Coherence of HPM generation in air
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Abstract—The effect of coherence on HPM generation has been  Although the rate of the radiation of energy in the form of

investigated. The experimental data are presented for HPM Hertz wave, or Maxwell electromagnetic wave is very small,

generation in air. Coherence governs the energy content of the Tesla calculated that the electromagnetic field would start

HPM system and demonstrates whether the system is viable or jncreasing at some distance from the transmitter. Tesla’

Q;J\t/.itigsozgzni?\eh:glrjmsgot:secron:isclfoev\rlz(\j/em dtef:/?Cg:SIgn of the resonant - jations were confirmed in the 20 century. At the opera-
' ting frequency of 75 Hz, the fields from 4 Mm (=4,000 km)

Index Terms— HPM generation, resonant cavity, pulse show the characteristic standing wave pattern, which is most

shortening, corona and spark channel discharges pronounced at 20 Mm. See Fig. 1. _
In 1939, the Varian brothers made advancement in
I. INTRODUCTION designing a miniature size cavity. They also added a second

cavity in their experimental set-up. The device obtained was
HE coherence effects are not pronounced if thable to amplify the microwave signal. The Varian brothers
Heisenberg-like uncertainty principle (Ref. [1]) is used if@lled their invention: the Klystron

designing the ultra-wide band system: Over the past 50 years, efforts have been made to build
better cavity suitable in handling large power: i.e., in
AT Af <1 (1) obtaining powerful HPM sources. Benforet al have

Af is the spectral bandwidth of the source akd is the summarized some of these efforts in thewtextbo_ok [5]
At low powers, the current theoretical description of the

temporal duration of the pulse. The system designed by Balﬁ%rowave devices appears to support well the experimental
et al [2] uses the condition specified by Eq. 1.

To facilitate the propagation of the RF/HPM over IargreSUIts' As the POWer 15 |r_1creased, the common prol_alem 'S

. : o e early cessation of microwave production, despite the

distances, Eq. 1 explains why it is necessary to have the .. . .

. . ._.continuing propagation of the electron beam through the

resonant cavity capable of producing the coherence radiati Dice
at single frequency. . .

In the late 18 century Nikola Tesla proposed the concept of It is suggested here that the reason for the early cessation

. . : s due to the coherence. Most HPM devices are emitting the
the formation of the resonant cavity (standing waves) and t diation not at single frequency, but they are generating a
wireless transmission of energy.

certain bandwidth of radiationAf. In this paper limited
review of HPM devices has been made and the progress
noted in the design of the resonant cavity.

10° 4 -+ 10° The concept of the coherence phenomenon is illustrated in
I the section Il. Approximate expressions required for the
o analysis of data have been put forward and comparison made
between the theory and the experimental evidence.
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T o vertical cuurrent source < 10
10 f=75Hz
| di= 1 Amps. x meters

Coherence was initially introduced in connection with
Thomas Young double-slit experiments in optics [1].
I ' ! Coherence is now used in many fields that involve waves such
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distance (Mm) as aﬁOU.StICS, electrical engineering, neuroscience and quantum
Fig. 1 shows the electromagnetic field in the earth-ionosphere waveguide b)r/na?;/ anics.
vertical electric current course. Fig. 1 is taken from Refs. [3 and 4]. hen two waves of the same frequency are added to create

a larger wave (constructive interference) or subtract from each
other to create a smaller wave (destructive interference), the
final result depends on their relative phase. If they have a
Manuscript received December 1, 2011, revised January 31, 2012. constant relative phase, two waves are said to be coherent.
To appreciate these statements an experiment was carried
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Fig. 2 we see that the time interval between two adjacent

| Signal # 1 at 265 MHz
peaksAT andAf are related as:
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Scale : 1V /div. ; 20 ns / div.
——— In Fig. 2 Af =10 MHz andAT =100 ns. The two vertical
i B lines shown in Frame B are 100 ns apart and they are placed at
Wt | the minimum of the interfering waveform (Frame B, bottom).

' If the amplitudes of signal #dnd of the signal #are of the
same value, the interfering waveform will have zero value
where the vertical lines are placed. If the amplitude of these
signals is of highly different value, the small signal will

“ “ ‘ ‘M |!|||||| 'U\Hll” WNJU perform the “amplitude modulation” on the large signal.

If the full width at half magnitude (FWHM) of the signal on
power two isAt, Eq. 2 becomes:

Scaia 5V2fdiv 20 ns / div.
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In Fig. 2,Afy is the FWHM of the single frequency. At 265
MHz (and/or 275 MHzW\f, is 5.05 MHz. Combined FWHM

Scale : 1V /div.; 20 s / div, of two signal Af, is 17 MHz forAf =10 MHz. In Fig. 3Af=5
265 MHz G MHz, Af; is 8.84 MHz and we have single frequency line at
|'| 275 MHz 271 MHz present. Now we define the parametess:
I 1
i K = Afy/ Af (4)

H
|I
A Al ! |~- s ] In Fig. 2x=17/10=1.7 and in Fig. 8= 8.84 /5.05 =1.768.

Scale : 250 dew 25 MHz /div. To confirm these results, measurements were made using
1.000 GHz signal and 0.990 GHz signal. The results are shown

Fig. 2. Frame A shows the signals prior to the interaction. The interference. ﬂfFI 4. ForAf of 10 MHz, Af, and the parameterare of the
signals is given in Frame B (bottom) and the interference on power 2 is a| g. 1 P

given in Frame A (top) . The FWHM (&fg) of 265 MHz line (or 275 MHz Same value as those glven in Flg 2
line) is 5.05 MHz. Combined FWHM of two signals; is 17 MHz.
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0.990 GHz Cl

Scale: 1V /div;20ns/div. '1.000 GHz |

| |

271 MHz & m Afy=17 MHz |

1 A gl g

‘ -' V Af=10 MHz |

| | —J ]|r'\_/ |

| 1l
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l i, L ST O Fig. 4. Conditions are as in Fig. 2 except the interference signal is between
the frequencies: of 1.000 GHz and of 0.990 GHz. These two signals are

Scale : 250 m\.-’.fdw 25 MHz / div. ’
almost of the same amplitude.

Fig. 3. Conditions are as in Fig. 2 except that the frequency of the signal #1 . .
was changed from 265 MHz to 270 MHz From Af; we want to obtain the spectral bandwidii,and

we can get the width of the puls€T from Eq. 2.Usingk to
(Fig. 2, Frame A). When these signals are subtracted, the 1.7, the experimental data are summarized in Table II.
Frame B (bottom) is obtained on the oscilloscope. If the To understand better the experimental data, an alternative
signals are added, the resulting waveform remains of the saapproach was to do the simulation using the signal generator.
form, except it is shifted to the left for about 50 ns. The FFT ¢fere the signal matches the width of the experimental HPM
the signal remains the same in both cases. The interferengeords. The signal generator produces a short pulse (see Fig.
signal on power 2 is also given in Fig. 2, Frame B (top). From) at the single frequency and this frequency has the FWHM=

Af,in the FFT graph.
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Fig. 5 shows the signal (top) and the FFT (bottom) obtained with the signal Signal: 11\;013‘12“;5-:45 ns f div.
generator. To simulate experimental data we changad frequency, f e M A

Therefore, the spectral bandwidth of the HPM souktés
Af = Afl' Afz (5)

The value ofAf, depends on the number of oscillations, N in
the “rectangular window” used here to perform the FFT
transform. If the oscillations in the pulse fill the window
partially, Af, will rise as the width of the pulse is decreased. .
(Af, ~ approximately 1/N). Table | is obtained with the pulse i J b SRR A e

containing 1 GHz oscillations using 10 ns/div time scale. ks o e

Af; =324 MHz |

P 1
Table | :
Pulse width (ns)] 20| 30 | 40 | 60| 70 | 80

Af, (MHz) 70 [ 46 | 34| 22| 18] 14 ""“‘"““5;

1l EXPERIMENTAL CONDITIONS

The figures 6 to 10 are obtained in the set-up with the '*
resonant cavity and the conditions described in Ref. [7]. In this I]h ‘ i w
w URRMILRLL L l

arrangement the helical antenna is inserted into the resonant
cavity to provide better coupling (i.e. kind of highway) | e e e
between j_'OO% reflector and partle}l reflector. Th(:j' a}mennalﬂ@. 6 Frame A is the HPM signal and Frame B is FFT of the signal. 1 GHz
arranged in such ways that, RF/microwaves (radiation) wawg, pass filter was used. The energy content is 1%&With the area of 175
can bounce back and forth between two mirrors in the manner?, the energy content is 0.66 J
analogous to the operation of laser. For a particular position of
the partial reflector, for the specific value of the chargingulse and its amplitude from shot to shot, because the
voltage applied to the Marx generator and the separatififeractions between the incident radiation wave and the
between the “hot” and “cold” electrodes, the experimental dafgflected radiation wave from the confiding side walls of the
become reproducible and self-similar. For example: aftéylinder follows a rather complex path.
recording over 50 shots and getting the data similar to that of The waveforms were recorded with the B-dot probe and 3
Figs. 6 and 7, two different shots of different kind aréHz oscilloscope. The B-dot probe produces the signal with
observed. One of them is shown in Fig. 8. Later it wd§e amplitude that is linearly proportional (rises) with the
observed that Fig. 8 results from the asymmetry of the spdfrquency applied. Hence it is rather difficult to say whether
channels distribution between hot and cold electrodes. In sofié cavities also produce low frequency components. The
cases, the asymmetry may also come from minor misalignmémgplitude of the signal of 1 Volt corresponds to the electric
of the reflectors. field of 3.07 kV/cm at frequency of 1 GHz.

Fig. 9 belongs to the same family of data as Figs 6 to 8 and
is obtained by the optimum separation between the hot and IV ANALYSIS OF THE EXPERIMENTAL DATA
cold electrodes. Fig. 10 is obtained after fine-tuning of the It should be noted thaif, exceeds the value of the single
system. frequency line Afy in all the data shown in the FFT graphs.

Fig. 11 is obtained during the process of tuning the cavilso note that, the main frequency line radiated by the
for the set up given in Ref [6]. In this set-up: 100% reflectoresonant cavity varies from low as 1.062 GHz to high as 1.088
the partial reflector and the cylinder of the constant diameteHz.
provide the transport of the electromagnetic (radiation) wave. These facts show that many lines are initiated during the
This arrangement yields significant changes in the shape of tRee-pulse (during the charging of the cavity) and the line with
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Fig. 7Frames A and a are HPM signal and Frame B is FFT of the signal. 1.2 g caption is as in Fig. 7. The frequency difference of 1.050GHz-0.928

GHz low pass filter is used. Frame P shows the signal on power 2. The enegjly, = 122 MHz corresponds to the period of 8.2 ns. The frequency

content is 87 ¥ns. With the area of 175 cnthe energy contentis 0.38J gifference of 1.030GHz- 0.928 GHz = 102 MHz corresponds to the period of
9.8 ns. The energy content is 52n4. With the area of 175 cfthe energy
content is 0.23 J
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the largest intensity inf; domain governs the final value of
the frequency in the peak. This process is simulated in Fig. 3.
Pertinent information given in Figs. 7 to 9 are summarized in
Table 1. The computation is done far =1.7. In the
experimental work the oscilloscope measutds and At is
evaluated from the graph of the signal on power 2.

Signal : 0.5V /div. ; 10 ns / div.

TABLE Il
Figure Afy Af= Af ]« At AP AL AT
# (MHz) (MHz) (ns) (ns)
7 29.8 17.53 26.6| 0.46p 57
8 53.2 31.3 14.7) 0.460 32
9 22.9 13.47 36.2] 0.488 74

It should be noted that in Table Il the produchbfimesAt
supports Eq. 3. Also, the computed value Adr is obtained
from Eq. 2 ((AT= 1/ Af) is in close agreement with the width
of the (first) pulseAT; (defined as the distance between the
vertical lines) shown in Frame P for Figs. 7 to 9.

Table Il is obtained using Eq. 5. The experimental data for
Table Il are recorded with 10 ns/ div. time scale and with the
FFT scale of 250 MHz / div. This makes possible to get the
value forAf, from Table I. In Table 11l the product aff times
At differs from Eq. 3.

Table Il
Figure | Af; Afy Af At
# | (MHz) | (MHz) | (MHZ) | (ns) | Af At
7 29.8 14 15.8| 26.6]/ 0.420
8 53.2 14 39.2| 147 0576
9 22.9 14 8.9 36.2] 0.322
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Fig. 9.Caption is as in Fig. 7.The frequency difference of 1.215 GHz- 1.07
GHz= 145 MHz corresponds to the period of 6.9 ns. The difference of 1.07
0.915= 155 MHz corresponds to the time period of 6.45 ns. The energy
content is 140 ¥ns. With the area of 175 cfnthe energy content is 0.49 J
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Figs. 8 to 9 show the presence of the satellite lines that are
observed well in Fig. 10. The frequency difference of these
lines in respect to the main line in the FFT plot gives the time
period of the signals. These satellite lines are performing the
“amplitude modulation” on the (main) HPM line.

If the data shown in Fig. 10 are recorded with 20 ns / div.
time scale, the coherence effect is not noticeable for the period
of 200 ns. It was also observed that only Marx generator
governs the overall characteristics of HPM emissions. Fig. 11
offers direct support to the concept proposed by Eq. 2.

IV CONCLUSIONS

The concept that the satellite lines have to be of smaller
amplitude in respect to the main (carrier) frequency, is used in
AM and FM radio.

When the interaction between the signals of different
frequency takes place, the law of the conservation of energy
holds. Cancellation of any (particular) line is “virtual” because
¢he wave cannot have negative energy. The “valleys” between
the burst of the pulses shown in Fig. 11 signifies that the
energy from the frequencies around 2 GHz is being transferred
only to the energy of low frequency components that B dot



The question remains whether Eq. 3 can account for the
microwave pulse width limit (pulse shortening) observed by
most scientists working on the BWO. Shifts in frequency (or
“chirping”) have been observed in most BWO and Vircators.

By improving the resonant cavity Tot'meninat al [9]
have made the BWO to radiate at 3.65 GHz with a pulse
width, At of 16 ns and the maximum power of 3.4+£0.7 GW. In
this systemAf; is about 100 MHz (Prof. V.V. Rostov: private
B communication). | findAf, to be 70 MHzor 20 ns pulse at 3
GHz. TentativelyAf= Af; —Af, = 100 MHz-70 MHz=30 MHz.

This makes\t * Af to be 0.48. This is in accord with Eq. 3.
i Prasadet al [10] gave data on 4 GHz, 600 MW magnetron.
| find that their system haat=5.85 ns andAf;=178 MHz.
Detailed value ofAf, is required before we can see whether
their data supports Eq. 3. If their resonators in the magnetron
would be of elliptical shape instead of the current circular
i Do shape, it would be possible to c_iecreﬁﬁand incr_ease\t._ _
910MHz ) (1260 Gz To achieve the next generation of HPM devices with higher
Pt A AL e ] power and larger energy content, we require full understanding
FFT of signal : 200 mV / div. ; 250 MHz / div. of interaction of the electromagnetic (radiation) waves with the
electron beams and plasma in the resonant cavity. Also, we
eed to design the resonant cavity that will have 2drao
‘Chirping” and no satellite lines.

We may now start to appreciate the ideas of Nikola Tesla
and the data given in Fig. 1. Tesla used 75 Hz signal because
”U A the low frequency has low attenuation as a function of
“ ‘ il distance, and becaugd is made small at low frequencies.
J i il |.. ol ]u i ; Tesla gave us an approach to have a good earth-ionosphere

h‘gll\il ||['|‘h|4 " I'I|' A“Mu\ h'l'm" |]|||||A ”' n.. waveguide / resonator.
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APPENDIX

The appendix offers additional support for Eq. 2 and Eq. 5.  Fig. 2 given below is one examples of many data recorded
Fig. 1 given below gives an additional support for Eq. &vhen the cavity is tuned well and where Eqg. 5 can be applied

Here, AT (=distance between the vertical lines) is 63 ns anwiith confidence.

with Af=13 MHz, the product oAf timesAT becomes 0.819. For the experimental data shown in Fig 2, the signal

Eqg. 2 states thatf timesAT=1. Hence, the experimental datagenerator gives thaif,is 8.56 MHz.

differs from Eq. 2 by 18.1 %. Putting the valueaf, andAf, into Eq. 5 it can be stated that

Eq. 5 states that\f ~ Af; - Af,. HereAf, is the FWHM of the coherence effects are not evident.
the signal produced by the signal generator. Eq. 5 is accurate if
the pulses for bothf; andAf, are of the same shape.
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Signal : 1 V / div. : 20 ns / div. Signal : 0.5V /div. ; 20 ns / div.
1,074 GHz 1.075 GHz
1.061 MHz
af = 13 MHZ ............. 4w
Afy=21.35 MHz __4\_f_1 =_3-_30 MHZ_ _
1.172 GHz 1.207 GHz
755 MHz 934 MHz
FFT of signal : 100 mV / div. ; 125 MHz / div. FFT of signal : 100 mV / div. ; 125 GHz / div.
1.074 GHz 1.075 GHz
} —r—r—r T T T T ™
b b
1.061 GHz
PR
- Af=13MHz
| Afy=21.35 MHz Afy=8.80 MHz 1.086 GHz
: i . it evinpdio:
11.034 GHz :
934, MHz i

I i i i i s i X i - z t i ’
FFT of signal : 100 mV / div. ; 25 MHz / div. FFT of signal : 100 mV / div. ; 25 MHz / div.

Fig.1 is obtained during the tuning of the resonant cavity to obtain Fig. 10. Fi9 2. The experimental conditions are similar to that of Fig. 10. Frames B
Frames B and b are the FTT of the signal. and b are the FTT of the signal.



