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SUMMARY

This vol ume prescnts numerical calculations of ionospheric

(electron densit-, perturbations and ground-level signal changes for

several electric field distributions produced by high-frequency (HF)

transmitters. Plasma density perturbations are likely to occur in

regions of intense electric field focusing. These shifts in the

dersity =,,d Ui..LriIULiOn i Lhe plasma near the reflectrix mav be

manifested in measurable ground-level signal changes. We have simu-

lated these interactions in our calculations.

Our analysis takes into account radio field focusing at caustics,

the consequent joule-heating of the surrounding plasma, heat conduc-

tion, diffusion, and recombination processes--these being the effects

of a powerful oblique "modifying" wave. We then seek effects on a

;econdarv "test" wave which is propagated along the same path as the

first. The test wave could, in fact, be the modifying wave itself, in

which case the caiculation would be of the "self-effect" of a powerful

transmitter.

Our calculations indicate that ground-level field-intensity

changes of several dB might be produced by joule-heating of the iono-

sphere bv intense oblique HF waves. Although small, these calculated

changes are similar to the 3 dB change measured by Bochkarev and

associates [1,2.3.41, who gave only sketchy details of their ex-

perimental parameters. Our results are extremely sensitive to the

model ionosphere and therefore indicate that an experiment should

employ the widest possible range of frequencies and propagation

conditions. An effective power of 90 dBW is far more likely to

produce a detectable signal change than 85 dBW.
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PREFACE

This volume applies theory developed in earlier work* [5] to the

problem of possible self-effects of powerful obliquely incident radio

waves. Using the results from this earlier work, we use field-driven

changes in ionospheric electron density to calculate modified ambient

refractive index profiles and the consequent effects on ground signal

intensity for sample transmitters. This volume is not self-contained

and should be used in conjunction with Vol. 1, which presents the

underlying equations and defines the majority of the symbols.

*Field, E. C., R. M. Bloom, and K. E. Heikes. Ionospheric Heating
with Oblique Waves. Vol. 1. Electron Density Perturbations.
Pacific-Sierra Research Corporation, Report 1864, September 1988,
AFCL-TR-88-0336. ADA216260
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I. INTRODUCTION

Volume I of this report ] derived equations for the electron

(tensity perturbations produced by an oblique angle ionospheric heater.

,and presented some results for idealized heating functions that al-

lowed analytic solutions. This volume presents numerical calculations

of ionospheric electron density perturbations and ground-level signal

changes for several spatial electric field distributions produced bv

HF transmitters. We have assumed antenna patterns and power-gain

products based on large shortwave broadcast transmitters, such as the

new Voice of America facilities (e.g.. [6]). We employ simplified

daytime and nighttime two-layer ionospheric profiles.

It is the nature of oblique propagation that electric fields

focus strongly into caustics which compensate for signal loss due to

geometric spreading (7,81. The significant region of intense focusing

occurs along the Ray-Bundle, just beyond the wave-group reflection

height in the ionosphere. Wfhat plasma density perturbations may occur

as a result of the field are therefore likely to be most pronounced in

h ;~iz~-n' cf thir-bizL. It i: , asonable to Ssume that even

subtle shifts in the density and dimension of the plasma near the

reflectrix will be manifested in more profound effects in ground-

level signal strength--in particular, at the edge of the geometrical

shadow. It is this effect which our calculatiorc are deci7rd lo

measure.

Our analvsis takes into account radio field focusing at caustics,

the consequent joule-heating of the surrounding plasma, heat conduc-

tion, diffusion, and recombination processes--these being the effects

of a powerful oblique "modifying" wave. We then seek effects on a

secondary "test" wave, which is propagated along the same path as the

first. The test wave could, in fact, be the modifying wave itself, in

which case the calculation would be of the "self-effect" of a powerful

transmitter.

In essence, our approach means recalculating an electric field

distribution using an index of refraction modified by the intense

I



wave. Our calculations are grounded in what might be called a "first-

order" approximation to nonlinear wave propagation. We have,

moreover, omitted from the analysis dependence of kinetic and recom-

bination coefficients on temperature. The controlling hypothesis is

that, should first-order calculations fail to produce notable heating

effects, nonlinear effects on collision frequency and diffusion would

probably not increase the magnitude of the heating to a detectable

level. Certain nonlinear phenomena, such as plasma instabilities,

might produce detectable effects omitted from the liltear theory.

2



II. TECHNIQUE OF CALCULATION

Our calrl-Ations are accomplished through in aggregation of three

separate procedures. oach producing a set of data utilized as input by

the next procedure. The first, which we shall call "Caustic" 19],

computes an electric field distribution, given an oblique transmitter

and a horizontaliv stratified ionospheric profile. The Caustic cal-

culation evaluates the clectric tield as a superposition of quasi-

plane-wave components, each component bing an asymptotic solution to

the wave equation in a medium with specified (field-independent)

refractive index. The Caustic calculation, unlike standard first-

order WKB asvmptotics. is uniformlv valid, that is, both in the region

of geomtrical optic. a:d across caustics. This method allows us to

calculate field magnitudes throughout large regions of space without

having to piece tgether boundary conditions and different asymptotics

inside and outside areas of strong focusing. hen we calculate the

wave field resulting from refraction through a perturbed, no longer

horizontally stratified ionosphere. a less accurate method than Caus-

tic must be used to estimate field intensity.

The second procedure is the "Diffusion" calculation, utilizing

the steadv-state solution Eq. (19C for electron density

perturbation. The electric field intensity data E(x.zt from Caustic

is converted to data E(x.z' ), where z' designates a coordinate in the

direction of the local magnetic field: we have been examining,

primarily, east-west propagation, and thus z' lies in a plane perpen-

dicular to the direction of propagation. It is assumed that the only

significant plasma diffusion will occur in the z' direction. Average

values for the coefficients ,N , LT , etc. in Eq. i'q are obtained from

empirical models of the height dependEnce of ambient electron recom-

bination coefficients ind electron temperature (101. Equation (10) is

then evaluated for n/N) , the relative change in electron density, b%

numerical integration. In an identical manner, the data E(x.z') can

*All equation numbers lower than 46 refer to equations in Vol. 1.

3



be used to evaluate the relative change in electron temperature T/T0

by numerically integrating Eq. (8). It is Eq. (19) and n/No, though,

that ultimately we are interested in applying.

The last procedure in the calculation is the estimation of the

ground-level electric field intensity change (in the "test" wave) due

to ionospheric perturbation n/NO . As mentioned above, the "Caustic"

calculation cannot accommodate ionospheric profiles that have

gradients in other than the vertical (z) direction. This is now the

case: we are given to conrider the propagation problem through a

medium with "modified" complex polarizability a (x, z)

Cyo(z)(l + n/No). It is here that ray tracing and geometrical optics

calculations serve best. A well-tested ray tracing program [i] is

used, first with refractive index N(z), then with N'(x.z). In con-

junction with the ray trace, we integrate certain quantities measuring

the rate of change of ray coordinate with respect to infinitesimal

changes in ray initial conditions (i.e., launch and azimuth). This

allows for the continuous calculation of the relative convergence of a

small (infinitesimal) pencil of rays around the main ray. This con-

vergence (or divergence) factor is proportional to the electric field

intensity at a point. Conservation of energy along ray tubes jus-

tifies this calculation. The product of the component of the Poynting

vector in the direction of local group velocity and an infinitesimal

ray tube area is constant over the rav path. As ray tube area shrinks

with focusing, the field intensity grows proportionally. This cal-

culation in fact, gives the slowly varying amplitude factor of the

geometrical optics theory. We have followed the methods of Nickisch

and Buckley [12.13].

We make this calculation on the ground for both the regular and

perturbed ionosphere and obtain the chante il field iutengsitV.

Several points must he stressed. First. the geometrica I1ptics fieid

intensity becomes unbounded at the skip distance, hoth at the interior

caustic and at the horizon. Analysis shows that the region of
validity is wherever the tractional change in adjacent ray spacig

in one wavelength is much less than oue. The method may exhibit a

shift in the interior skip distance, but cannot predict accurate

4



fields there, which may change on the order of 5 to 10 db. Second, in

the illuminated region past the interior skip, there are typically two

rays landing at each point. This gives rise to rapidly varying inter-

ference phenomena in the field amplitude depending strictly on the

phase difference between the high and low rays at each point. The

amplitude of the complete field lies in the envelope formed by the sum

and difference of the component ray amplitudes. It may be assumed

that the resultant amplitude is, on the average, the root-mean-square

of the two components.

It should be noted that a related, though different, approach to

weakly nonlinear wave propagation can be found in work by Bochkarev

1,2,3,4]. Here, the nonlinearity in dielectric constant is assumed,

a priori, to be proportional to the electric field intensity IE 2.

That is, N' 2 = N 2 + ciE 2 , where N is the refractive index and a is

the coefficient of nonlinearity. Except for the region immediately

surrounding the caustic, the field is found by classical geometrical

optics with the ambient refractive index N. The classical field is

used as a boundary condition on a small rectangular domain around the

caustic; therein, a technique known as the Method of Parabolic

Equations is used to approximate the field close to rays [10]. It

would appear that our method of solution has the advantage of provid-

ing insight into the constitution of the nonlinearity that Bochkarev

has bottled up into the ad hoc constant a.

For a treatment analogous to ours, with a deeper analysis of HF

wave energy deposition, as well as estimates of nonlinear absorption

due to plasma instabilities, see Meltz, Holway, and Tomljanovich

(14]. Their work applies only to vertically incident waves. For an

adaptation of this class of calculations to an automatic, feedback-

propelled computational scheme, see Bernhardt and D'-ncan [15].

5



III. EXAMPLES

We distinguish two calculations: the curtain antenna case,

modeled to roughly approximate large HF facilities such as future VOA

sites [61; and the Bochkarev model, extracted from a series of ar-

ticles [1,2,3,4] whose results we have used (with some skepticism) as

a guide. Both day and nighttime ionospheres are treated for the

curtain antenna model; whereas for the Bochkarev model we use only a

daytime model ionosphere--as close to Bochkarev's as could be ascer-

tained from the published account. In both cases, propagation is

perpendicular to the magnetic field vector: the dip angle is 60° .

corresponding to the middle latitudes.

The antenna patterns, transmitter power, and ionospheric profiles

distinguishing these cases are shown in Figs. la and lb. Sample ray

traces, one for each profile, are shown in Figs. 2a through 2c. The

fact that the curtain antenna profile is denser at its maximum (F2

layer at 300 km) than the Bochkarev profile (F2 layer at 250 km) means

that the maximum usable frequency (MUF) for the given launch angle for

the curtain antenna will be greater. Though the MUF for the Bochkarev

model was not given in the published articles [3,4], by trial and

error we found that 15 MHz was appropriate for the propagation path

that was shown in the articles. We found that any degree of ar-

bitrariness in the choice of ionospheric profile makes all but the

grossest characteristics of subsequent calculations fluctuate

substantially. In light of this strong sensitivity to model

parameters, we are justified in abstracting from our calculations only

a few general principles.

Figures 3a through 3c show the calculated electric field strength

contours for the three cases. Each diagram is centered about the wave

reflection height and caustic region: this can be seen by comparison

with the corresponding ray traces. All of the indicated cases produce

field strengths as large as several tenths of a volt per meter. The

diffusion calculation then proceeds with the electric field data and

various iltitude-dependent parameters (see Table 2 in Vol. 1,

Sec. 2).
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a. Curtain antenna, day.

f = 17.75 MHz

14.50 21.5 dB maximum
1.25 x 106 watts

80 dBW effective power

6.50 halfwidth

b. Curtain antenna, night.

f = 9.75 MHz

25 dB maximum
10 6 watts

90 85 dBW effective power

90 halfwidth

c. Bochkarev model.

180 f = 15 MHz

25 dB maximum
106 watts

85 dBW effective power

40 halfwidth

Figure la. Model antenna patterns.
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The quantity

3T m6w2E2 e
E = " (46)

e

is of primary interest, as the field E appears only in the combination

E/Ep (Eq. [19]). Ve have used nominal values of electron temperature

Te versus altitude. To calculate 6, the fractional loss of energy per

electron per collision, we have used the formulations given in

Table i. The term (E/Ep) 2 can be regarded as propcrtional to the

energy in the propagating wave lost to kinetic heating of free

electrons. At night Ep is somewhat larger than in the daytime,

despite its proportionality to u; that behavior occurs because the

quantity 6 comes to be dominated by collisions with atomic oxygen at

night (as opposed to elastic collisions with ions in the daytime).

Table 2 gives nominal parameter values. In order to perform the

calculations we interpolated from the values in Table I to obtain

values near the altitude of largest electric field. Figures 4a and 4b

show electron temperature changes caused by the electric fields in

Figs. 3a and 3b. The maximum temperature changes are on the order of

a few percent for the curtain antenna daytime model, and a few tens of

percent for the Bochkarev model. The difference in results f-r those

two models indicates the extreme sensitivity to ionospheric parameters

and transmitter characteristics.

Figures 5a through 5c show the calculated relative electron

density perturbations, n/N0 , which are not larger than a few percent,

and usually are smaller than that. Those values can be compared to

the estimates obtained in Vol. 1, Sec. IV, Eqs. (38) through (44), for

an idealized square heated region. Using Fig. 3c as an example, the

most intensely heated spots extend over dimensions of several tens of

kilometers, whereas (E/Ep)2 is on the order of 0.30. From Eq. (44) we

have the estimate:

15



TABLE 1. Parameters For Diffusion Calculation.

6et ei 6eOLeO

eo + vei

2M

6 2 6 x 10- 5  (elastic collisions assumed)
ei M.

1

vei = 6.1 < i0
- 3 Ni(Te°/300°)-3/2 [161

6eO = 82/To T e [10]

Veo = 2.8 < 101I0 N0 ! ee [10]

-31

me = 9.1 xo kg

3T m 6
E2  e=1.602 x 10 - 19 Cp e2

= 2n x 10 6f (MHz)

16



TABLE 2 Ionospheric Parameters.

DAY

S(kin) TO  T N N ei Ve 60 e e e O eO

150 670 800 1.3xlO10 3xlO 5  4.8xIO 2  1.1l02 4.3xi0 - 3

200 1070 1100 3(1O 9  510 5 4.4lO2 31 2.3xlO - 3

250 1250 1300 1.3x108 1.6XIO6 4.4xlO2 15 2xlO -4

300 1330 1400 5.9,-10 8 1.510 .5x10l  7.3 1.6x10 3

NIGHT

z (km) T T N e 6
0 e ~ 0 e (ieO eO

150 650 670 1.4xlO iO  2.4xlO 3  6.5 100 4.8xi0 3

9 3
200 850 900 3.2xlO 3>x10 5.8 27 3.2x103

250 910 1000 .2xlO 9  104 16 10 2.8xlO - 3

300 930 1200 4.4x>08 105 115 4.3 2.5x10- 3

DAY NI GHT

z (km) 6 E2  6 E2

p p

150 8.6-10- 4 .040f2 .0045 .175f 2

200 2.110- 4 .013f 2  .0026 .135f 2  (f in MHz)

250 7.2yl0 - 5  .005f 2  .0011 .064f2

300 8.5y10 5 .006f2 .0002 .Ol f2

17
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n a LN E 2

NO RT L L + L -7 (48)
0 T N T E

P

where a is the width of the heated region: and LN, LT, and RT are

taken from Table 2. Vol. 1. Thus, taking a = 10 km, and, for ex-

ample. values of LN, LT , and RT for 250 km (9.2 km. 25 km, and .54),

we see that this a priori estimate is 2 percent, which is close to our

numerically calculited range of n/N O shown in Fig. 5c. While the iso-

contours of field strength contorm to the downward-curving pattern of

the caustic, those of the density perturbation are elongated in

rotghly a vertical direction. This is because of our assumption that

diffusion occurs only in the direction of the magnetic field lines

(see Fig. 6).

Figure 7 shows the final result of the calculation. This is the

change in the geometrical optics field intensity at the ground caused

by the heater-induced ionospheric perturbation. Phase as a function

of ground range is obtained by integrating the refractive index over

the ray path. Power density as a function of ground range is calcu-

lated by Nickisch's method [121. There are generally two or more

rays, each with its own phase and amplitude, intersecting at a given

ground point. Each amplitude-phase pair is regarded as a complex

number. The resultant geometrical-optics field amplitude at such a

ground poirL is given by the vector sum of these quantities. Once

this resultant is calculated, for both perturbed and unperturbed

profiles, it is a simple matter to interpolate the difference between

both. The heater-induced intensity change, in dB (relative to

i V2 /m2 ), is plotted in Figures 7a through 7c.

Notice that the predicted effects occur both in a region just

past the skip distance, as well as several hundred kilometers kevond.

Except at the skip distance, the predicted field-strength chanres are

small, ranging from about a dB change for the nighttime case (Fig. 7-)

to abcut 2 dB for the daytime models (Figs. 7a and 7c). Mhere ray

tube cross sections shrink to zero (that is, at the skip distance).

this ray amplitude calculation is not reliable. Nickisch asserts that

23
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the power densities calculated by his method may be low by as much as

5 dB in the skip region. In any case, the calculated phases of inter-

ference phenomena at the skip will not be accurate enough to support

detailed comparison of the modified and unmodified. (This is because

the path-integrated refractive index is never a numerically accurate

measure of plane-wave phase in the vicinity of a caustic (9]). The

second region of noticeable intensity change is, however, far from

both the interior caustic and from the horizon focus. Figure 7a shows

a 2 dB fade centered 150 km past the skip; Fig. 7b shows about 2 dB

750 km past the skip; and Fig. 7c shows about I dB 500 km past the

skip distance.

Figure 8 illustrates the steps comprising the intensity-change

calculation for the daytime curtain antenna model. Notice the two

amplitude components, corresponding to a high and a low ray. Far from

the skip distance, there is only one such component.

The remaining figures (9 through 12) pertain to the 15 MHz

daytime (Bochkarev) model and show various dependences of the ground-

level signal.

Figure 9a indicates the trend in field-strength change as trans-

mitter effective power is increased. As expected, the greater the

effective power, the greater the field change. Although increasing

power (a fortiori, increasing E2/Ep 2 ) much past the 85 dBW level

results in an abuse of method (the differential equations we solve for

n/NO are only valid when E2/Ep 2 is much less than I), one can infer

that the 90 dBW prediction (where E2/Ep 2 - 1) gives an upper bound on

effects which can occur as a result of linear kinetic processes

alone. Figure 9b indicates the trend in this calculation once we are

well beyond the region of applicability of the linear theory; here

E2/Ep 2 is on the order of 10, and the predicted ground effect has

increased by an order of magnitude.

Figure 10 shows the dependence of the ground-level field-strength

change upon the local magnetic field dip angle. The direction of

propagation has, herein, been taken as east-west. The diffusion

decreases as the dip angle tends toward the horizontal. because the

gradients in the field quantities in Eqs. (4) and (18) become essen-
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a. Field intensity (unperturbed).
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Figure 8. Steps in intensity change calculation, curtain antenna.
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tially perpendicular to the magnetic field (and are determined only by

the azimuthal spread of the transmitter pattern). The maximum mag-

nitude of n/N O will therefore tend to increase. However, since the

vertical dimension of the greatest perturbations will become small

with decreasing dip angle, one must not assume that the ground effect

will be monotonic in response. In fact, some complex relationship

holds between the maximum magnitude of n/No, the size of the region

over which the density change diffuses, and the signal change on the

ground. This behavior is evident in the parametric study (Fig. 10).

The ground effect near the interior skip increases with decreasing dip

angle, but near the horizon it begins to decrease. There is also a

competing trend in east-west propagation. As the field lines, and

hence the diffusion direction, incline more toward the horizontal,

rays will tend to refract at right angles to the east-west merid*-.i.

In our calculations, however, we have not allowed for ray refraction

out of the plane of propagation: we have taken the perturbed region to

be cylindrically symmetric.

Lastly, Figs. 11 and 12 show how the effect of the perturbation

on ray arrival-angle varies with the power-gain product and the local

magnetic dip angle, respectively. In the first case, we have fixed

the dip angle at 600 and varied the power-gain product; in the second,

the power-gain is fixed at 85 dBW and the dip angle is varied. The

examples indicate only a few minutes of a degree change in ray angle

of arrival.
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IV. CONCLUSIONS

Our calculations indicate ground-level field-strength changes of

several dB might be produced by joule-heating of the ionosphere by

intense oblique HF waves. Although small, these calculated field-

strength changes are similar to the 3 dB change measured by Bochkarev

and associates [1,2,3,4], who gave only sketchy details of their

experimental parameters. Our calculated arrival-angle change of

several arc minutes are much smaller than the 2 to 3 deg change

reported by Bochkarev. Our results are extremely sensitive to the

model ionosphere used and therefore indicate that an experiment should

employ the widest possible range of frequencies and propagation

conditions. An effective power of 90 dBW is far more likely to

produce a detectable signal change than a power of 85 dBW. Our con-

clusions are based solely on joule-heating from linear waves, and omit

plasma instabilities.

Our results pertain to steady-state effects. The time scale for

these phenomena is roughly the characteristic diffusion time of the

ionospheric layer in which strongest electric field focusing has

occurred. This quantity, rN, taken from Table 2, Vol. 1, is a func-

tion of the ambient recombination coefficient and plasma density

(Eq. [191). An experiment which took into account this waiting time

might observe dipping and peaking of signal strength just past the

skip distance (Figs. 7a through 7c). The difficulty of such measure-

ments is that the diffusion "waiting time" is, in some cases, con-

siderably longer (102 - 103 s) than the average period of ambient

ionospheric fluctuations.
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