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HF beam parameters in ELF/VLF wave generation via modulated
heating of the ionosphere
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[11 ELF/VLF (0.3-30 kHz) wave generation is achievable via modulated HF (3—30 MHz)
heating of the lower ionosphere in the presence of natural currents such as the auroral
electrojet. Using the 3.6 MW High Frequency Active Auroral Research Program (HAARP)
facility near Gakona, AK, we investigate the effect of HF frequency and beam size on the
generated ELF/VLF amplitudes, as a function of modulation frequency, and find that
generation in the Earth-ionosphere waveguide generally decreases with increasing HF
frequency between 2.75-9.50 MHz. HAARP is also capable of spreading the HF power
over a wider area, and we find that a larger beam area yields larger generated amplitudes on
the ground. Measurements are shown to generally agree with a theoretical model, which is
then applied to also predict the effect of HF beam parameters on magnetospheric injection

with HAARP.
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1. Introduction

[2] In recent decades, Extremely Low Frequency (ELF,
300-3000 Hz) and Very Low Frequency (VLF, 3-30 kHz)
waves have been generated via heating of the lower ionosphere
(50-100 km altitude) with High Frequency (HF, 3—10 MHz)
radio waves. Because HF heating of the lower ionosphere
changes the conductivity, on/off modulation of the HF heat-
ing at a desired ELF/VLF frequency imposes that modulation
pattern onto the ionospheric currents. In the presence of
natural currents such as the auroral or equatorial electrojet,
modulated HF heating thus turns the lower ionosphere into a
radiating antenna.

[3] Since the first observations by Getmantsev et al. [1974],
significant research efforts have gone into characterizing the
physical processes involved in this indirect method of ELF/
VLF wave generation, and into possible means of increasing
the generated amplitudes. One notable application of ELF/
VLF wave generation is for long distance communications,
since these frequencies efficiently reflect at both the Earth and
lower ionosphere, and can thus propagate to global distances.
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ELF/VLF waves are thus also a useful diagnostic tool for the
lower ionosphere from which they reflect. Furthermore, con-
trolled injection of ELF/VLF waves into the magnetosphere is
an effective method for probing the radiation belts, and for
studying the gyroresonant interaction between energetic elec-
trons and whistler mode waves.

[4] Conventional VLF transmitters operating above 10 kHz
are typically tuned to transmit near a single frequency using a
vertical antenna mast, since the wavelength is substantially
longer than a practically realizable antenna, and the ground
conductivity nullifies any horizontal current. Below 10 kHz,
even this design becomes too inefficient for practical use.
Modulated HF heating provides the distinct advantage of
being able to operate over a much broader ELF/VLF fre-
quency range, well below 10 kHz, since the natural antenna is
tens of km long and far away from the ground.

[5] A number of facilities have been utilized for experi-
mentation in this area. The ionospheric observatory near
Arecibo, Puerto Rico [Ferraro et al., 1982], and the observa-
tory at Jicamarca, Peru [Lunnen et al., 1984], were both used
to generate weak ELF signals utilizing the equatorial dynamo
current. High latitude facilities utilizing the auroral electrojet
have thus far had more success at strong ELF generation. The
HIPAS facility near Fairbanks, Alaska, utilized a 150 kW
transmitter array operating at 2.85 MHz, generating ELF/VLF
waves with phase modulation, double-frequency excitation,
and amplitude modulation (AM) [Villaserior et al., 1996], until
2009. The HIPAS facility also utilized an ‘array de-phasing’
technique, to spread the power over a wider area, aiding in the
generation of waves in the Schumann resonance range
[McCarrick et al., 1990]. The EISCAT facility near Tromsg,
Norway, was utilized for a wide variety of ELF/VLF experi-
ments [Stubbe et al., 1981]. The 1 MW radiated, 200-300 MW
effective radiated power (ERP) Tromse HF heater was
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Table 1. Radiated Power (and ERP), in Megawatts, of HAARP
Beam Modes

f(MHz) Narrow Broad-NS Broad-EW Broad-Full
2.75 3.24 (417) 2.66 (100) 2.84 (102) 2.27 (25)
3.25 3.35(575) 3.02 (151) 3.17 (155) 2.81 (40)
4.50 3.13 (1023) 3.02 (269) 3.10 (275) 2.95 (72)
6.80 3.31 (2291) 3.28 (631) 3.31 (631) 3.28 (170)
7.80 3.24 (2884) 3.24 (776) 3.24 (776) 3.20 (214)
9.50 2.88 (3802) 2.88 (1023) 2.88 (1288) 2.88 (275)

typically 100% square wave AM at HF frequencies from 2.75
to 8 MHz. Signals were also detected at distances of 550 km
from Tromse [Barr et al., 1986], and 2200 km [Barr et al.,
1991].

[6] More recently, the HAARP near-field phased-array
HF facility near Gakona, Alaska (62° 22’ N, 145° 9" W), has
been used to generate ELF/VLF signals that have been
observed as far as 4400 km [Moore et al., 2007; Cohen et
al., 2010c], as well as injected into the magnetosphere and
observed in the geomagnetic conjugate region [Inan et al.,
2004; Gotkowski et al., 2008, 2011]. In 2007, an upgrade
of HAARP was completed, increasing its capacity from 48
active elements, 960 kW input power, and 175 MW ERP (at
3.25 MHz), to 180 active elements, 3.6 MW input power,
and ~400 MW ERP (at 3.25 MHz). The array de-phasing
technique described by McCarrick et al. [1990] can also be
utilized at HAARP.

[7] The generation of these ELF/VLF waves is strongly
affected by the D-region ionospheric electron density and
the electrojet strength. These quantities are known to be
highly variable and dependent upon geomagnetic condi-
tions. However, the choice of HF heating parameters is also
quite important. For instance, proper utilization of motion of
the HF beam can yield 7-11 dB more ELF/VLF power in the
Earth-ionosphere waveguide [Cohen et al., 2008b, 2010b],
and 5-7 dB more power radiated into the magnetosphere
[Cohen et al., 2011].

[s] We consider the effect of HF frequency, beam width,
and ERP, on generated ELF/VLF amplitudes, both near the
heated region, at longer distances in the Earth-ionosphere
waveguide, and in the magnetosphere.

2. Description of Experiment

[9] We compare the generated ELF/VLF amplitudes for
six different combinations of HF frequencies, and four dif-
ferent beam shapes, for a total of 24 modes. The six HF fre-
quencies are 2.75 MHz, 3.25 MHz, 4.50 MHz, 6.80 MHz,
and 9.50 MHz. The four beam shapes are a narrow beam, a
beam broadened in each of the N/S and E/W directions, and a
beam broadened in both directions. The HAARP grid is ori-
ented ~14° east of north. In each mode, HAARP transmits at
its highest allowable power level. The HAARP HF array is
capable of generating other beam shapes (such as a donut-
shaped “twisted” beam) but they are not considered here.

[10] Table 1 shows the transmitted HF power (radiated
and effective) resulting from each of the modes we consider.
The values in each panel are referenced to the power flux at
the center of the beam, or GP/(47 %), where GP (gain times
input power) is the ERP, and r is the distance. As the HF

COHEN ET AL.: HF VARIATIONS IN ELF/VLF WAVE GENERATION

A05327

frequency increases, the beam becomes more tightly focused,
thereby increasing the ERP. The sidelobes also become
thinner and more tightly spaced. Broadening the beam
effectively merges the main lobe with the adjacent sidelobes,
thereby decreasing the ERP while maintaining roughly the
same radiated power, and generating an elongated beam.
At the lower HF frequencies (especially for a broadened
beam) there are significant terminal reflections from the
imperfectly matched HF array elements, so that not all of
HAARPs 3.6 MW input power is radiated. Figure 1 shows
the HF power pattern reaching 60 km altitude from
HAARP, over a 100 km side square area, for each of the
24 modes.

[11] For each mode, we generate ELF/VLF waves with
100% square wave amplitude modulation of the HF power.
To compare the ELF/VLF generation for each beam mode, a
series of two second long constant frequency ELF/VLF
tones are transmitted for each mode, from 500 Hz to 7.5 kHz
(15 total), with ~500 Hz spacing. The HAARP beam is
pointed vertically. Between each mode, a hardware-imposed
30 second interruption allows re-tuning for the next mode,
resulting in 60 s for each cycle. This 60 second cycle repeats
once for each of the modes at a given HF frequency (narrow,
broad-NS, broad-EW, broad-full). And the four minute cycle
for an HF frequency is repeated seven times, for a total of
28 min, in the following order: 3.25 MHz, 2.75 MHz,
4.50 MHz, 6.80 MHz, 7.80 MHz, 9.50 MHz, 3.25 MHz.
For at least 60 s before and after the 28-minute sequence
begins, the HAARP heater is off.

[12] ELF/VLF data are taken with the ‘AWESOME’
receiver, described by Cohen et al. [2010c]. These consist of
two orthogonal air-core loop antennas, sensitive to magnetic
fields with amplitudes as low as a few fT/rt-Hz in the ~0.3—
47 kHz band, with GPS synchronization and 16 bit (96 dB)
dynamic range. Receivers utilized here are placed in
Chistochina (62.62°N, —144.62°W, 37 km from HAARP),
and Kodiak (57.87°N, 152.88°W, 661 km from HAARP).

[13] Figure 2 shows a sample spectrogram (window
length of 40 ms) taken during one of the experiments. On
this particular day (20-Sep-2010), the experiment was run
from 2001-2029 UT, and shown are the transmitted
sequences for 3.25 MHz narrow beam (2001 UT, upper
panel) and the 9.50 MHz narrow beam (2021 UT, lower
panel). For each pulse, spaced out by ~500 Hz, the fun-
damental frequency is clearly observed at Chistochina,
along with a number of higher harmonics which are ignored
here. For each received tone, the magnetic field signal at the
fundamental frequency is integrated over the entire 2-second
length, and the quadrature sum of the two channels yields a
magnitude measurement. The lower panel shows results from
the weakest ELF of the 24 HF beam configuration modes.
The signals are still clearly visible in the spectrogram, and
integration at the full 2 s gives all signals above the noise
floor. The same procedure can be repeated on empty data
from the same period, to determine comparative noise levels.
These noise levels can be used to establish error bars based
on the SNR of each received tone.

3. Observations

[14] The amplitudes of generated waves received near to
HAARP provide useful information, since they are routinely
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Figure 1. HF power pattern (relative to center of beam) into the ionosphere from HAARP beam modes.

detected with high signal-to-noise ratio, and demonstrate
some features not visible at longer distances, like cavity
resonance effects and elliptical polarizations resulting from
multiple ionospheric reflections [Stubbe et al., 1982].

[15] For proper comparison of the different HF frequencies
and beam motions, we must have some knowledge of whether
the natural generation conditions varied during the 28-minute
period. Such a determination is difficult, in general, since even
a combination of diagnostic instruments, such as a magne-
tometer and a riometer, cannot reliably assess generation
conditions in the absence of a direct observation of the ELF
generation strength [Rietveld et al., 1987; Jin et al., 2009,
2011].

[16] We implemented two strategies to mitigate uncer-
tainty resulting from this inherent variability in generation
conditions. First, the experiment was repeated many times so
that general trends could be observed and so that what we can
present a representative case. Second, the four-minute cycle
for 3.25 MHz is transmitted twice, at the beginning and end,
to allow some assessment of whether generation conditions
have changed substantially over the 28-minute period.
Experimental cases with overly unstable generation condi-
tions, either a rapidly changing magnetometer value, or a
large difference between the 3.25 MHz at the beginning and
end, were discounted. The remaining cases still contain some
smaller and slower change in generation conditions over the
28-minute period, but the repetition of the 3.25 MHz cycle
allows the first derivative of these changes to be effectively
calculated so that all the ELF amplitudes can be scaled
according to their position within the 28-minute period.

[17] Figure 3 shows an example of the result from one
representative case. Each panel show the amplitude received
at Chistochina in the vertical axis, and the transmitted ELF/
VLF frequency in the horizontal axis. The rows correspond
to the four beam spacing modes while the columns represent
the six HF frequencies. The panels are labeled with the

minute within the 28-minute sequence that each was trans-
mitted. Error bars are shown based on the noise levels at the
time of the experiment, which was approximately 0.012 pT
for a 2-second coherent integration and roughly constant as a
function of frequency. However, these error bars are quite
small. Figure 2 is taken from this same experimental period.
It can be seen in this case that the 3.25 MHz signal was
roughly the same amplitude at the beginning and the end of
the cycle, which provides some confidence that the genera-
tion conditions were stable overall.

[18] In all the plots, a common trend is visible, with the
frequency response demonstrating peaks roughly at multi-
ples of 2 kHz. This pattern (observable near to the generation
region) is similar to previously presented frequency sweeps
[e.g., Stubbe et al., 1982; Rietveld et al., 1989], and is due to
resonances with the cavity between the Earth and
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Figure 2. Spectrogram of HAARP-generated signals dur-
ing HF beam diagnostic experiment, received at Chistochina.
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Figure 3. An example of the magnetic field amplitudes received at Chistochina as a function of minutes
into the experiment (indicated in the top left corner of each panel) and frequency. The rows and columns
of panels correspond to beam shape and HF frequency, respectively, over the 28 min of the experiment.
The 3.25 MHz beam shapes are repeated at the end of the experiment. The experiment was conducted

on 20-September-2007, 20:00-20:30 UT.

ionosphere. Note that 2 kHz is roughly the frequency where the
reflection height is close to one half of a wavelength, or 75 km,
so that the ionospherically reflected signal is in phase with the
transmitted signal. In this particular example, the 4 kHz reso-
nance was more intense than the 2 kHz resonance, although in
many of the other repetitions of this experiment, the 2 khz
resonance was stronger.

[19] To emphasize the variations between the formats, we
normalize all received amplitudes by the amplitudes of the
3.25 MHz narrow beam, which provides a good basis for
comparison (and normalization) for several reasons: (1) It
produces strong ELF/VLF amplitudes, (2) it does not lose
substantial radiated power when the beam is broadened, (3) it
is a very common mode that has been used in past HAARP
experiments, and (4) this beam mode is repeated twice in the
28-minute experiment.

[20] The ELF/VLF amplitudes are also normalized by the
radiation efficiency HAARP (i.e., the fraction of the maxi-
mum 3.6 MW radiated power) to account for the reduced
power levels for the broadened beam. The latter normaliza-
tion is only approximately accurate, since the relationship
between HF power and ELF amplitude is not precisely linear
[Barr and Stubbe, 1991b; Moore et al., 2006], but normal-
izing by HAARPs efficiency does help account for the loss
of radiated power in the broad beam.

[21] The normalized results are shown in Figure 4. The
panels with blue traces show each of the 24 combinations of
beam modes and HF frequencies, as reflected by the labels in

the top and left edges. The panels with gray lines, along the
top and left, are the averages of the (pre-normalized, linear
scale) signals for the different HF frequencies, and beam
shapes, so that the effect of each parameter can be inde-
pendently viewed. These row and column sums also appear
in later figures. The error bars shown are larger because in
taking the ratio of two numbers, the errors of both add up.

[22] There are some limitations to this experiment. Fur-
thermore, the methods of adjusting for the electrojet strength
and the HF radiated power are imperfect. As this experiment
was repeated many times, we discuss here only those features
that arise repetitively in the experiments, even though we show
a single representative example. The effect of noise and
interference (most prominently from distant lightning-gener-
ated impulses) are reflected in the error bars. Since the chosen
frequencies do not occur near harmonics of 60 Hz power line
frequency, it was not necessary to apply adaptive removal of
power line interference, as in Cohen et al. [2010d].

[23] Generated amplitudes generally decrease with increas-
ing HF frequency, with two exceptions: (1) The 2.75 MHz
signal is weaker than 3.25 MHz for the broader beams. This
may be due to the fact that HAARP is radiating substantially
less power, and the amplitude does not necessarily scale with
power [Moore et al., 2006], so correcting proportional to the
radiated power is imperfect. (2) The 7.8 MHz signal is slightly
stronger than the 6.8 MHz. However, examination of other
repetitions of the same experiment shows that this 7.8 MHz
increase is not a common feature. It is more likely that in
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Figure 4. The results from Figure 3 after adjusting for electrojet changes and HF radiated power. The
panels with gray traces show averages for the respective rows and columns.

this particular experimental run, the generation conditions
briefly strengthened during the 7.8 MHz minutes, which is
not removed by the aforementioned electrojet correction
technique.

[24] Tt should be noted that the ERP is fundamentally cou-
pled to the HF frequency with HAARP, since higher HF fre-
quencies create tighter beam in the near-field coupled HF array,
so comparing the 3.25 MHz narrow beam with 9.50 MHz is
not a strict comparison of the comparative generation of
those HF frequencies, because generated amplitudes are also
a function of ERP [Barr and Stubbe, 1991b; Moore et al.,
2006]. However, the 9.50 MHz broad beam spreads out
the HF energy over an area roughly the same area as the
3.25 MHz narrow beam, yet the generated ELF/VLF
amplitudes are still 5-10 dB weaker, implying that increasing
HF frequency does results in less ELF/VLF generation. This
result is consistent with past findings [James, 1985; Barr and
Stubbe, 1991a; Taranenko et al., 1992] and is due to the fact
that higher HF frequencies encounter less absorption from
ionospheric collisions and therefore heat less effectively.

[25] Furthermore, beam broadening appears to have a
noticeable effect on the data. Overall, as seen in the gray
panels on the left, broadening raises the signal amplitude by
0-4 dB. For the Broad-EW and fully broad beams, this effect
decreases with higher ELF frequencies, whereas with Broad-
EW, the amplitude increase is closer to uniform as a function
of ELF frequency.

[26] In addition, for the higher HF frequencies there appears
to be a noticeable decrease in amplitude with increasing ELF
frequency up to ~3 kHz. Another way to view this is that the
generation at lower ELF frequencies is less dependent on HF
frequency. However, this trend is not clearly distinguishable

above the noise floor, and does not show up in the theoretical
model discussed later, and may thus not be physical.

4. Theoretical Model

[27] The observed signals can be predicted utilizing a pair
of theoretical models which predicts the ELF/VLF radiation
both on the ground and in the ionosphere, as described by
Cohen et al. [2010b, 2010a] and briefly reviewed here. An
HF heating model (similar to that by Tomko [1981] and
Rodriguez [1994]) is used to derive a set of current sources,
which then lead to ELF/VLF fields on the ground and
through the ionosphere with a full-wave propagation code.

[28] In the HF heating model, the ionosphere is divided
into a 3D grid, and the HF power propagates upward
through that grid. The HF heating simulation evolves for-
ward in discrete time steps. A realistic pattern of HAARP
HF radiation, including sidelobes, is used as input to the
bottom of the ionosphere. At each altitude, both the bending
of the HF wave, and the absorption of the wave from colli-
sions, are calculated, and the absorbed power is used to
evolve the electron temperature (at each grid point)via an
energy balance equation that accounts for the absorbed HF
energy, and the energy lost by electrons to neutrals from
elastic and inelastic collisions. The use of this energy bal-
ance equation assumes that the electron temperature distri-
bution remains Maxwellian, an assumption which is only
approximately true.

[29] The resulting electron temperature is used to calculate
the collision frequency, and ionospheric conductivities. The
collision frequency is used as input into the next time step,
since the absorption of subsequent HF energy is dependent on
HF energy absorbed previously, resulting in an effect known
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Figure 5. Calculated variation of frequency response by
distance. (top) The absolute magnetic field amplitude, calcu-
lated from the model. (bottom) The same calculations, after
each column (distance) is normalized by the peak amplitude
at that distance, to show the character of the frequency
response. Left and right columns are with two different iono-
spheric profiles for daytime and nighttime conditions.

as ‘self-absorption’. The remaining HF power propagates
upward to the next altitude. Over the course of several ELF/
VLF cycles, the ionospheric conductivity reaches a sinusoidal
steady state at each grid point, and the first harmonic of this
steady state curve is extracted, separately for the Hall and
Pedersen conductivities. The Parallel conductivity changes are
ignored since it is assumed that the high conductivity in the
direction of the magnetic field will act to rapidly cancel out any
modulated currents in that direction.

[30] At each grid point, the extracted conductivity ampli-
tudes and phases yield a current source when multiplied with
an assumed electrojet field strength (taken here to be 10 mV/m,
directed to geomagnetic north). The resulting currents are input
into a numerical model of ELF/VLF wave propagation
described by Lehtinen and Inan [2008, 2009]. The model
calculates a Fourier-decomposed solution which avoids the
numerical swamping that often plagues ELF/VLF propagation
models. On the other hand, the model is much more compu-
tationally efficient compared to finite difference methods. The
model predicts the electric and magnetic fields at all locations
within, below, and above the ionosphere. The ionosphere is
assumed to be time invariant and horizontally stratified, which
is not true for the case of HAARP heating since the collision
frequency above HAARP is affected by the heating. Never-
theless, Lehtinen and Inan [2008] find that this error is likely
no more than 20-30%. The propagation model also assumes a
flat Earth. For a source at 80 km on a curved surface, the dis-
tance along the Earth that obscures that source below the
horizon is ~1000 km, so the model is considered valid out to
about this distance.

[31] Both models assume an ionospheric electron density
profile typical for high latitude winter conditions (either
daytime of nighttime), taken from the International Refer-
ence lonosphere, with exponential decrease in electron
density below the bottom boundary of the model. The elec-
tron density is assumed to remain constant during the
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heating, ignoring much slower chemical effects of the heat-
ing that may change the electron density profile [Milikh and
Papadopoulos, 2007]. The geomagnetic field orientation
used is realistic and is taken from the IGRF-10 model
assuming nighttime conditions. The electrojet is taken to
arise from an electric field pointed geomagnetically to the
north, with magnitude 10 mV/m.

[32] Figure 5 shows the results calculated at a series of
ELF/VLF frequencies. The top two panels shows the pre-
dicted horizontal magnetic fields as a function of distance
from the HF array, for both daytime (left) and nighttime
(right) ionospheres. Although the model used is fully 3D, and
uses both a nonvertical magnetic field and an asymmetric and
realistic HAARP HF input, the fields as a function of distance
are calculated by taking an average of the fields around a
circle centered at each distance, so that what is shown is an
azimuthal average of the magnetic field as a function of dis-
tance. At nearby distances (<100 km) the ~2 kHz cavity
resonance peaks can be easily observed, and this feature
fades away at a distance of ~250 km, for both daytime and
nighttime ionosphere. For the daytime model, the 2 kHz
resonance is strongest at all distances, however for the
nighttime model, the 4 khz and sometimes even 6 kHz and
8 kHz peaks can be as strong or stronger than the 2 kHz peak.
This is likely due to the high reflectivity of the ionosphere at
nighttime, which leads to a more efficient cavity resonator
effect. Some earlier studies Kuo et al. [2008] have suggested
that peaks at higher order resonances, ~8 kHz, may be due to
the interaction of generated VLF waves with ionospheric
irregularities. However, the model here assumes a smooth
ionosphere, so our results indicate that for nighttime experi-
ments, resonance peaks at 4, 6, or 8 kHz may be possible
even without ionospheric density irregularities.

[33] Beyond this distance, the defining feature is the
interference pattern of multiple waveguide modes, which
can be seen as streaks which move upward in frequency
with increasing distance. This pattern is similar in nature to
the V-shaped streaks of an interference pattern observed by
satellites in flying over a thunderstorm [Parrot et al.,
2008]. The entire radiation pattern attenuates faster with
distance for the daytime ionosphere than for the nighttime
ionosphere.

[34] The lower plots of Figure 5 show the frequency
response normalized at each distance to the peak amplitude,
and plotted on a linear scale. These plots therefore reveal the
changing frequency response as a function of distance. For
the daytime ionosphere, the 2 kHz and 4 kHz spectral peaks
are most intense, and even out to 1000 km distance, the 2 kHz
spectral peak is very well defined. On the other hand, the
spectral peaks closer to 8 kHz are even stronger, due to more
efficient reflection off the ionosphere at those frequencies.
Also, all of the spectral peaks linger to some extent out to
1000 km.

[35] We now apply the model to explain and compare to
the measurements made at Chistochina. We note first that
an exact and absolute comparison between theory and data
is made complicated by a number of factors, including the
experimental limitations mentioned earlier, as well as the
uncertainty in selecting the ionospheric profile for the model,
and the small-scale features (10s of km) that may be present in
the radiation pattern on the ground.
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Figure 6. Calculations of the varying magnetic field received at Chistochina. The panels with gray traces
show averages for the respective rows and columns. These calculations can be directly compare to data in

Figure 3.

[36] Figure 6 shows the calculated ELF/VLF fields
received at Chistochina. The results can be directly compared
to those in Figure 3. The most important features are repro-
duced in the theoretical model, like the spectral peaks at
multiples of 2—-3 kHz, the decreasing generation amplitude
with increasing HF frequency, and the increasing amplitude
as the HF beam is broadened. In the theoretical model, the
spectral peak that was measured at ~5 kHz actually appears
at 4 kHz, and this difference is likely due to the fact that
the ionospheric electron density profile is highly variable in
the lower ionosphere, and not known precisely. The fact
that the measured spectral peak is at a slightly higher fre-
quency probably means that the reflection height is higher
than in the model, which means that a lower electron density
was present than that taken from the IRI.

[37] Figure 7 shows the calculated ELF/VLF fields received
at Chistochina, normalized to 3.25 MHz and a narrow beam.
The results can be directly compared to those in Figure 4. The
effect of beam broadening is slightly larger in the theoretical
model (0-6 dB instead of 0—4 dB). The effect of increasing HF
frequency is roughly the same in the model as compared to the
data (8-12 at 9.5 MHz). However, one feature captured in the
model but not present in the data is that at high ELF frequen-
cies, the effect of increasing the HF frequency is less pro-
nounced. For instance, at 500 Hz modulation of 9.5 MHz, the
signal strength is ~19 dB lower than the 3.25 MHz vertical
beam. But at 7 kHz, this deficit is only ~5 dB. We do not have
an explanation for this discrepancy, except for the possible
frequency-dependent effects of noise in the data, or the
uncertainty in the ionospheric profile in the model.

[38] Nonetheless, the reproduction of the most important
features provides some validation of the theoretical model

for the purpose of capturing the variation of beam para-
meters for these ELF/VLF frequency ranges. Having estab-
lished the viability of the model for nearby measurements,
we now present the predicted ELF/VLF wave amplitudes at
further distances.

[39] We present the calculated amplitudes at two long
distance sites (Kodiak, Juneau, ~700 km from HAARP) and
the maximum amplitude injected to 700 km altitude (i.e.,
into the magnetosphere). The fields in all locations show the
same dependence on HF frequency and beam width as was
observed and modeled for short distances. However, some
additional features are present.

[40] Figure 8 shows the calculated amplitudes received at
Kodiak, 700 km away from HAARP to the southwest (i.e.,
close to geomagnetically south from HAARP). At Kodiak,
the spectral peaks at 2 kHz multiples are substantially weaker
if present at all, as the signal is now dominated by propa-
gating waveguide modes rather than cavity resonances.
There is a strong spectral peak above the first-order wave-
guide cutoff (which is 1.8 kHz), as high as 3 kHz.

[41] Figure 9 shows the calculated magnetic fields at
Juneau, which is at a similar distance to Kodiak but in the
southeast direction (i.e., close to geomagnetically east from
HAARP). At Juneau, the same 2-3 kHz spectral peak
appears, but the signals below 1kHz are reasonably strong, as
well. Overall, however, the signals are a factor of ~2 weaker
than they are at Kodiak. These results are both consistent
with the observational results of Cohen et al. [2008a], who
observed an azimuthal dependence to the frequency content,
amplitude, and polarization, of the radiated signal from
HAARP, identical to the Kodiak/Juneau differences theo-
retically shown here.
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Figure 7. Calculations of the varying magnetic field received at Chistochina, after adjusting for HF power,
and normalizing to 3.25 MHz, similarly to Figure 4. The panels with gray traces show averages for the respec-
tive rows and columns. These calculations can be directly compare to data in Figure 4.

[42] Finally, we present the theoretical predictions for the
power radiated upward into the magnetosphere, using a
method outlined and utilized in Cohen et al. [2011]. The
upward Poynting flux is integrated over a horizontal slice at
700 km altitude, corresponding roughly to the altitude where

the DEMETER satellite flew over HAARP [Piddyachiy et al.,
2008] to detect ELF/VLF radiated signals (Figure 10).

[43] The radiation emitted into the magnetosphere is not
necessarily proportional to the radiation emitted into the Earth-
ionosphere waveguide, most importantly because differences

680 A1 80 950

B-field (pT)

Q000
o0~
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Figure 8. The same theoretical calculations as in Figure 6, but for the Kodiak receiver site.
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Figure 9. The same theoretical calculations as in Figure 6, but for the Juneau receiver site.

in the ionospheric electron density profile affect ratio of
upward power to downward power. However, for the pur-
poses of assessing the role of HF beam parameters (ERP
and HF frequency), both the ground and magnetospheric
signals react similarly for ELF/VLF generation above 1 kHz.

[44] Below 1 kHz, however, there are some important dif-
ferences. Consistent with the results of Cohen et al. [2011],
who calculated the frequency response for 3.25 MHz narrow

beam, the power injected into the magnetosphere rises to a
peak near 1 kHz of ~1 W, and then falls monotonically with
increasing frequency. In Cohen et al. [2011], the peak at 1 kHz
predicted in the magnetosphere was attributed to decreasing
conductivity modulation above 1 kHz, and decreasing propa-
gation and radiation efficiency below 1 kHz.

[45] However, as the HF frequency increases, the peak at
1 kHz actually decreases, and then vanishes. This result
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Figure 10. The same theoretical calculations as in Figure 6, but calculated at 700 km altitude.
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could be due to the fact that at higher HF frequencies,
the absorption and consequent ELF/VLF generation occurs
at slightly higher altitudes. In addition, the 1 kHz peak also
becomes more pronounced as the beam is broadened, since
the broadening decreases the ERP and therefore lowers
the altitude of generation [ Cohen, 2010, p.49]. With less
ionosphere between the source and the top of the magne-
tosphere, the decrease in radiation efficiency becomes
slightly less important.

[46] Acknowledgments. This work has been supported by ONR award
N0014-09-1-0100 and AFRL award FA9453-11-C-0011 to Stanford Univer-
sity. IGRF model calculations taken from http://omniweb.gsfc.nasa.gov/
vitmo/cgm_vitmo.html. IRI model calculations taken from http://omniweb.
gsfc.nasa.gov/vitmo/iri_vitmo.html.

[47] Robert Lysak thanks the reviewers for their assistance in evaluat-
ing this paper.

References

Barr, R., and P. Stubbe (1991a), ELF radiation from the Tromse “super
heater” facility, Geophys. Res. Lett., 18(6), 1035-1038.

Barr, R., and P. Stubbe (1991b), On the ELF generation efficiency of the
Tromse “super heater” facility, Geophys. Res. Lett., 18(11), 1971-1974.

Barr, R., P. Stubbe, M. T. Rietveld, and H. Kopka (1986), ELF and VLF
signals radiated by the ‘polar electrojet antenna’: Experimental results,
J. Geophys. Res., 91(A4), 4451-4459.

Barr, R., P. Stubbe, and H. Kopka (1991), Long-range detection of VLF
radiation produced by heating the auroral electrojet, Radio Sci., 24(4),
871-879.

Cohen, M. B. (2010), ELF/VLF phased array generation via frequency-
matched steering of a continuous HF ionospheric heating beam, PhD the-
sis, Stanford Univ., Stanford, Calif.

Cohen, M. B., M. Gotkowski, and U. S. Inan (2008a), Orientation of the
HAARP ELF ionospheric dipole and the auroral electrojet, Geophys.
Res. Lett., 35, L02806, doi:10.1029/2007GL032424.

Cohen, M. B., U. S. Inan, and M. Gotkowski (2008b), Geometric modula-
tion: A more effective method of steerable ELF/VLF wave generation
with continuous HF heating of the lower ionosphere, Geophys. Res. Lett.,
35, L12101, doi:10.1029/2008GGL034061.

Cohen, M. B., U. S. Inan, M. Golkowski, and N. G. Lehtinen (2010a), On
the generation of ELF/VLF waves for long-distance propagation via
steerable HF heating of the lower ionosphere, J. Geophys. Res., 115,
A07322, doi:10.1029/2009JA015170.

Cohen, M. B., U. S. Inan, M. Gotkowski, and M. J. McCarrick (2010b),
ELF/VLF wave generation via ionospheric HF heating: Experimental
comparison of amplitude modulation, beam painting, and geometric mod-
ulation, J. Geophys. Res., 115, A02302, doi:10.1029/2009JA014410.

Cohen, M. B., U. S. Inan, and E. P. Paschal (2010c), Sensitive broadband
ELF/VLF radio reception with the AWESOME instrument, /EEE Trans.
Geosci. Remote Sens., 48(1), 3-17, doi:10.1109/TGRS.2009.2028334.

Cohen, M. B., R. K. Said, and U. S. Inan (2010d), Mitigation of 50/60 Hz
power-line interference in geophysical data, Radio Sci., 45, RS6002,
doi:10.1029/2010RS004420.

Cohen, M. B., U. S. Inan, D. Piddyachiy, N. G. Lehtinen, and M. Golkowski
(2011), Magnetospheric injection of ELF/VLF waves with steerable HF
heating of the lower ionosphere, J. Geophys. Res., 116, A06308,
doi:10.1029/2010JA016194.

Ferraro, A. J., H. S. Lee, R. Allshouse, K. Carroll, A. A. Tomko, F. J. Kelly,
and R. G. Joiner (1982), VLF/ELF radiation from the ionospheric
dynamo current system, modulated by powerful HF signals, J. Afmos.
Terr. Phys., 44(12), 1113-1122.

Getmantsev, C. G., N. A. Zuikov, D. S. Kotik, N. A. Mironenko, V. O.
Mityakov, Y. A. Rapoport, V. Y. Sazanov, V. Y. Trakhtengerts, and V. Y.
Eidman (1974), Combination frequencies in the interaction between high-
power short-wave radiation and ionsopheric plasma, J. Exp. Theor. Phys.,
20, 101-102.

Gotkowski, M., U. S. Inan, A. R. Gibby, and M. B. Cohen (2008), Magne-
tospheric amplification and emission triggering by ELF/VLF waves
injected by the 3.6 MW HAARP ionospheric heater, J. Geophys. Res.,
113, A10201, doi:10.1029/2008JA013157.

COHEN ET AL.: HF VARIATIONS IN ELF/VLF WAVE GENERATION

A05327

Golkowski, M., M. B. Cohen, D. L. Carpenter, and U. S. Inan (2011), On
the occurrence of ground observations of ELF/VLF magnetospheric
amplification induced by the HAARP facility, J. Geophys. Res., 116,
A04208, doi:10.1029/2010JA016261.

Inan, U. S., et al. (2004), Multi-hop whistler-mode ELF/VLF signals and
triggered emissions excited by the HAARP HF heater, Geophys. Res.
Lett., 31, 124805, doi:10.1029/2004GL021647.

James, H. (1985), The ELF spectrum of artificially modulated D/E-region
conductivity, J. Atmos. Terr. Phys., 47(11), 1129-1142.

Jin, G., M. Spasojevic, and U. S. Inan (2009), Relationship between electro-
jet current strength and ELF signal intensity in modulated heating experi-
ments, J. Geophys. Res., 114, A08301, doi:10.1029/2009JA014122.

Jin, G., M. Spasojevic, M. B. Cohen, U. S. Inan, and N. G. Lehtinen (2011),
The relationship between geophysical conditions and elf amplitude in
modulated heating experiments at haarp: Modeling and experimental
results, J. Geophys. Res., 116, A07310, doi:10.1029/2011JA016664.

Kuo, S. P, Y.-L. Wu, R. Pradipta, J. A. Cohen, and M. C. Lee (2008), VIf
wave generation by amplitude-modulated hf heater waves at Gakona,
Alaska, Geophys. Res. Lett., 35, L13101, doi:10.1029/2008 GL034414.

Lehtinen, N. G., and U. S. Inan (2008), Radiation of ELF/VLF waves by har-
monically varying currents into a stratified ionosphere with application to
radiation by a modulated electrojet, J. Geophys. Res., 113, A06301,
doi:10.1029/2007JA012911.

Lehtinen, N. G., and U. S. Inan (2009), Full-wave modeling of transiono-
spheric propagation of VLF waves, Geophys. Res. Lett., 36, 1L03104,
doi:10.1029/2008GL036535.

Lunnen, R. J., H. S. Lee, A. J. Ferraro, T. W. Collins, and R. F. Woodman
(1984), Detection of radiation from a heated and modulated equatorial
electrojet current system, Nature, 311(13), 134—135.

McCarrick, M. J., D. D. Sentman, A. Y. Wong, R. F. Wuerker, and
B. Chouinard (1990), Excitation of ELF waves in the schumann resonance
range by modulated HF heating of the polar electrojet, Radio Sci., 25(6),
1291-1298.

Milikh, G. M., and K. Papadopoulos (2007), Enhanced ionospheric ELF/VLF
generation efficiency by multiple timescale modulated heating, Geophys.
Res. Lett., 34,1.20804, doi:10.1029/2007GL031518.

Moore, R. C., U. S. Inan, and T. F. Bell (2006), Observations of amplitude sat-
uration in ELF/VLF wave generation by modulated HF heating of the auro-
ral electrojet, Geophys. Res. Lett., 33,1.12106, doi:10.1029/2006GL025934.

Moore, R. C., U. S. Inan, T. F. Bell, and E. J. Kennedy (2007), ELF waves
generated by modulated HF heating of the auroral electrojet and observed
at a ground distance of ~4400 km, J. Geophys. Res., 112, A05309,
doi:10.1029/2006JA012063.

Parrot, M., U. S. Inan, and N. G. Lehtinen (2008), V-shaped VLF streaks
recorded on DEMETER above powerful thunderstorms, J. Geophys.
Res., 113, A10310, doi:10.1029/2008JA013336.

Piddyachiy, D., U. S. Inan, and T. F. Bell (2008), DEMETER observations of
an intense upgoing column of ELF/VLF radiation excited by the HAARP
HF, J. Geophys. Res., 113, A10308, doi:10.1029/2008JA013208.

Rietveld, M. T., H. P. Mauelshagen, P. Stubbe, H. Kopka, and E. Nielsen
(1987), The characteristics of ionospheric heating-produced ELF/VLF
waves over 32 hours, J. Geophys. Res., 92(A8), 8707-8722.

Rietveld, M. T., P. Stubbe, and H. Kopka (1989), On the frequency depen-
dence of ELF/VLF waves produced by modulated ionospheric heating,
Radio Sci., 24(3), 270-278.

Rodriguez, J. V. (1994), Modification of the Earth’s ionosphere by very low
frequency transmitters, PhD thesis, Stanford Univ., Stanford, Calif.

Stubbe, P., H. Kopka, and R. L. Dowden (1981), Generation of ELF and VLF
waves by polar electrojet modulation: Experimental results, J. Geophys.
Res., 86(A11), 9073-9078.

Stubbe, P. H., H. Kopka, M. T. Rietveld, and R. L. Dowden (1982), ELF
and VLF generation by modulated heating of the current carrying iono-
sphere, J. Atmos. Terr. Phys., 44(12), 1123-1135.

Taranenko, Y. N., U. S. Inan, and T. F. Bell (1992), VLF-HF heating of the
lower ionosphere and ELF wave generation, Geophys. Res. Lett., 19(1),
61-64.

Tomko, A. A. (1981), Nonlinear phenomena arising from radio wave heat-
ing of the lower ionosphere, PhD thesis, Penn. State Univ., State College.

Villaseiior, J., A. Y. Wong, B. Song, J. Pau, M. McCarrick, and D. Sentman
(1996), Comparison of ELF/VLF generation modes in the ionosphere by
the HIPAS heater array, Radio Sci., 31(1), 211-226.

10 of 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


