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PREFACE

The theoretical work underlying the experimental effort described
in this report has been developed by Capt. William A. Seidler at the Air
Forcé Weapons Laborafory, Kirtland Air Force Base, New Mexico. The experi-
mental program herein described has proceeded under the direction of
Dr. Robert N. Carlile, Professor of Electrical Engineering, Departmen; of
Electrical Engineering, The University of Arizona, Tucson, Arizona. Three
graduate students have been involved with the development of this program:
Robert B. Piejak, Ph.D. candidate, Gary L. Jackson, Ph.D. candidate, and

Gary L. Hagedon, M.S. candidate.

1/14



IT.

III.

IV.

VI.

TABLE OF CONTENTS

INTRODUCTION

BRIEF DESCRIPTION OF EXPERIMENTAL SYSTEM

a. Electron Beam-Produced Plasma

b. EMP Generator, TEM Waveguide,
Electrostatic Analyzer Probe,
and Langmuir Probes

RESULTS

SUGGESTIONS FOR FURTHER WORK

SUMMARY

REFERENCES

ifi/iv

Page

10




I. Introduction

.The work discussed in this report concerns the propagation of
an electromagnetic pulse (EMP) through the high altitude EMP source region.
The objective of this work has been to obtain experimental data on the
nonlinear absorption of an EMP by conductién currents wi&hin the high
-glfitude EMP source region that coqld bé compared ﬁith theoretical predic-
tions. This work directly supports the Minuteman, AWACS, B-1l, and C3
programs.

~ A theory, developed at the Air Force Weapons Labpratorjv(AFWL)
(ref. 1), predicts that an EMP will be severely attenuated by conduction
currents in the high altitude EMP source region. In order to test the
validity of this theory, the plasma facilities in the Department of Elec- -
trical Engineering at The University of Arizona have been appropriately
modified under a pfevious contract, F29601—74-C;d110, so that propagation
of an EMP through an ionosphefic plasma could be simulatéd.

The details of this modification are given in reference 2. 1In
brief, a TEM parallel piate wavegulde is imme;sed in a uniform nitrogen
plasma. By means of conical transitions and other types of transitions;
the TEM waveguide ié impedance matched to a pulse generator at its output.
In the TEM waveguide, a simulated EMP with a riéetime of 100 picoseconds
and a peak amplitude of about 6 x 102 volt/cm has éurrently been achieved.
The fall time Qf'tﬁe EMP is variable. The repetition rate for this EMP
is about 100 pulses per seébnd.~ Diagnostic systems allow ambient electron
number density and electron temperature to be measuréd and velocity distri-
bﬁtion function of electrons (and hence peak electron temperature) to be

measured under pulsed conditioms.



In Section IT a brief description of the system is given with
emphasis on modifications not discussed in reference 2. In Section III,
the experimental results obtained are presented. In Section IV are given

recommendations for future work.

II. Brief Description of Experimental System

The piasma system and the diagnostic systems have been described
in detail in reference 2. This report discusses only those parts of the

system which have been modified during the present effort.

A, Electron.Beam-Produced Plasma

In the measurements made in this study, we have used exclusively
the electron beam~produced plasma. We found that the plasma could be made

more uniform and the number density of electrons more repeatable and easier

rto control if we used a set of three grids in front of the cathode. The
Vfi?st grid allows control of cathode current and was particularly critical. "
This grid was made from a sheet of 1/16 inch thick molybdenum. Holes,

1/16 inch in diameter were drilled through this plate at regular intervals

so that the ratio hole area to opaque area is unity. This grid was pléced

about 3/16 inch from the cathode surface, Considerable caré was exercised

to make the planar surfaces of these two structures parallel to one another.

We have found that this type of grid allows stable operation of

the plasma. The cross-section of the plasma is quite uniform. We .theorize

that this grid allows the cathode surface to be at a more .uniform tempera~

ture ﬁith corresponding uniform emitting characteristics. .

The second grid, which was a coarse tungsten wire mesh, was on

occasion operated positive with respect to the'first grid. The grid allows




us to bombard the cathode surface'with nitrogen ions. In the event that
the cathode surface becomes contaminated, ion bombardment allows the con-
tamination toAbe reduced, If contamination does occur, the two nethods we
have available for cleaning up thersurface,is to increase»thelcathode sur—
face temperature to the "activation" value (about 1250°C) ty increasing
current through the cathode filament, and ion bombardment. By means of
these various techniques, the contamination problem was minimized.

The third grid which is also a coarse tungsten wire mesh has as
its_fnnction to control the energy of the cathoderemitted electrons_at the
point where they effectively enter the plasma region.

With this cathode system, a controllable, reprodubible unifonm-
plasma was obtained“ The first and third grids were usually maintained
nearlzero volts with respect to the stainless steel envelope. The second
grid was also maintained near zero volts except when we wished to ion
bombard the cathode. Under these conditions, the electron number density
of the plasma column versus cathode voltage Vc (negative with respect to
the -envelope) is quite repeatable. In Figure 1, we have plotted number
density n, (em ) versus V (volts) for a nitrogen gas- plasma. Data were
taken at pressures of 6 and 10 microns. We see that for a given Vc
the number density ne'is‘nOtvsensitive to pressnre in this pressure range.
The.value of n_ can be changed from 107 to 109 ém’3 over a cathode voltage
range of 20 to 90 volts. We believe that lower number den31ties could be
.achieved by extrapolating the curve in Figure 1. |

B. EMP Generator, TEM Waveg ide, Electrostatlc
Analyzer Probe, and Langgnir Probes

The EMP Generator, TEM Waveguide, Electrostatic Analyzer Probe,

and Langmuir Probes are basically the same as those described in reference



2. In_regérd to meaéurement of électron numbgr density ne, results from
the longitudinal Langmuir probe are shown in Figure 2. In this figure,
o, is plotted as a function of 10ngitudinal ﬁosition, z., We éee that the
:elatively lafge error in tﬂe measurements (+ 20%Z) makes it-difficqlt to
determine the ﬁniformity of the.plasmé in the longitudinal direction.
Improvemeﬁt of our Langmuir probe measuring techniques, plus use of the
electromagﬁetic cavity which was not in operation, should reduée this
error. |

In this effort, the electrostatic‘analyzer pfobe was so arranged
that it could measure energy distribution function of electrons in the
logitudinal direction (z) either undérfsteady state conditions or pulsed
conditions. By steady state conditions, we mean in the absence of a pulse.

By pulsed conditions, we mean that the distribution function could be

 measured at time T after the pulse had propagated down the waveguide. In

_theory, T, can be anything from a few nanoseconds to tens of microseconds. .

ITT.  Results

In this section we shall state the results that we have obtained
under the technical phase of the study.
| AFWL has}supplied thissprqject_with theo;etical data showing ﬁhe
peak a@plitude of the EMP, EO (volt/cm), veréus pressure of N, in microns

2

reqﬁired to obtain a peak heating of electrons T of 100 eV. The para-

€max
meters for these data are an ambient electron temperature Téo of 1.5 eV,
approximately that which is found in our laboratory piasma'(we have more
recently determined that,Teo is more correctly 3—5 eV), n, equal to 7x10°
_cm;a, and a rise time for the EMP of 182 picoseconds.

We have sdaled'this information to other values of ne but the

same T_: of 1.5 eV according ‘to the scaling laws described in reference 2.
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‘We were thus able to.obtaiﬁ.a theoretiéal curve of E  versus n, to give a
Teméx'of 100 eV at a constant pressure of NZ' A typical curﬁe for a
pressure of 10 microns is shown in Figure 3. Also shown in that figure ié
the pulse. generator power supply setting required to give the desired Eo'

In the measurements reported here, the magnetic field was kept
low enough (about 60'ggﬁss} such that the results were insensitive to it,
i.e., increasing the magnetic field by a factor of 1.5 did not produce any
meésurable change in the results.

| The earliest evidence that energetic electrons were being pro-

duced by the EMP is shown in Figure 4. This figure shows the distribution
function obtained at various times T aftgr~the EMP propagated through the
plasma. A s;eady gtate (ambient) distribution function is shown for a
reference. The main peak is due to ele;trons emitted bj the gathode, and
occurs at about .15 eV. Although these electrons entgred the plasma at an
energy of about 45 eV, inélastic collisions have reduced their energy to
15 eV, at a location 90 cm further down the system where'the electrostatic
analyzer prbbe is 1ocated;' Notice that 1.25 microseconds after the pulse,
there is thé beginnipg Qf secondary peak at 35 eV. At 50 mic;oseconds
after the pulse, this secondary péak has disappeared. This. partial second-
ary peak could be due to electrons genefated bj the EMP. One wouid expect
that #t 30 microseconds, a ﬁuch longer éime, the geﬁerated electrons would
‘héve diffused out of the finite system so that the secondary peak would not.
be present. ' h

‘The most’conclusive data that we have obtained which demonstrate
eleétron heating due to the EMP are shown in Figure 5. Reference is made

in that figure to the photographs labeled (a) and (b). -These photos show




the current collegted by the collec;or of the electréstatic analyzer probe
(EAP) verus time. The horizontal time scéle 15720 naoseconds per cm. In
photo (a), the control grid of the EAP was set at 250 volts, i.e., only
electrons with energies greater than 250 volts could reach the collector.
Presumably, this high a gdntrol grid voltage_would stop all electromns, and
zero current should be_collected; "The humped curve that one sees in photo
(a) is due to EMP coupling, i.e., the probe at the present time acts like
an antenna and receives a small part of the EMP. Since the hump ié about
60 nanoseconds wide, there is a lqng time constant associlated with the
antenna response (the pulse is of the order of 1 nanosecond 1oﬁg); In the
absence of a plasma, one sees the response in photo (a), which confirms
that the hump is due to couplingrto the EMP and is not related to electromn
current collected in the EAP.

In photo (b), the vpltage on the contfol grid ﬁas reduced to
zero. _Now'all electrons entering the probe can arrive at the collector.
One now sees a deﬁaying response witﬁ a fime constant of about 160 nano-
seconds. This indicates an increase in the electron density due to fhg EMP.

If we increase the control gfid voltage, we find that the time
cbnstant of the decaying'respoﬁse decreases, and the response ;pproaches
photb (a) between 80 and 120 volts. This wouidrindicaté that.the electrons
cénstituting the incfeased number density have maximum energies in,the:
range 80 to 120 eV. The deéfeased decay time is neatly accounted for
because when slow electrons are eliminated by increasing the control grid
voltége, the reméining féster eléctrons ﬁill diffuse out of the finite -
pia#ma column at a faster féte than when the élo;er electrons are preéent.

In addition, we ran a diétfibution function measurement at vary-

ing values of péak'pﬁlse eiegtric-field Eo aﬁ& tabulated the peak electron




temperature. The results are shown in Table 1. This peak temperature
was, in fact, a secondafy peak like that‘in Figure 4 at 1.25 pus, but nuch
~ more distiﬁct than that‘shown in Figure 4. The main‘peak occurs at about
15 eV and is due to the fast electrons emitted by the cathode. These
results are at variance with the AEWL tﬁeory, which predicts a much more
sensitive dependence of peak electron temperature to'peak EMP.
Unfortunately, we have not been able to repeat these results;
the reason for this.is not clear to us, Howevei,'we are_confident that
Figure 5 (b) does indicate that the EMP generates energetic electrons as

the AWFL theory predicts.

IV. Suggestions for Further Work

The fast electrons emitted by thé‘céthode are causing the large
peak in the distribution function in Figure 4 to mask the smaller second-
ary peak which we feel is dué to electron heating of the EMT.-V

‘There appears to be a rather simple solution to this problem.

We need to merely pulse the cathode off during the time that the pulse
propagates down the system. For exanmple, suppose that we pulse the cathode
off fﬁr 20 microseconds. A 50 eV cathode-emit;ed electron will diéappgar
in about 1/4 microéeCoﬁds. Thﬁs, after perhaps 1 microéecond, one could
Aexpect that all cathode—emiﬁted electrons will havé drained out of the

' plgsma; \The‘slow electrons, on the other hand, will be trapped in the
system: between the mirror magﬁetic field at oﬁe end and the elecfric.
'fields'at the cathode structure at the otﬁer. The magnetic field wilL keep
these electrons from diffusing tfanSverae t6 the system. The diffusion

time for the slow electrons is of the order of milliseconds.



Table 1. PEAK EMP AMPLITUDEAVERSUS PEAK ELECTRON ENERGY

eo’ 1.5 x 108 cmfa; Teo’ 5 eV

. EMP rise time, 200 picoseconds; EMP fall time, 1.5 nanoseconds.

Pressure, 6 microns,,Nz; n

' Te s peak : -
E (volt/cm max
o ( [em) electron energy (eV)

333 . 57

250 56
i 167 55
100 54




During approximately 1 microsecond after the cathode electrons ‘
have drained out,  any electron density gradients due to these cathode |
electrons will have disappeared.

Now pe propagate the EMP which traverses“the system in about
3 nanoseconds. We may now observe heatiqg of electrons without the mask-
ing effect of the cethede—emitted electrons.

It ie our intention to make this modification to the system.

V. SUMMARY

Pulsed electric fields with~peek amplitudes predicted
to produce 100 ev electrons within the nitrogen»piasma of
the experiment were propagated through the TEM wevegui&e
of the experiment. Electrons were found .to increase in
number'density and energy similar to that predicted by the

theory developed at the Air Force Weapons Laboratory.




~ REFERENCES

Seidler, W. A., “"Pulsed Power Heating of the D-Region," Proceedings
of the 1975 Symposium of the Effect of the Ionosphere on Space Systems

and Communications, Paper 3-7, Naval Research Laboratory, January 20,
1975. - i :

Carlile, R., "An Experimental Study of the Nonlinear Propagation of an
Electromagnetic Pulse Through the Ionosphere," AFWL-TR-75-115, Air
Force'Wéapons Laboratory, December 1975.




GASZNZ |

PRESSURE:
AlOu
O 6u

CONFINING B FIELD:
63 GAUSS

L | . I

Figure 1.

7 10 ' 100
V. (volts) ‘

Electron beam-produced plasma. Ambient electron number denSity
R, VS- cathode voltage Vc (negative). Grids 1, 2, and 3 are
at zero volts. All voltages measured with respect to stainless

steel envolope. Gas: nitrogen; pressure: 10 microns; confining
magnetic field: 63 pauss. ,
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Peak pulse electric field Eb vs. ambient electron number density
ne; required at a nitrogen pressure of 10 microns to heat elec—
trons to a maximum temperature of 100 eV. -Also shown is pulse

generator power supply setting required to obtain E_ . E_ curve

oBtainéd from égaling theoretical'data suppiied by Seidlerl.
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Figure 4.
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Electron distribution“fﬁnction vs electron energy for steady

state (ambient), and for T = 1.25 microsecond and 50 microsecond;

-3 . *
Eo’ 333 volt/cm; pressure, 4 microns; LI 1.8 x 108 cm 3; rise '

time of EMP, 180*piéoseconds; EMP fall timé; 1.5 nanoseconds; Teo
5 eV, ,f_ S :
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(a)

\ (b)

Figure 5. Current arriving at collector of electrostatic analyzer probe

. (EAP) versus time. Horizontal time scale: 20 nanoseconds per
cm. (a) Control grid of EAP is 250 volts (no current
collected); (b) Control grid set to zero volts (all electrons

. " entering EAP collected): Pressure, 6 microns of Nz; no
:amb:lent electron number density, 1.57 x 108 cm-3; Teo’ ambient
electron temperature, 5 eV; peak EMP electric field, 33_3 volt/cm;

EMP rise time, 180 picoseconds, EMP fall tim_e, 1.5 nanoseconds.
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