconnect from the
source and propagate as isolated wave padkégs 5. This
is quite different from the behavior during the switch-on
(Fig. 3), during which the radiation field is connected to the
source. By turning on and off the cross-field current source,
we can generate isolated low-frequency wave packets propa-
gating away on both sides of the current source.

Of particular significance is the identification of the cur-
rents induced in the plasma and of the current closure path.
This aspect has not been emphasized in the previous studies.

We now present the results obtained by numericallyThe current carried by the excited wavestat300 ;! is

solving Eq.(10) for the sources given by Eq&l8) and(19).

1486 Phys. Plasmas, Vol. 3, No. 5, May 1996
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=42 ¢/w,w,/Q, =1

t=200 0.7, L=42 c/w.,, ©,/0.=1
T H !\ T

15F T T 7 1.5] i B, ]
1o a) t =50 0! ] Lok ]
E 0'5;_ E 5 o.5i— _
2 oof 3 hat
ER : g oof ]
Z . 1 3 ]
o —0.5[ 7 2 r ]
L ] o —0.5¢ ]
-1.0F 3 3 t ]
2 —10F ]
-1.5L ) . " [ ]
—200 -100 ¢] 100 200 L
z/(c/w.) 150,
—-200 -100 0 100 200
z/{c/w.)
1'5 N T T T ]
1_0:_ b) t = 100 Qe’l ] FIG. 3. The magnetic field componerg and B, , which are 90° out of
- E phase inz. The excited waves propagate as right-hand circularly polarized
L osfF 3 waves along the background magnetic field.
% ool :
& ]
< -05F - The current closure region expands along the external mag-
1ok 3 netic field with the whistler, the group velocity, and is con-
o ] sistent with the time scale given by E@0). However, the
-5k : . : . process is weakly dissipative.
-200 -100 0 100 200 .
2/(c/w) We have performed a comprehensive study of the scal-
ing of the field aligned length of the current loop as a func-
1.5 ' T ' ] tion of the plasma parameters, and the results are shown in
1o c) t =200 0, ] Fig. 7. The current front moves with the whistler group ve-

] locity, which is frequency dependent, and the typical group
3 velocity is computed using a fixed frequeney=./170.
3 The size of the current closure region is defined by the loca-
] tion of the current reversal away from the source. For ex-
3 ample, in Fig. 6, the closure current reverses direction at
- ] z=45c/ w., defining the boundary of the region. The size of
; ] the loopr at a time(),t=200 as a function of the electron

—15E : : - ] plasma frequency is shown in Fig(aJ, and it scales as

-200 -100 0 100 200 1.1 . . .
z/(c/w) we ~ . The current closure size at tinag,t =200, but withw,
constant and),, varying, is shown in Fig. (b) and the scal-

FIG. 2. The amplitudes of the magnetic field compor@pas a function of  ing isr ~Qg-64_ Finally, Fig. 7c) shows the closure range as

z along the external magnetic field line in tke=0 plane at different times: function of time for th O.=1. givin 0.6 I-
(@) 500 %, (b) 1000, %, and(c) 2000 1. The pulse propagates at the group a function of time for the case./(2.=1, giving at™ sca

velocity of whistler waves.

L L L L L L

B, (gauss)x10™*
IS)
o

dispersion relation

shown with a large arrow in the middle, while the plasma 0.12¢ ‘ 1
currents are proportional to the lengths of the arrows. The 010k 3
complete current path consists (@) the outgoing portion of

the closure current, as represented byXhlowing from the 00y ]
top of the current source outward along the magnetic field g 006k ]
connecting the top(2) the crossover portion of the closure 3 I ]
current, as represented by theflowing across the field and 0.04r1 ]
the midplane; and3) the return portion of the closure cur- ’

rent, as represented by tle flowing along the magnetic O‘OZi

field toward the bottom of the current source, thus complet- 0.00% o : :

ing the circuit. The two current loops expand along the 000 005 k%}g 015 020

direction, preceded by whistler radiation. The expanding T

loop has a whistler structure and the front expands in time agg. 4. The normalized dispersion relation, obtained numerically from the
wavelengths corresponding to different frequenégegiaresand that given

c by w=0Q./(1+ w2/k?c?) for the given plasma parameter/Q.=1 (solid
Z(t)~— JQt. (20 line). Both polarization and dispersion measurements show that the current
We perturbations excite whistlers.
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ing. These results confirm the validity of EQO) in describ-
ing the loop expansion.

The above results show that the current closure is ac-
complished at early times. Besides the two field aligned cur-
rents, the current closure is accomplished by an electron
cross-field Hall current and the closure region expands with
the whistler group velocity. The electron Hall current is
driven by an electric field, , whose temporal evolution in 0 : ‘
the x-z plane is shown in Fig. 8. Notice that the plasma .
response remains well confined in the transverse direction to fo (MHZ)

a size comparable tol2 while propagating alond. We f/f=1, f.=1 MH
should remark that this transverse confinement was observed e
in another set of runéot shown herg with L =84c/w, and
168/ w,.** The cross-field currents at the switch-off showed
that current closure pattern is approximately the same as in
the switch-on case with the current directions reversed.

An interesting effect related to long time propagation
following the switch-off of the source current for the colli-
sionless case can be seen in Fig. 9. It shows contours of the
electric field att=2000)_*, for a source withr=1000;*,
which is turned off at 100;®. It can be seen that the two
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20} ‘:§§\§§\§§§l\§i\5i‘§:\5:‘ { fi,t,;,;/,f/,j}/%é%/%é;;ﬁ The previous results were constrained to relatively short
SN Y /zj’f;//(/:/ Agsi—] values of7. On the basis of the physics we expect similar
NP e :
e 1 '

behavior for longer time scales. To confirm this we per-
: formed a set of runs with=10°Q); , the other parameters
SN beingw/Q.=2, andL =84c/ w, and 160@/ w,. A summary

of the results for the evolution @, is shown in Fig. 10 in a
different format. The helicon wave packet is highly disper-
FIG. 6. The plasma current flow in thez plane at timet=3000 %, with Si.VG, eXhibiting. characteristics similar to the whistle_r V\.Ia\./e
QJw.=1 and 7=450 L. The current source size Is=75¢c/w, and the  discussed previously. The current closure structure is similar
initial current is shown(not to scalgin the middle for comparison. to the one shown in Fig. 6. It should be noted that in the

—40

__-\._/
JEN
N

N
\

B ar

1488 Phys. Plasmas, Vol. 3, No. 5, May 1996 Zhou et al.



Ey(t,z,z) 1000

200¢F T ! T L
a) t =50 Q7! j 500

100 F

I ¢ ool va o

S ob <o
~— r )
e~ o ~— - B
> : > r ]
—100f —500 7
.200E | . ) 1 -1000 . : - : i
-200 -100 0 100 200 —1000 -500 0 500 1000
Z(C/we)
Ey(t, z,z2)
200F i i ' E ) E,(t,x,2)
: ] 1000 T y i ]
: b) t = 100 Q! L 1
100F g r ]
. g 3 500 -
S °F E 3 i ]
~ £ 3 - R
< 0 s o ]
—100f E > A
i ] ~so0 - ]
—200¢L . .1 : F 1
-200 ~100 0 100 200 F 1
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100k 3 FIG. 9. The contours oE,(x,z) and Ey(x,z) at time t=200Q, ! after
E ] applying a current acrosB,. The current pulse is turned on &0 and
-3 F 3 turned off att= 1000;1. Note the wavefront spreads in a cone at an angle
3 of E a~20° with respect td,.
< r 1
= ;
>~ : 3 . ,
ook E flows so as to neutralize the excess charges. These field-
E 3 aligned currents give rise to the observed magnetic field
g componenB, shown in Figs. 2 and 3; an@) the electrons
00t : ‘ : perform ankE, x B, drift that gives rise to cross-field currents
~200 -100 0 100 200 Yy

Z/(cwe) Jx'z necE/B,, antiparallel to the imposed gurrent. Although .
this Hall current has the appearance of an induced current, it
FIG. 8. The contours o, at different times after applying a current pulse is not directly driven by the inductive electric field but only
acrossBy: (a) 500, (b) 1000 *, and(c) 20002, *. indirectly via the space-charge separatidAs the currentl,
moves alondB, into the plasma, the above processes repeat
at the wave front, although with reversed signs: an induced

absence of ion dynamics, these results do not represent tﬁéelftr'c.f'eld_aAX/ &thglves rllsettp ?_n elect:jo?_ldlrllﬁy, re—t
complete physical picture. However, the long time effects of>!1iNg in & space-charge electric fiei and Hall curren

__ i — )2 .
dispersion and dissipation on the propagating wave packet]:‘i‘_ UHE.V’ with oy =we/4m(le. The electron Hall cur
is shown by these resuilts. rents, which are not balanced by ion Hall currents, form the

In concluding, we note that the observed field and cur-CrOSS'fleld currents.

rent structures can be understood qualitatively with the fol- -
lowing simple physical model. The time-varying current B. Coliisional and 3-D effects

g ple pnhy ying
drives an inductive electric fiel&,= —dA,/dt that is anti- Although the collective motion of magnetized electrons
parallel to it whendl/dgt>0 and parallel wheryl/dt<0. in a plasma dominates the dynamic response, collisional ef-
Since the electrons are strongly magnetized, this electric fielects are important. On including collisional effects in the
generates only a small polarization current. However, th&eMHD model, the dispersion relation of whistler/helicon
electrons perform ak, X B, drift that gives rise to a space- waves in magnetized electron plasma becomes
charge electric field, perpendicular to the source current. =Q¢(1—iv/Q)/(1+ w3/k?c?). The damping rate of the
The consequence of this nonuniform space charge separatioadiation fields due to collisions is controlled by the factor
is twofold: (1) It gives rise to field-aligned currenty that v/ .. We have performed a series of computations with the
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0 AR S WA S NS S : FIG. 12. The isosurface plot of the current density in three dimensions

0 2 4 6 8 corresponding to a current puldg(r,t) imposed across the ambient mag-
Qb (x10°) netic fieldB, for a strongly magnetized plasma,=0.00X), . The outgoing

(return) portion of the closure current flowing from the tépottom) along
FIG. 10. The time variation of the magnetic field associated with a currenthe ambient magnetic field lines. The cross-field plasma currents are not
switch-on(1 mA, rise timer=10"Q, 1) acrossB, through a magnetoplasma. shown due to their small values in this isosurface plot corresponding to
The transient fieldB, at differentz from the source exhibiting wave char- J=0.1Js.
acteristics alond3, are shown.

shown. In three dimensions the cross-field plasma current is
values of the parameters corresponding to those of Figs. 2—fore distributed than in the 2-D case shown in Fig. 6. Con-
but with v, varying between0.001-1)(),. The results for gequently the current density is much smaller and does not
the evolution ofB, are shown in Fig. 11, =200 *. For  ghow in the isosurface plot of the current density, shown in
ve=0.010,, the wave pattern is similar to the collisionless Fig. 12, for|J|=0.1J. The current distribution in the-z
case[Fig. 2(c)]. When the collision frequency is increased, plane(aty=0) for the 3-D distribution(Fig. 12 is shown in
the waves are gradually damped. hor=0.10),, the oscil-  Fig. 13. The cross-field current is displayed here, but not
lating part ofBy is damped, while fow.=(), the collective  shown in Fig. 12. The results obtained using the 3-D time-

a fashion similar to a conventional conductor. The structure

of the current loop follows a similar pattern.

For a 3-D time-dependent cross-field current soliEmg
(19)], the current closure pattern is similar to the 2-D case.
For the strongly magnetized case, the field-aligned current is
shown in Fig. 12 and is closed by electron Hall currémit

t=200 0.7, L=42 c/w., w./Q=1
T T T

150
[ ve = 0.01 2
10
1,0j i =
osk f
S ]
X r 1
3 00F J
3 E ]
R ]
@ =051 !
_rof ]
-1.5L | I i
—200 =101 100 200

Q
Z/(e/w.)
FIG. 13. The three-dimensional plasma current distribution generated by a
FIG. 11. The effect of collisions on radiation fieR](0,z,t) att=2000" current pulsely(r,t) imposed across the ambient magnetic fiBlgfor a
for collisional frequencies/(2,=0.01, 0.1, and 1.0. plasma withve= ().
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general physics of the previous results, although the currerihe current source generation by modulated ionospheric heat-
path appears more complex. An important result of the 3-0Ong is as follows. At high latitudes the solar wind interaction
runs is the striking difference of the current path between thevith the Earth’'s magnetosphere results in the creation of an
weakly collisional ¢,=0.00X),) and the strongly colli- electromotive force. Since the magnetic field lines are equi-
sional (v,=(,) cases shown in Figs. 12 and 13. Figure 12potentials, the high latitude electric fielh=E e, maps into
shows a strong field-aligned response similar to the twothe lower ionosphere, where collisional processes allow for
dimensional case, and the current is again closed by a Hathe generation of cross-field currents. Two types of currents
current(not shown. The three-dimensional features are con-flow across the magnetic fiel=Bye,. The Pedersen cur-
fined in narrow regions about the field-aligned currents. Omrent,
the contrary, the strongly collisional case shows a cylindrical .
distribution of currents about the imposed current, similar to Jp= 0Py (22
the diffusive response expected when a current pulse is apn the direction of the electric fiel&,, and the Hall current,
plied on an isotropic conductor. Also, 3-D results show the -
scale sizes of the current in thedirection. In Fig. 12 the In=oHEEy - (23
field-aligned current channels has similar extents intaed  |n Egs.(22)—(23), op and oy, are the Pedersen and Hall con-
y directions. In Fig. 13 the current is distributed in a regiondyctivities, defined as
that is narrower in theg-direction.

ne? Ve ne Q.

op=——3—>5——> and oy=—mp ——> >,
V. GENERATION OF ELF/VLF WAVES BY P mQZ 1+3/02 " mQZ 1+03/02
IONOSPHERIC HEATING (24)

A fascinating and important property of the active iono- respectively. Sinces, varies linearly with the electron tem-
sphere is its potential to act as a frequency transformer thd&eratureT,, amplitude modulated heating at a low-frequency
converts HF power injected from the ionospheric heater tgv induces a modulation on the values of the conductivities
coherent VLF/ELF/ULF wave$: Waves between 10 Hz  throughw,. As is clear from Eq(24), for heating at altitudes
and 30 kHz have been generated in the ionosphere by amplith v.<(., the dominant modulation is in the Pederson
tude modulated HF heating in the auroral zones. lonospherigonductivity, and this results in a low-frequency modulated
heating modulates the ambient conductivity, redistributingcross-field current.
the ionospheric currents. This acts as an effective ionospheric  The relevant current density is the height integrated cur-
antenna radiating waves back to the ground or to the magent densityJ, due to the modulation in the temperature. For
netosphere at the low modulation frequency. This antennge case that modification of the Pedersen conductivity domi-
has often been referred to as the Polar Electrojet AntennBates, the current generated by modulated HF heating can be
(PEJ. A key issue on the subject is the radiative moment ofwritten as a series of pulses, with each pulse represented by
the PEJ. ,\

Early analysié*®assumed that the radiative moment was (XD =8Sx.H) o, (253

a Horizontal Electric DipoldHED) with momentM ¢ given L A
by S(x0)=0/|x|-3|6|lyl- 5|2

Mg=EpAolL,L? (21

wherelL, is the absorption length of the HF waves in the
direction andL is the horizontal dimension of the heated )
region. In the ionospher€Z0—90 km, where the modifica- Jo=Jolz, (259

tion takes placef)>v, but Q;<w;, as a result the EMHD  \yhere@(x) is the Heavyside step functiob, andA are the
model applies. The results of Sec. IV showed that the plasmaytensions of the current region in tixeand z directions,
responds to a cross-field current, such as the one that Creatt‘aecspectivelyjo is the modified current density, arid, the

the assumed HED, by forming a current loop that includes @bsorption length of the HF power. The valuesjgandL,
Hall current in the opposite direction to the applied current.4.o given bjPtt

We, therefore, expect that the HED model is incorrect, and

(1-e V7, t<tg,

X e_(t_to)/T_e_t/T, t>t0,

(25b

should be replaced by a horizontal magnetic dipg®i&D) o wg AT 5
type source. The objective of this section is to use the EMHD 10_4779g T_o ve(To)Eo, (263
model to determine the type of radiative source and its scal-

ing with frequency and plasma parameters. L c w_ﬁF (26b)
A. Current source by modulated HF heating © ve(To) wg’

In the region of the polar electrojet, a time-varying cur- whereT is the ambient temperatur&T is the modification,
rent source is produced by modulated ionospheric heatingind w is the frequency of the HF wave. In applying Eq.
The absorption of a HF wave in the lower ionosphere result$26h), care should be exercised, in that it is valid only if
in the variation of the electron temperatui®T,) and, to a 2
lesser extent, of the electron densityN,) at the modulation wH2F<E L
frequency, and hence to a current modulation. The physics of ®e €

N
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FIG. 15. The integrated magnetic moment as a function of time for different
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For the current source shown in the top panel of Fig. 14, the
] value of

o ]

[o}]

|\/|y 1 L/2 o
m= T J deO dZzJ,(X,z,t) —xJ,(X,Z,1)],

—L/2
(29
as a function of time is shown in the middle panel of Fig. 14.

FETENE ESr

N
!

Radiation Res.(ohm/m). x10°
-
T

i ] In this particular caseé,=2x10°Q?, corresponding to an
OZ 1  ELF frequency of 300 Hz, while=0.01(), . After an initial
o ) 2 3 . transient the magnetic moment increasestasntil the cur-
time (Q:1) x 104 rent is turned off. The peak value ofis 7<10° A m%m, for

Jo=1 mA/m, and the minimum value i$dL0° A m%m, cor-
FIG. 14. The current sourcg(t) generated by modulated HF heatifup- responding to a total net radiating moment ok UP
per pane), the magnetic momeri (t) generated byl (t) (middle pane, 2 .. . .
and the radiation resistance dueMdt) (lower pane).S A me/m. The temporal variation Gh(t) is due to the_ re_ldla_
tion of whistler waves propagating upward. A radiation re-
sistance can be computed by integrating the Poynting flux
. _ . across a detector located, e.g.,zat38 km. The temporal
whereL y is the plasma density gradient. From E263 and  behavior of the radiation resistané¥t) is shown in the

(26b), we find lower panel of Fig. 14. It is expected that PEJ will radiate
whistler waves with instantaneous powR(t) = R(t) (JoA)>.
c [wig) AT The role of the collisionality in the value afi is shown in
JO:Q_e (W) T_o (QcEp). (27 Fig. 15. It can be seen that the radiative valuerofs rela-
e

tively insensitive toy, for v,<Q .. However, the PEJ radia-
tion becomes negligible when,/Q ~1. We finally note that
varyingt,, which corresponds to varying the ELF frequency,

results in a scaling ofn ~ \to ~ 1/\/f, wheref is the ELF
A set of simulations was performed using the code, tofrequency.

determine the expected structure of the PEJ. The parameters
were taken as representative of 80—90 km of the ionosphere,
with f.=1 MHz andf =2 MHz. The simulation box was
set in thex-z plane and covered a region of 120 km in each
dimension. A current pulse whose temporal behavior is given  From the results of Secs. VI A and VI B we can deter-
by Eq.(25), with J,=1 mA/m,L=20 km, andA=1 m, was mine the magnetic moment expected of the PEJ antenna and
placed in the middle of the box. The value of the dipolethe resultant scaling by using a three layer model, such as
moment was found by the numerical integration of the curshown in Fig. 16. The upper layer has low collisionality
rent moment in the upper half-plane, (vl Q,=<0.5), whereas the lower layer has high collisionality

B. Simulations of the PEJ structure

C. Structure and scaling of the PEJ antenna
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z on each side of the source. The presence of inhomogeneities
A breaks the symmetry, so that the magnetic moments of the
Upper layer loops do not cancel each other.
I The results of the study have implicatidfstin the re-

Lz

“"—>JS

sponse of electrodynamic tethers, short term perturbations of
the magnetopause and the magnetotail by the solar wind, and
on the physics of lower ionosphere when perturbed by natu-
> X ral or artificial sources at any frequency range. In this paper
.Y we emphasized the application of the theory to the genera-
tion of ELF/VLF radiation by modulated HF heating of the
FIG. 16. The three layer model of the magnetic moment. ionosphere. It is shown that, contrary to previous claims, the
source region has a magnetic moment consistent with a hori-
zontal magnetic dipole. The importance of the inhomogene-
(v/Q¢=0.5), and the current flows in the middle layer with ity in the vertical profile of the collision frequency is empha-
0.5<v,/Q,=<5.0. On the basis of the results presented insized. The scaling properties and radiation power generated
Sec. VB, are determined and shown to be consistent with the experi-
M (t)=~my(t) — m,(t) ~my(t), (30) mental data. _ o
Before closing, we should comment on some limitations
wherem,(m;) are the values df1,/A in the upper and lower  of the model, arising from the neglect of the wave fields in
layers. the electron equation of motidiq. (8)]. The results found
The above analysis shows that the horizontal magnetigre linear in the strength of the source and obey the principle
dipole moment produced by modulated HF heating can bef superposition. They are valid up to current densities, such

Lower layer

written in mks units as that B<B,. This condition is easily satisfied for most iono-
A L spheric applications, sincB/B, is at most 10%. A most
M (f )=6X 10° m) (ﬂn) stringent condition emerges in the very low collisionality re-

gime and is related to the presence of the parallel electric

fue  \2(AT fo [ Eo field E,. The value of this field can be estimated as
——— | | =—|\/+ | =|Am? (31 )
1.4 MHz) \ T, f \V/m (v+iow) .

E,= ~— 4m7j,. (32
where f;=300 Hz. In Eq.(30), we note thatM, scales as we

1/Jf, and the corresponding power ag.15uch behavior is

learl i th field =1 Ho) of the T Sincej, is proportional to the current level at which phenom-
clearly seen in the near-field resul 2) of the Tromso ena associated with runaway electrons and collective modes

experiments?.7 Similar behavior was observed in the transi-Woulol become important. Such phenomena could be impor-

tion from the_near- to the fa_r field_for fre_quencies 8 anc_i 4ant in magnetospheric applications and some tether applica-
Hz during high power active stimulatiofHIPAS) experi- tions, and will be explored in a future paper.
ments. Furthermore, during the HIPAS experiments with

A~L~20 km, fi,z~2.8 MHz andf =154 Hz,M, varied be-
tween 3<10°-2x10° A mZ This is consistent with Eq32)
for values ofE, varying between 10 and 60 mV/m.
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dominance of ion—neutral collisions. Following a transient
emission of whistler/helicon waves, a current loop composed
of two field-aligned currents and a transverse Hall current, in

_addltlon to the source current, is established. All the dynam'APPENDIX: EMHD MODEL (STATIONARY SOURCE)
ics are controlled by the electron flow. The currents are par-

allel to the perturbed components of the magnetic field and Applying Fourier (with respect tox,z) and Laplace

all three compogents are important. The size of the Iooﬂransforms(with respect tot) on Eq. (10), we obtain the
scales as/{)t/w;. Following the termination of the source, agiation fields in(k,w) space §=iw), as discussed in Sec.
the current loop detaches from the source and damps at a rajg

controlled by collisions. Whem.> (), the wave motion dis- ) 2,
appears and the plasma responds as an isotropic conductgr.(k S)=i 4mQe Js Ki(1+ ve/s) + welC
In a homogeneous plasma two symmetric current loops form™ ™’ cC s A ze

(A1)
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AT
By(k,s)=i e Js

K2(1+ ve/s) +k2Q2/s?*+ (w2/c?)(1+ velS)
X A 2
(A2)

. 470 I KA1+ velS) + w3l c?
BZ( !S)_ -1 c E A X 1

where A=[K?(1+ v/s)+ w2/c?]?+ (k,kQ/s)%. The fol-

(A3)

where

1 1 1
T=| Ai+A, LUr+A, Llr+A; (A9)
AA, Ayl Al
and  A;=k(—kve+ik,Q)/(K2+ w3/c?), A,=k(—kv
—ik, Qo) (K*+ w2/c?)

We can now transforrB(k,t), given by Eqs(A5)—(A7),
numerically to obtain radiation fields and plasma currents in
(r,t) space by using two-dimensional inverse FFT tech-

lowing current source is introduced into a spatial region thaf!idues.

is filled with stationary cold plasma and uniform magnetic

field in thez direction,

_[edod(2)(1—e7Y7), |x|<L,
Ju(x,z,t)= 0, |x>L. (A4)
The Fourier—Laplace transforms ofJ¢(x,z,t) is

Js(Ky K, ,S) =2y sink,L/[k,s(s7+1)], and the inverse
Laplace transforms of Eq$A1)—(A3) yields

8mJoQe kg sin(k,L) Myo mX3)
BX(k!t)_I cr kx(kz_"_wglcz)z leT+ A_l+ A2
m m
_ —tlr_ X2 At X3 At
m,, 7€ AL e A, e , (A5)
. 8mJy Kk, sin(k,L) my, My
By(kD)=i et ky(k?+ wi/c?)? My AL A
m m
_mlee—t/'r_ y2 e—Alt_ y3 e—Azt (AG)
1 A2
B,(k,t)= —k, /k,B,(K,1). (A7)

The triads (n,;,m,,,m,3) and (my;,m,,,m,3) are the solu-
tions of the following linear equations.

0
mxl 2
T mX2 = ki‘f’ C_ze y
My3
g k>2<Ve
my\ [ K+ wdc?
T.| myz | = ve(2k2+w2/c?) |, (A8)
My3 K2(v2+Q32)
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