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Tis report presents the results that have been achieved

at USAERDL during the period November 1964 through October 1965 in

nuclear E4P simulation studies and experimentation in support of

the Nike-X electrical power system research and development program.

These studies and experiments can be classified as E4P vulnerability

testing of existing systems, basic EMP energy coupling experimientation,

and E4P simulation or experimental facility design vhich includes

electromagnetic field measuremnt instrumentation design and

developuent. The experimental results in this report are documented

as companion data to theoretical results published In a previous

report.
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1. IWRODI•CTI

Due to increased concern over DP effects, theoretical and

experimental efforts to understand the manner in which EMP energ

couples into system and mains for hardening systems against DIP

effects have been accelerated in the last few years. Theoretical

prediction of military system operation in an EKP environment bogs

down in the complexities of real systems. The most promising

approach to develop a quantitative understanding of EDP energy

coupling, system EMP vulnerability end the effectiveness of DIP

hardening measures is through coordinated programs of theoretical

studies and experimental studies using DIP simulation techniques.

Experimental data must be utilized to:

a. Determine the coupling between given electromagnetic

environments and items under study.

b. Determine vulnerabilities of the items to this

environment.

c. Des'.gn protective techniques for the items.

d. Test the effectiveness of the protective techniques

developed.

The experimental data necessary to acoomplish the above

objectives can be obtained through different experimental techniques;

however, no one technique appears to be adequete to supply all the



necessary data. For this reason, systematic experimental program

tailored to the specific problem are necessary. These programs fall

Into the following two related categories at present: vulnerability

testing of existing systems and basic energy coupling experimentation

to obtain design data for systems in the planning or design phase which

are not existing at present. Each category complements the other

for experimental data on existing systess can be used to influence

the design of newer system and basic energy coupling data can be

used to assist in the understanding of vulnerabilities :f existing

system leading to corrections mhere necessary.

Two fundamental experimental techniques can be and are

presently being employed in both the above categories. These are high

peak amplitude pulsed field experimentation and low amplitude sinusoidal

frequency response experimentation. Although treated as separate

experimental techniques, it is important to note that there is much

in comon betwmen the two. When sytem or mechanisms under investiga-

tion can be described as linear, pulse experientation and frequency

response experimentation my be cor.-elated through the Fourier tzrans form

pair for causal functions

ij

It would appear advisable in such cases to choose the expedient
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experimental technique or, when possible, to use both techniques to

establish the linearity of the system or mechanism. This philosophy

has been adopted for the shieldirg investigations described in

another ERDL report, and conducted in the E4P Experimental Facility

at USAERDL.

In those cases vhere linearity of response cannot be established,

only high peak amplitude pulse field experimentation serves a3 a valid

experimental technique. This field must be indicative of the actual

E3P environment of interest to provide meaningful das'a. Inherently,

the high peak amplitude pulse field experimental technique 'a the

more difficult to conduct of the two techniques. Unfortunately,

conon construction materials such. as steel are non-linear and digital

logic circuits by design are non-linear; the response of such items can

be critical determinants of military system vulnerability to the E4P.

The determination of the susceptibility of a military system

to the E)P is in reality a system problem since major uncertainties are

involved in combining component response to obtain a system response. At

best, only GO, NO-GO responses are predictable in very simple systems using

a sumation of separately determined component responses; the latter being

orders of agn:Ltude more _yredictable than the former. Experiments con-

ducted on existing systems to date and described in Chapter 2, In Situ

Electromagunetic Field Tests at the Nevada Test Site have used the
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system concept to as large an extent as possible.. To create a full

amplitude electromagnetic environment over a large military system

such as Nike-X, however, would require drive systems of extremely

high energy levels. In such cases selection of the largest separable

subsystem is the only alternative approach. Experiments to be

conducted in the E4P Simulation Facility will follow the above

philosophy.

2. IN SITU ELECTROMAGNETIC FIELD TESTS AT THE NEVADA TEST SITE

When analyzing real systems to determine the energy coupling

from an incident electromagnetic field, it becomes rather apparent

that in many cases the non-calculable non-idealizations of construction

are overwhelmingly the dictating response mechanism. For this reason,

it will be necessary to real-life test military systems for EP

vulnerability. Similarly, it appears reasonable to test real-life

experimental configurations on an in situ basis. Results reported1

on experimental verification of nuclear weapons effects test data

obtained during shot Small Boy are extensions of this philosophy.

A description of this experiment is found herein. Results of these

tests indicate more conclusively that system test concepts are

extremely valuable.

1

Superscripts refer to list of references 'Located at end of report.
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2.1 Objective

To increase the understanding of the QQ induced current
N

distributions observed on the cable array during the Small Boy

nuclear weapons effects test, Stanford Research Institute (SRI)

conducted a series of non-nuclear tests using an electrically short

antenna source, field measuring equipment, and cable current

monitoring instrumentation. Calculated and measured fields for low

f7..equency antenna systems had shown that continuous wave (CW) and

p -d transmitters could be employed to further define cable coupling

Puenr•ena. A description of the system used by SRI, the test results,

and -he comparisons with theory are described in an Air Force Weapons

2'
Laboratory report . This work was Jointly sponsored by the Air

Force Weapons Laboratory (AFWL) and USAERDL.

2.2 Test Description

The 100 foot high monopole antenna shown in Figure 1 was

installed in Area 5 at the Nevada Test Site and was driven with a

CW transmitter and with a pulse transmitter. Measurements of the

electromagnetic field were made over an area containing the

various buried cables and bunkers installed for Shot Small Boy.

Electric and magnetic field magnitude and phase were measured for

the CW fields and the time signatures were recorded on oscilloscope-

camera units for the pulsed fields. Similar measurements were made

5
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FIGURE 1. ONE HUNDRED FOOr MONOPOLE ANTEW

of the currents induced into cables located in the area. Since

there vetre many non-idealized boundaries in the area, including the

presence of the earth media, free-space relationships could not be

6



used to relate the electric and magnetic fields.

2.3 Transmitter

In the CW measurements, eleven fixed frequencies

were transmitted from 0.5 kilocyc2.es to 510 kilocycles. A wideband

power amplifier drove the antenra which was capacitive at these fre-

quencies through a resonating coil in series. Tuning of the

antenna was accomplished by rf.placement of the series coil for the

various frequencies. A vacuum tuning capacitor was ueed for trimming

the system. Antenna voltage was monitored using a capacitive probe

located at its base.

The pulse generator for the transmitter consisted

of two capacitor banks that were charged in parallel and discharged in

series. A 120 kilovolt rectifier power supply was used to charge the

capacitors through two 20 megohm resistors. Discharge of the circuits

occurs when one of the gaps, set to break down at 100 kilovolts, fires

and applies the total voltage across the other gap. When the second

gap fires, the capacitors appear as series connected through the spark

gaps to the antenna and a pulse shaping circuit.

2.4 Receivers

The receiving equipment consisted of portable

battery powered preamplifiers, tuned receivers, and calibration

oscillators. Electric field measurements were made v'ith a parallel

plate antenna with an effective height of 0.16 meters. The two

mesh plates were 1.5 meters on a side and were separated by phenolic

insulators. Orientation of the antenna was accomplished by a swivel

7



and gimbal arrangement. The minimum sensitivity of this antenna was

0.1 microvolt per meter at 0.5 kilocycles and 0.004 microvolts per

meter at 510 kilocycles. For each fixed frequency, the antenna was

tuned and matched to a low-noise, wideband preamplifier.

Magnetic fields were detected with a single turn

loop antenna, constructed of 2 inch aluminum pipe in a square shape

1.5 meters on a side. Threshold levels of this antenna were from

10-8 ampere turns per meter at 0.5 kilocycles to 3(10)" 1 0 ampere

turns per meter at 510 kilocycles. This antenna was tuned and

matched to a sensitive wideband preamplifier to obtain sensitivity.

Positioning of the antenna was also accomplished by a gimbal and

swivel arrangement as in the plate antenna.

Two phase quadrature synchronous reference signals

were used to determine the amplitude and phase of the measured signal.

The phase reference was the vertical electric field and two sensitive

meters were used to determine the quadrature components of the signal.

Cable current measurements were made with a

toroidal pickup coil having a core of Mo-permalloy for the low

frequency measurements and a core of ferrite for the high frequency

measurements. For the CW cable current measurements, the data were

monitored from meters on the receiver units. The pulse measurements were

obtained from a self-triggering oscilloscope and transparent polaroid

film.

8



2.5 Conclusions

The measurements obtained provided an electromagnetic

map of the area shoving the field distortions present. Amplitude

measurements were accurate to within 3 percent and phase to within

5 degrees for both the magnetic and electric fields. Cable current

measurements on buried cables were correlated with the electromagnetic

fields at the earth's surface. The pulse measurements were consistent

with the data obtained from the CW tests. In the measurement of

complex electromagnetic coupling, there appears to be a definite

advantage in using pulse testing techniques because peaks and nulls

in responses show up directly. However, the measurement accuracy in

pulse testing cannot approach that of fixed frequency testing because

of the wide bandwidth requirement of the former.

3. E"P SIMULATION FACILITY

The MP Simulation Facility briefly described herein was

conceived as a research tool to meet experimental needs of the EMP

community, modestly but immediately. It is not the answer to the

hopes of those desiring a simulated nuclear detonation environment

but is a facility in which those effects which are Ulectromagnetic

only can be studied. Inclusion of other effects such as transient

radiation may be possible on a modest scale in the future.

3.1 Description

The E)1P Simulation Facility is located within the

USAERDL North Area, Fort Belvoir, Virginia, as shown in Figure 2.

9
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Surrounding real estate la of lover elevation than the site, allowing

foe. minimum reflection of self generated signals. Figure 3 shows

the relative locations of the major items in the facility and the

support items which are integral with operation of the facility as

an autonomous laboratory. The complete work area is covered with

light gravel to permit variation of soil conductivity at any time

by serapiag, watering, chemical seeding, or combinations of each.

The facility is weather protected over much of its

area by a 210 feet diameter hemispherical air supported structure similar

to the type commonly used as radome. This structure is relatively

transparent to electromagnetic signals in the frequency band of interest

provided that no snow or ice is coating the outer surface; measures

have been taken to remove such accumulation when they occur.

High volume low velocity blowers automatically maintain

a one inch water column pressure inside the structure for external

ambient winds below 50 miles per hour and raise and maintain a two

inch water column pressure inside the structure for external ambient

winds above 50 miles per hour. Structure design is for an external

ambient wind of 70 miles per hour over proloaged periods of time.

The air supported structure is attached at its base

to a concrete curb which is 16 inches wide and which extends 1 foot

above grade and 5 feet below grade. In order for minimum metal to

be ý.mcluded in the work area, no horizontal reinforcing steel is used

in this curb. Forces on the concrete require, however, that a

vertical rebar be provided every two feet.around the structure where

11
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the envelope attaches to the curb.

A large equipment airlock, provides entrance to and

exit from the air supported structure. It is 24 feet long and has

12 feet high by 10 feet wide doors which are interlocked to prevent

air escape. Equipment which is larger than the above airlock

can be moved in and out by deflating and opening the structure.

However, due to abnormal fabric stresses developed and the large

numbers of operating personnel required during this procedure,

considerable justification is necessary. A personnel airlock is

located near the laboratory trailer. The 10 foot by 50 foot

laboratory trailer is available for calibration and fabrication

of electronics. Facilities include desk space, lab benches, tools,

comon electronics laboratory instrumentation, and darkroom

facilities. Facility operation is supervised from this location.

The principal electromagnetic field source at the

TP Simulation Facility consists of a conducting cylindrical coil

51 feqt in diameter and 60 feet axial length containing

a set of thin conducting parallel plates electrically isolated frow

the conducting cylindrical skin as shown in Figure 4. Horizontal

magnetic fields and vertical electric fields are independently

created within this coil by utilizing separate driving systems.

The magnetic field is essentially uniform and unidirectional within

the structure. The uniformity of the electric field depends upon

temporary voltage divided guard rings which are spaced between the

conducting plates during particular experiments.

13
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An electrically isolated platform capable of supporting

wheeled loads up to 10 tons is located within the coil at ground

elevation. The working volume is 60 feet long by 30 feet wide by

27 feet high.

A representative time signature of the electromagnetic

fields within the coil is that of a damped sinusoid of 3.4 microsecond

risetime, 11.5 microsecond crossover and a 10 percent reversal. The

waveform is continuously adjustable in peak amplitude from 20 percent

of full value up to a full value of 60 gauss and 100,000 volts per

meter. It is adjustable in time characteristics over a wide range

of values; however, faster risetimes and shorter croosover times

degrade the peak amplitude available. Slower risetimes and longer

crossover times are readily adjusted in increments to eight times the

values stated. Experiments requiring fields with faster time signatures

can be conducted at maximum amplitudes over smaller volumes using

other techniques.

Two other field sources will be constructed in the future

to create fields over larger volumes. These sources consist of two

30 degree fanned cable systems held approximately 50 feet aloft

terminating to ground at points which are segments of circles 100

feet and 250 feet from the pulsed energy source. Fields created

within these wedge shaped coils will be of relatively low amplitude

but will have risetines much shorter than those obtainable in the

cylindrical coil. The E to H relationship will be determined by the

terminating elements attached to the cables.

15



The five Marx generators modules have dimensions

8 feet by 10 feet by 10 feet high and are of such design that they

may be stacked in series to form a 5 million volt Marx generator.

Capacitors are arranged within each module in a staircase configuration

for ease of servicing. The structure itself is constructed of

fiberglass members with permali and plexaglass coverings. Spark

gaps operating in air are used for all switching functions and

distributed resistance is of a piug-in type to allow for rapid

wavesbape modifications. Corona shields are provided at the top

of each module.

The cylindrical coil is operated to produce

relatively uniform magnetic fields. The pulsed energy source

drives the coil with essentially a uniformly distributed current.

This is accomplished with five Marx generators in parallel along one

side of the coil at equally distributed points. The Marx generators

are then triggered within 0.2 microsecond of each other to supply

the uniformity of current distribution required. By placing the

Marx generators close to the side of the coil, minimum inductive

and resistive losses will occur along feeding lines.

The following lumped parameters can be assigned

to the complete system assuming a total circuit resistance of the

16



coil, and the capacitor bank of 5.95 ohms:

Current - 100,000 amperes

Voltage - 1,000,000 volts

Inductance - 15 microhenries

Capacitance - 0.6 microfarad

Resistance - 5.95 ohms

Risetime - 3.4 microseconds

Period -, 23 microseconds

Energy - 300 kiloJoules

The electric field plates within the coil are driven

by a separate capacitor bank in order to match the vaveshape of the

magnetic field.

An autonomous and transportable instrumentation system

has been developed at USAERDL for the E4P Simulation Facility. The

sensors have been designed to extract minimum energy from the field

to be measured thereby causing minimum distortion. In all cases

this equipment has been experimentally evaluated to determine its

susceptibility to high transient electromagnetic fields. No attempt

17



has been made to develop nuclear weapons effects test hardened

instruments except where inherently possible at minimum sacrifice to

laboratory standards. More detailed information about this equipment

is contained in Chapter 5, Instrumentation Develope~nt.

3.2 Schedule

The EDP Simulation Facility is presently under

construction at USAERDL. Final construction should be completed by

May 1966 and check out and acceptance testing will begin immediately.

USAERDL will conduct a series of controlled experiments to establish

the electromagnetic characteristics of the system and to obtain

preliminary test data. The Facility will be available for use by

other agencies by late Spring 1966. Operating personnel will be

supplied by USAERDL for the Facility itself. Operation of equipment

or items under test will be the responsibility of the using agency.

4. E4P EXPERIMENTA.L FACILITY

The Z4P Experimental Facility3 located at USAERDL within

Building 326 is operational on a day-to-day basis for conducting

pulsed field experiments in support of in-house theoretical programs

and as a design and development tool for the E4P Simulation Facility

under construction. The principal component of the Experimental

Facility is a pulsed energy source which consists of four large

storage capacitors, a discharge tank, a trigger gap assembly and

appropriate controls. A simplified schematic of the pulsed energy

source is shown in Figure 5 • 7he capacitors are connected in

parallel between the distribution plate and the discharge tank. A

18
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high voltage power supply is used to charge the capacitors. Stored

energy is switched into the load by a trigger gap assembly. This gap

is used to dump the capacitor charge through an appropriate load.

Associated equipment necessary for the control and safe operation of

the unit includes an oil-handling system, a high voltage power supply,

a high voltage bleed-off tank, a trigger gap pressure control system,

control and monitoring equipment, and support equipment. This equipment

was originally designed by Edgerton, Germeshausen & Grier, Inc., Bostcn,

Massachusetts, but has been appreciably modified by USAERDL.

The capacitor bank is located in a concrete lined pit

approximately 13 feet by 10 feet by 8 feet deep which is electromagnetically

hidden under a 16 foot by 32 foot copper ground plane which serves as

the floor of the experimental area. Figure 6 is a plan view of

the Facility shoving the adjacent shielded enclosure which houses the

instrumentation. An adjacent control cubicle houses the system controls,

monitors, and trigger circuitry. The capacitors have an individual

capacitance of 0.5 microfarad with a combined bank capacitance (four

in parallel) of 2.0 microfarads. The maximum voltage rating is 125 KV

with a 10 percent inverse voltage rating. Peak to peak voltage rating

can occur during discharge when an initial charge voltage of 70 1CV

is used. The unit is, therefore, seldom charged above 70 KV unless

appropriate damping is applied. A discharge tank assembly serves to

interconnect the capacitors and to isolate the distribution plate and

other high voltage elements in dielectric oil. It also provides

20
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a means of charging the capacitors through a limiting resistor,

discharging them via a spark gap assembly and bleeding cff the

residual charge on the capacitors.

The high voltage charging supply used in this dystem is

a Sorenson Corporation, Beta Model Number 2120-5. It is comprised of

two units: the high voltage section housed in an oil filled 30 inch

cubical metal tank and a control unit located in the control console.

1he high voltage section has a maximum output of 120 KV DC.

A bleed-off tank is installed in the high voltage input

line in order to provide an external resistive path to ground when it

is desired to discharge the capacitors. This unit is normally used

to bleed off the residual charge after a discharge. A shorting bar

within the discharge tank is delayed until the capacitor voltage is

negligible, thus avoiding possible arcing and contamination of the

insulating oil.

7he spark gap assembly iz a three electrode switch of

modified EOW& design in which one of two large electrodes contains

the trigger probe. Each large electrode consists of a stud type

of contact of Elkonite mounted on a base section of stainless steel.

The spacing between the electrodes is nominally 5/8 inch. The electrodes

are held by a heavy nylon chamber that also isolates the gap from the

discharge tank. Te trigger probe is a 1/16 inch diameter tungsten

wire, .•.rnace brazed to a mounting flauge. The gap is designed to

operate at pressures of from one to two atmospheres. Water pumped

nitrogen with 6% oxygen added is the usual gas mixture used in the chamber.

22
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A control console located in the control cubicle

pdjacent to the experimental area contains the following equipment:

a. Fiducial Generator Panel

b. Closed Circuit TV Monitor Panel

c. Solenoid Monitor Panel

d. Intercom Panel

e. Gap Pressure Control Panel

f. Power Panel

g. High Voltage Control Panel

h. Trigger Control Panel

i. High Voltage Monitor

J. Interlock Panel

All instrumentation for the facility is located in a

shielded enclosure located adjacent to the experimental area. The

shielded enclosure is constructed of a single layer of 24 gauge cold

rolled galvanized sheet steel. All seams are held together under

pressure applied to mating surfaces of adjacent panels. All panels

contain wood supports on the inside. The 10 feet by 7 feet by

8 feet high room has a 35-1/2 inch by 84 inch double door with two

rows of heavy-duty spring bronze contact fingers mounted around the

periphery.

Signal leads enter the shielded room through 8 RF

feed-through conmectors. The connectors are a waveguide beyond

cut-off type and are bonded directly to the room. Power line filters

are 0 to 400 cps bandpass, 20 amperes per filter. Air conditioning is

23



provided by a 25,000 BTU unit mounted on the roof of the room with

air inlet and outlet via a waveguide type panel. 7he shielding

effectiveness of the room determined experimentally is shown in

Figure 7.

Read-out for the experimental facility is accomplished

via oscilloscope camera combinations. Signal processing within the

shielded enclosure before oscilloscope display is done with operational

amplifiers and impedance transform equipment mounted on a relay rack

adjacent to the oscilloscopes.

5. INSTR(A-PTATION DEVELOPMENT

Precise and repeatable electrozagnetic field measurements

as a class are among the most difficult to perform, especially on a

pulse basis where broad band data are desired. Extreme care is

required in the design of the measurement equipment to limit the dis-

tortion of the fields being measured, minimize the noise in the data

link and harden those ports of the equipment which are susceptible

to the fields but not relatable to the measurement. In this section,

various devices will be discussed which are consistent with the

above constraints. Conceptually they fall into classes whereby

either complete electromagnetic decoupling is accomplished in the

frequency ranges of interest between the sensor and the receiver

or sufficient signal strength and impedance transformation is

provided at the sensor to dominate noise induced into cables.

5.1 Remote Signal Processing Amplifiers

Two electromagnetic environment hardened amplifiers
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have been developed for use in EKP experimentation. These amplifiers

are differential throughout and incorporate low impedance output

capabilities for driving long twinax cables. Input voltages are

limited to a few millivolts. One of the amplifiers is shown in

Figure 8 with a loop sensor attached.

FIGURE 8 RD4OTE SIGNAL PILOCESSING AMPLIFIER

The amplifiers are mounted in 1/4 inch thick aluminum cane for

z6



ruggedness and electromagnetic shielding. The circuitry is mounted

on glass boards attached firmly within the can as shown in

Figure 9.

FIGURE 9 REMOTE AMPLIFIER CIRCUITRY

The basic circuit uses a Motorola MC 1519 integrated circuit of

high pin and minimum unbalance characteristics. Two circuits are

used, one a high gain amplifier with wide bandwidth capabilities and

another with moderate gain and bandwidth capabilities.
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5.1.1 High Gain Amplifier 4

This unit is a 64 db amplifier with a Judicious

amount of feedback incorporated to obtain stability and high frequency

response. The circuit schematic is shown in Figure 10. Input

stages of the amplifiers are powered from an internal battery pack which

has negligible current drain. The output stage is of a remote emitter

follower design in which the emitter resistors are located at the

read-out end of the inmtrweentation cable and are biased such that

the instrumentation olial lines float at operating DC values. In

this configuration, a DC poer supply can be used at the read-out

end of t-a instrumentation cable to supply the power consuming

driver stage of the axplifer thereby elina•uting the necessity for

a large battery pack in the amplifier itself. Differential frequency

response characteristics are shown in Figure 11.
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FIGURE 11 HIGH GAIN AMPLIFIER FREQUENCY RESPONSE

5.1.2 Moderate Gain Amplifier

This unit is a 40 db amplifier designed to be

as simple as possible to eliminate noise sensitive elements. Active

elements are limited to one Motorola MC 1519 integrated circuit.

Bias is provided by internal battery and eight hours of continuous

operation is possible on one set of batteries. The schematic is shown in

:Figure 12 and the frequency response in Figure 13.
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5.2 Passive Birefringent Crystal Field Sensors

An optical data link and compatible field sensor has

been developed5 which operates principally above visible light

frequencies and uses a completely passive sensing element. The

sensing element is a birefringent crystal which changes from

uniazial upon application of an electric field. A similar sensor has

been designed for magnetic field measurement using the Faraday
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rotation Vhich a diamagnetic glass in a magnetic field imposes on a

light beam.

5.2.1 Electric Field Sensor

The largest electro-optic effect in applicable

crystals is obtained when the electric field and the light beam are

in parallel to the Z axis of the crystal. When an electric field is

applied in the Z direction, the orthogonal optic X and Y axes are

rotated by 45 degrees. 7his angle is independent of magnitude of

electric field. If then randomly polarized light is sent through

the crystal in the Z direction, the velocity of the components along

the rotated X and Y axis becomes a function of the applied field.

The rotation or difference in the index of refraction is called the

birefringence. Birefringence is directly proportional to the cube

of the ordinary index of refraction, a constant describing the

birefri ngency or Pockels effect and the electric field. When the

field is zero, the birefringency is zero.

Sending linearly polarized light through the

crystal with the polarization aloug the rotated X or Y axis will

cause relative phase shift of -Lhe components. In general, these

orthogonal components shifted relatively in phase will produce

elliptically polarized waves. That is to say, the application of

an electric field or a voltage across the crystal will change the

linearly polarized light to elliptically polarized light. Passing

this light tnrough another polarizer or analyzer will cause the

output light to be a function of the described ellipse.
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T1he relative transmission of light through the above

system is, therefore, a function of the applied voltage (or electric

field) across the crystal and the constants of the crystal. With

the polarizers crossed as shown in Figure 14, it is possible to lump

INCIDENT BIREFRINGE1T
LIGHT POLARIZER x

LIGHT Z

POLARIZER Y'
ANALYZER

FIGURE lb. SIMPLE ELECTRO-OPTIC SYSTEM
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all the constants together as a half wave retardation voltage.

Namely

7- 5-n (2)

where T is the relative transmissiou of light, V is .4e applied

voltage, and V /. is the half wave retardation voltage. From

a curve of this type as shown in Figure 15 and the drive voltage,

one can determine the wavesbape of the amplitude modulated light

output.

S4.
7N

0 20

•" - LL_•,VOLTS

A.C. SIGNAL-UNBIASED

FIGURE 15 UNBLAZE ELECTRO-OPTIC SYSTEM
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For crossed polarizers as described one can see

that the response of the system is non-linear and that principally

second harmonic or, in general, even harmonic light outputs are obtained.

To obtain a linear responding system desirable for analog data

handling, one must apply a bias to shift the response curve to a

linear response region as shown in Figure 16.

-8
ca

2

- 0

OPERATION WITH
>. •OPTICAL BIAS

A.C. SIGNAL 50% BIASED

FIGURE 16 BIASED ELEcTRO-oFfiC SYSTBx

Although a voltage bias on the crystal can be used, a more simple

approach would be the insertion of a quarter wave retardation plate.

This simple addition results in a 50 percent of maximum bias which
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automatically sets the operating point of the system to the most

linear region of the response curve provided the driving voltage is

kept small (plus or minus 30 percent of maxinum response about the

bias point). Increased driving voltages will subsequently increase

the third harmonic distortion of the system.

Several crystals of the 42m or D2d tetragonal,

scalenohedral class have electro-optic responses as described.

Two such crystals with large low frequency Pockels constants are

ammonium dihydrogen phosphate (ADP) with a half wave voltage of 9.3

kilovolts at 550OAP and potassium dihydrogen phosphate (KDP) with a

half wave voltage of 7.7 kilovolts at 5500A. These half wave voltages

are determined by a direct effect which involves interaction between

electron clouds and the applied field and by an indirect effect

involving the mechanical resonances of the crystal, a function of

its dimensions. These mechanical resonances will give many times the

stated responses at resonant frequencies; however, by mechanical

clamping the lover frequency responses of KDP can be controlled to

about 10 percent and ADP to about 4O percent as shown in Figure 17.

The break points shown are illustrative only and are determined by

the crystals arose-sectional dimensions.
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FIGURE 17 CLAMPED CRYSTAL RESPONSE

The electric field sensors described herein use

KDP as the crystal element for a number of reasons. One principal

reason involves the lower mechanical resonance effect of a clamped

KDP crystal as opposed to th*it of the ADP crystal. Other reasons

involve expediency and are not necessarily scientific in nature.

One important consideration which is of prime

importance in choosing a usable crystal is that of half wave

retardation voltage, for the lover this voltage, by de.inition, the

38



more sensitive the crystal. This half wave voltage is a linear

function of the light frequency being used as shown in Figure 18.

90.8

o.6
0. 05

0.3
0.2 , I ,

0 2 4 6 8 10 12 14 !6

ELECTRIC POTENTIAL (VOLTS x 103)

FIGURE 18 BIREFRINGENCY RESPONSE OF KDP

It is, therefore, advantageous to choose a light source containing

short wavelength light components. Monochromatic light, although

theoretically cleaner to analyze, is not necessary, however, since

a weighted sverage of all thbe light frequency source components can
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be used. In addition, one must consider the integrated system

• transmission at various light frequencies.

•' The physical arrangement chosen for the electric

OýIele fe.-Ms=, w dictated by the expected use of the device. It was

desired to maintain both the light source and the light receiver at

the same location in order to minimize ground loops in the circuitry

and to localize the equipment for ease of operation. For these

reasons, a mirrored surface was deposited on one side of the crystal

to vhich was fitted a thin metallic ring serving as one electrode.

A gold annular film was deposited on the opposite face with a

metallic ring to form the other electrode. A 1/4 inch diameter window

was masked off from the gold deposit to form the sensor aperture.

7he polarized light beam, therefore, makes a double pass through the

crystal. For minimum light absorption and ease of light beam

orientation, a crystal of 0.10 inches thickness was chosen. The

path length through the crystal is therefore 0.20 inches.

The sensor package codaisting of the crystal and

the electrodes was placed betveeu two glass slides and clamped

in an acrylic housing to damper, out the mechanical resonances. The

acryli.c housing was fastened into a rectangular acrylic block as

shown in Figure 19 with adjustment screws to permit orienting

the crystal when the block was firmly attached in measurement

position.
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FIGURE 19 ELECTRIC FIELD SENSOR



Two telescoping rods mounted on the block serve as the sensing

elements. Each rod is adjustable from approximately 10 cm to 1 meter

and is hinged to give 2 IT coverage. The effective height ot this

dipole is electrically short for wavelengths of interest.

5.2.2 Light Transceiver

Figure 20 shows the arrangement used to supply

light to the electric field sensor, receive the amplitude modulated

light, and convert amplitude modulated light to an electrical signal.

In the design of the system, consideration was given to the relative

response of the various components as a function of light wavelength.

Figure 21 shows these responses on a common graph. A mercury light

source was chosen because of its high output at short wavelengths

within the band-pass of the KDP crystal.

A 100 watt mercury lamp is used to obtain sufficient

ultraviolet light output. The photomultiplier tube chosen to read

the light modulation is a 1P28 with an S-5 response peaked in the

ultraviolet region as shovn. Photodiodes were preferred for circuit

simplicity but were not sufficiently sensitive at the light frequencies

involved. Figure 22 is a picture of the system as used in the field.
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5.2.3 MEaetic Field Sensors

Using a simla.r system to that delineated for electric

field sensing, a corollary magnetic field sensing system has been

developed. As in the electric field sensor, a linearly polarized

light bean is passed through a L-31id in the direction of the magnetic

field where a rotation associated with circular birefringence is

developed. Mhe amount of rotation is given by

e - VL3.J (3)

where a is the amount of rotation in degrees, a is the magnetic

field in Gauss, V is the constant associated with the birefringency

or the Verdet constant, and ./ is the length of the solid.

Although the response of this system is, in

general, as described for the electric field sensor, the system can

be sizplified due to the small rotations involved at field levels

of interest. That is to say, for small variations of the angle

the sine of 9 is approximately equal to e9 . For the solid

chosen which is a diamagnetic dense flint glass, the Verdet constant

is. 0.1 minutes/cm-Gauss. The rotation over the dynamic range of

interest is less than one degree and the above approximation is

certainly valid. In this case, bias to the system is obtained by

crossing the polarizers at 450 to eliminate even harmonics.

The magnetic field sensor shown in Figure 23

consists of a dense flint glass cylinder three inches in length,
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FIGURE 23 MAGAETIC FIELD SENSOR
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mounted in an acrylic block. one face of the cylinder has an anti-

reflection coating. The other face is open to a set of front surface

mirrors which reflect the light back to the light transceiver. The

light transceiver is identical to that used for the electric field

sensing system with the exclusion of the 1/4 wave plate which is no

longer necessary for optical biasing.

5.2.4 System Characteristics

The characteristics of the birefringent crystal

field sensors are largely a function of the particular application.

The degree of alignment, separation of elements, ambient light, eta.

all effect the calibration of the device. However, a minimum

specification can be presented. Use in the field requires a calibra-

tion after set up at one given frequency and amplitude to provide

meaningful data.

a. Amplitude Measurements: The magnetic field

sensors can be used to take meaningful measurements from 20 gauss to

100 gauss. The electric field sensors can be used to take meaningful

measurements from 500 volts per meter to 105 volts per meter.

b. Bandwidth: The bandwidth is purposely

limited to DC to 10 megacycles per second in order to obtain adequate

signal to noise ratios.

c. Signal to Noise Ratio: Minimum signal to noise

ratios of 20 db have been established.

d. Input Impedance: The input impedance of the

electric field sensor is greater than 10 megohms resistive, approximately
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3 picafarads at the crystal and approximately 15 picafarads at the

dipoles. The input impedance of the magnetic fJield sensor is

undetermined.

e. Pover Requirements: Sixty volts, 10 amperes,

direct current for the mercury light source and a one kilovolt DC to

DC converter for the photomultiplier independent of utility lines are

supplied.

f. Dimensions: The magnetic field sensors are

cylindrical with a diameter of two inches and a length of six inches.

The electric field sensors are in the form of a rectangular prism with

two dipole antennas extendable from 0.1 meter to one meter each. The

transceiver is irregular in shape and approximately 12 inches in its

maximum dimension.

g. Construction: The field sensors are enclosed

in non-metallic containers, sealed from any dust which might be present

under field conditions. The transceivers are housed in light-tight

anodized aluminum containers and are mounted on tripods.

h. Controls: On-off switches are provided for the

light source and photomultipliers. Momentary high voltage switches to

start the light source and mechanical adjustments for the transceiver

optics are available.

5.3 Active Fiber-Optical Field Sensors

5-3.i Description of the Sensor

A multirange electric field sensor has been

develor*ed thbft incorpcr'ates a fiber optic transmission link between
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the field measuring point and the light receiver. Capabilities of

the sensor include frequency response from 135 cycles per second

to 1 megacycle per second and field levels of 0.030 volt per meter

to 300 kilovolts per meter through the use of a sensitivity switch.

The detector is battery powered and no electrical connection is made

between the sensor and the read-out instrumentation. This system

eliminates the field distortions normally caused by conducting cables

and also eliminates the cable noise difficulties inherent with hard

wirc data transmission systems.

Two units (a detector and a receiver) coupled by

a length of non-coherent glass fiber optic light guide comprise an

electric field sensor as shown in Figure 24.

'PARALLEL PLATE

DETECTOR

LIGHT
FECEIVER

LIG}zr GUIDE)

FIGURE 24 ELECTIUC FIELD SENSOR
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The detector consists of a parallel plate antenna

and a preamplifier driving a gallium arsenide light emitting diode

for light transmission into the light guide. Location of the electronics

and the battery is within a cylinder which comprises one of the plates

of the parallel plate antenna as shown in Figure 25.

PARALLEL , --

D T -•CT

FIGURE 25 PARALLEL PATE A1rENNA

The receiver consists of a photo-diode detector

for light demodulation followed by a low noise amplifier with low

impedance output to drive instrumentation cables which are terminated

at the data recording equipment. Transient electric field measurements

are normUlly displayed on cscilloscope-camera units located in a

shielded instrumentation enclosure. Up to 24 feet of light guide
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b!•ie detector consists of a paraUel plate antenna

and a preamplifier driving a gallium arsenide light emitting diode

for light transmission into the light guide. Location of the electronics

and the battery is within a cylinder which comprises one of the plates

of the parallel plate antenna as shown in Figure 25.

~ K

W, "RECEIVER

FIGURE 25 PARALLEL PLATE ANTENNA

The receiver consists of a photo-diode detector

for light demodulation followed by a low noise amplifier with low

impedance output to drive instrumentation cables which are terminated

at the data recording equipent. Transient electric field measurements

arc normally displayed cn oscilloscope-camera units located in a

shielded instrumentation enclosure. Up to 24 feet of light guide
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has been used between the parallel plate detector and the light

receiver. 7he receiver has been used in the field to drive up to

100 feet of shielded cable and acceptable noise levels were maintained.

5.3.2 Parallel Plate Detector

The means devised for sensing the electric field

is through the use of a parallel plate antenna with effective height

of approximately 2 inches. This antenna which exhibits approximately

3 picafarads of capacitance is coupled to a very high input impedance,

small geometry, field effect transistor. The input characteristics

of the transistor provide a good match to the antenna and minimize

loading which would seriously complicate the reconstruction of the

true electric field. The output load of the preamplifier is a

non-linear, low impedance, light emitting photo diode. This diode

releases one photon for each 1,000 electrons; the photon energy is

concentrated in the infrared region at a wavelength r'÷P 0.9 micron.

The detector exhibits directional response and to

measure a specific orientation of electric field, the antenna plates

are positioned such that the desired component is normal to the

plane of the plates. With the plates in a horizontal plane, a vertical

electric field component of 0.85 volt per meter yield the maximum

voltage output swing (1.5 volts) allowable from the detector for the

most sensitive attenuator setting at the detector. This voltage

swing gives maximum light modulation. A dynamic range of 60 db

allows meaL3urements to 0.850 millivolt per meter for the smallest

measurable field. In practice, however, the use of long light guides

52



1

reduces the dynamic range of the system to about 40 db; thus, the

measurement range on the low end is 8.5 millivolts per meter.

Referring to Figure 26, the antenna signal is

coupled through Cl into 41, the field effect transistor, used in a

source follower configuration. The bias on Q1 is determined by

the voltage divider Rl and R2. Current through Ql is determined by

the value of R5. The voltage gain of this stage is only 0.8;

however, the power gain is quite high since this stage exhJbits

very high imput impedance and a much lower output impedance.

In the most sensitive attenuator position, an

additional amplifier stage, Q2 and Q3, are brought into the pre-

amplifier operation. This essentially increases the voltage gain

a factor of ten. When Q2 and Q3 are not in the circuit R11 and R12

provide the proper bias for the following stage. C8 is used to by-

pass the AC signal around R11. Selection of C10 and Cll was made

to obtain flat frequency response characteristics.

Q4 and Q5 is the principal amplifying stage with

a voltage gain of 15 in switch positions 6 and 7. C12 by-passes the

signal through R19 and C11 in these positions. In all other switch

positions, these components are not by-passed and the gain is 1.5 for

this stage.

The output stage, Q7, is a current source for the

light emitting diode CR1. This current is determined by the ratio of

the emitter voltage and R21. The emitter voltage is proportional

to the input from the parallel plate antenna. Then from the
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diode, CR., there is obtained the intensity-modulated light output,

wuiCLh is proportional to the measured electric field.

5.3.3 Light fleceiver Description

The light receiver consists of a light detector

(PIN photodiode) feeding a low noise, sensitive current amplifier.

The signal from the photodiode is a current proportional to the

photon flux rate incident on the photo-sensitive area of the diode.

This photon flux rate, transmitted via the light guide, is proportional

to the electric field incident upon the detector plates.

The signal current from CR. is coupled to the field

effect transistor as shovn in Figure 27 which exhibits a higb input

impedance. The compound #tap of Q)1 and q2 gives unity gain, low

output ipedanWL, and frequency response to 2 megacycles per second.

Q3 gives a gain of 5, determined by the ratio of Rt and R8 (in parallel)

vith R6. The longta4il pair amplifier consisting of Q4 and Q. give a

gain of 10.1 as determined from the ratio of R112 plus R15 to R15.

The output stage provides a low impedance via a comon eaitter con-

figuration. A peak periodic current of 5 milliamperes and peak

periodic voltage swing of 5 volts are available at the output.

The voltage gain in the amplifier is 50 as

determined by the gain of Q3, Q4 and Q5. The equivalent input

impedance is 40 kilohbm determined by the ratio of the feedback

resistance (2 4- ) and the voltage gain.

Battery drain on 31 is so small that shelf life

vill determine Its replacement. B2, however, supplies 8 am of current
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and for 450 itilliampere-hour operation Vill not need replacement or

L 64 Luours.

5,3 .4 Calibratinio

•e complicated geometry of the detector makes

it impossible to calculate the effective height of the parallel (
plate detector accurately. Mhe technique used to determine the
overall response of the sensor at various sensitivity settings was
to place it in a known electric field environment generated by a
large, parallel plate antenna as shown in P•gure 28.

'AIL

FIGURE 28 SENSOR CALIBRATION FACILITY

The calibration field is generated by applying a
voltage between a 9 square meter screen and a copper ground plane.
The plate separation is 1 meter; thus, the vertical electric field
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in volts per meter is numerically equal to the plate voltage.

Caibruation in requirea only on sensitivity position 4, 5, 6, and 7

since the attenuator settin•s on ositions 1. P, 3, and 4 can be

determined by injection of a signal directly into the sensor

through a capacitor small compared to the shunt capacitor. A typical

response curve is shown in Figure 29 for sensitivity ranges 1

through 7, and typical frequency response as measured on position 4.

In many instances the use of a wave analyzer or any narrow band

filter is a great help in increasing the measurement accuracy at the

high sensitivity settings since the presence of stray fields incident

upon the parallel plates are typically the same order of magnitude

as the applied field.

The straightforward peek-to-peak readings from an

oscilloscope display give sufficiently accurate readings for calibration

of the sensor on all sensitivity ranges other than 6 and 7.

5. e Magul.nic Field Sensor

5-4-1 Aipplication

The peak amplitudes of transient magnetic fields to

be measured in most experimentil configurations range from fractions

of a puss to hundreds of gauss and the majority of the energy

content is from 10 cycles per second to .1 megacycle per second;

instrumentation must be compatible with these requirements. For

measurement of the high level applied field generated within the 12]

Experimental Facility, a loop sensor directly drives a terminated,

twiaax cable. In the measurement of attenuated fields, battery powered
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differential amplifiers are utilized vithin the test environment to

boost the signal and preserve the measurement accuracy.

5 4. 2 .Sen.qcr DL-ecripti!,*n end Reaponee

The loop sensor is a ten turn pickup coil wound

on a polye*thelyne bobbin precisely fitted within an electrostatic

shield. Attempts are made to balance the turns capacitively.

Sensor output is a two pin connector for mating with RG-22B/U cable.

Series resistance of the sensor is 0.2 ohms end series inductance

is 2 microhenries. Response of the sensor is defined by

VHk -i- (4)

where I! is the magnetic field component perpendicular to the
plane of the !oop

V is the sensor output voltage and

k is a constant for the sensor

Steady-state calibration measurements were made

on each sensor to determine the value of ks. Typical data are shown

in Figure 30.
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For continuous frequency measurements,

V - ksu AJ (5)

The value of k from the example is 2.5(lO)"7 volt seconds per gauss.

(U) An operational amplifier is used to directly

obtain magnetic field. Operational amplifier response is

Substituting equation (4) into equation (6) results in

From Vout, which is available on a scope trace, magnetic field is

determined by the application of the constant k.
RC

An example of the fields generated within the test

environment at the EKP Experimental Facility is shown in Figure 31.

T1he fields shown are critically damped and under damped; critical

damping is obtained by adding 5.3 ohms to the discharge circuit.

The upper trace of both pictures is the sensor output (Vs) directly.

The lower traces are the op'~rational amplifier outputs. RC integrator

time constant ia Io05 in both cases. As shown below the pictures, the

peak fields are 104 gauss and 32 gauss, respectively, for the underdamped

and the critically damped fields.
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6.1 Description of Test Configuration

A high amplitude pulsed magnetic field was generated

within a right square cylindrical coil 1 meter by 1 meter by 1.2

meters axial length using the facilities of the W)P Experimental
Facility described in Chapter 4. Semi-infinite conducting cylindrical

shesll and closed conducting box type configurations were placed

within the cylindrical coil as test specimens and were illuminated

with the pulsed magnetic field environment. Magnetic fields were

measured within these specimens which were constructed of both

copper and steel. Figure 32 is representative of the test configuration

and shows a flat rectangular steel box used as the test specimen.

FIGURE 32 TEST CONFIGURATION
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Pulsed magnetic fields were monitored using the

loop magnetic field sensors described In *9~ction 5.J. inaL, uiueuta1oD

cable in all cases was RG222/U balanced twinax cable terminated in

its characteristic impedance- at the read-out end. Read-out

instrumentation, consisting of camera monitored oscilloscopes and

preamplifiers, was located in an adjacent shielded enclosure. All

cabling van positioned along Tagnetic field lsnes to minimize coupling

into the cable twists. In a few cases, balanced differential amplifiers

and cable drivers were inserted in the line immediately after the

sensors to obtain adequate signal-to-Aoise ratios.

Within the shielded enclosure, differential

amplifiers were used on the front of all oscilloscopes to obtain

a 200:1 common mode rejection ratio necessary to minimize electrostatic

noise. Tektronix Type G differential preamplifiers were modified for

this application. Signals were extracted from the differential

preamplifiers and fed into Tektronix Type 0 operational amplifiers

which in some cases were modified for low frequency rejection characteristics.

In all cases, the applied magnetic field was

exponentially damped with 30 percent overshoot and with a basic

ringing frequency of 30 kilocycles per second as shown in Figure 33.

6
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I

UPPER TRACE
Tim Derivative of
?bhpetic Field

LOWER TRACE
.lagnetic Field

HORIZONTAL SWEEp
10 Microseconde/Contia ter

FIGURE 33 WAVESHAPE OF INCIDENT MAGNETIC FIELD

Low amplitude continuous sine wave attenuation

measurements were made for all test configurations in order to support

the pulsed experiments. These experiments were conducted at the E4P

Experi;ntal Facility and at Procedyne Corporation, New Brunswick,
7

Nev Jersey. Experiments conducted at USAERDL utilized a 10 centimeter

shorted loop with a ferrite current monitor attached. The current

generated in the loop located within the test specimen was compared
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Fi

Fi!.u ýLe current generated in the same loop located in the incident

field. Attenuation Insertion techniq.ues vere used exclusively to

obtain the required dynamic range. All measurements were relative

and no attempt was made to establish absolute values.

6.,2 Results

6.2.1 Copper Cube Heasurements

A 0.33 meter cube of 1.4 jail copper sheet vas

subjected to incident magnetic fields as described. A loop sensor

was placed inside the cube and connected to a shielded tvinax

cable. The cable passed through a circular vaveguide beyond cutoff

3 inches long and 1 inch in diameter, which protruded from the side

of the cube. The rate of change of the magnetic "ield obtained directly

from the differential signal on the terminated tvinax cable is shown

in Figure 34 as the upper trace on Shot Numbers 1-2 and 1-5. The

rate of change is a maximum at 7 microseconds, coincident with

the peak of the field applied. The peak magnetic field inside the

cube can be determined from the lover trace which is the integral

related by

where V1 is the differential signal obtained from the terminated

sensor and RC is the integrator time constant. The magnetic field inside

the cube (H) is given by

A.- (9)
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SHOT 1-2, 1 JUNE 1965 SENMOR AT WAVEMUIDE

UPPER TRACE
V, a ksd H

dt-
LOWER TRACE

V2 - A 11i
2RC

ks - 2.5(i0)-7 Volt-;ec Sensor
Gauss

Response. Constant

RC * IcO5 Integrator Time Constant
H, a Axial Field Inside Cube With

100 Guass Peak External Axial Field

ATTENUATION OF PEAK FIELD
20 1L i00 * 20 LoglO

HORIZaL SEP ;00 a 25.6 db
UPPER TRACE 10 Microseconds/Cetmter 2.
LOWER TRACE 100 Microsecondo/Centimet-ir INTEGRATOR OPEN LOOP GAIN * 2500 both

VERTICAL DM7CTI0J shots
0.05 Volts/Centimeter for Both Traces

SHOT 1-5, 1 JuNE 1965 MISOR AT CENTER OF CUBS
UPPER TRACE
V, k H1

LOWER ('. VE
V2 k

ks a 2.5(1O)-7 volt-ec Sensor

Rlsponbe Constent
Rc w .O- 5 Int~epxrstor Time Constant
Hi w Axial rield Tnside Cubt With

100 Gauss Peak External Axial. Field
ATIM TIOM OF Fs,.AX FIRLD

20 LoglO 100 * 20 Logl 0

100 w 25 db

UPPER TRACE 10 Microseconda/Centimeter
LOWER TRACE 100 Microseconds/Centimeter

VERTICAL DEFLECTION
0.05 Volt/Centimeter for Both Traces

FIGURE 34 AXIAL MAGNETIC FIELD INSIDE COPPER CUBE
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vhere k is the loop sensor response constant determined experimentally

and defined by the equation

V m A (14')

A factor of two is neceasaxy to account for integration of only one

blf of the sit, al. PeaL magretic field attenuation as shown and

irrespective of time of occurrence was 25 db.

To determine the uncertainty in the field

measurements, the sensitive axis of the loop sensor was rotated to

a positlun orthogowul to the axial field. Figure 35 shows the null

aigual obtained.

UPPER TRACE
Tim Derivative of
Magnetic Field
0.05 Volts/Centimeter
10 Microseconds/Centimeter

LOWER TRACE
eagnetic Field

0.05 Volts/Centimeter
1.0 Microsecoade/Centileter

FIGURE 35 NULL MEASUREMENT, COPPER CME

The upper trace with a peak disturbance of 0.01 volts shows that the

sensor output may be uncertain in amplitude by as much as 5. The
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lover trace which is the integrator out+,ut shows the peak field

measured my be uncertain in amplitude by as much as 14%. These

me-asuremcnts probably reflect some error in the positioning of the

loop sensor. Low amplitude continuous sine wave attenuation

meauremnts were conducted on the copper cube and are documented

in a separate report. 8

6.2.2 Rectangular Cylinder Measurements

A 0.2 meter by 0.8 meter by 2.4 meter axial length

rectangular cylinder was subjected to incident magaetic fields as

described. The cylinder was constructed of 1.4 mil copper and the

ends were left open. With the exception of a solder joint running

axially the length of the cylinder, the surface is continuous. The

cylinder was placed coaxially inside the right square cylindrical coil

and for all practical purposes appeared semi-infinite.

As in the experiment on the copper cube, loop

sensors were used to make field measurements within the cylinder.

Cabling and instrumentation were essentially as described in

Bection 6.2.1. Figure 36 shows a peak internal magnetic field of

5.6 puss. Attenuation of peak magnetic field is 25 db. The decay,

rate of the magnetic field is such that half value is obtained at

240 microseconds. Distinct similarities exist between these data

and those for the copper cube of comparable cross-section and material.

Null data obtained by rotating the sensor

90 degrees is shown in Figure 37.
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SHIOT 2-16, b CTOMBER 1965

UPPER~ TRACS
Viu ka d Hi

Tt
LAAWP TRACE

V2 - ,.'

ks a 2.5(10)-7 Volt-Sec Sensor

Respo•se Constant
Rc . 10 5 Integrator Time Constant
Hi(peak) .a c V2(peak) w 5.6 Gauss

*i Axial Field Inside Cylinder With
10 GIuass Peak External Axial Field

ATTENATION OF PEAK FIELD
HORIZONTAL 6 PEE? 20 LO16 0 100 ) ?5 db

UPPER TRACE 10 Microseconda/Centimeter M 'a)
LOWER TRACE 200 Microseconds/Centlmeter

VERTICAL DEFLECTION IxTm ATOp OpU LOOP MArs * 2500 both abote
UPPER TRACE 0.1 Volts/Centimeter
LOWER TRACE 0.05 Volts/Centimeter

sfOT 2.18, 6 OCTOBER 1965
UPPER TRACE
V 12 kg 4

i I-~ ~k 5 and RC sam a a above
Nej(peas) . R 2ps)a56%s

a Op mATTErW1MTION OF PFAK FIELD

20 Loglo 100 25 db

HORIWZJAL SWEEP
BOTH TRACES 10 9icroleconds/Centimater

VERTICAL DEFLECTION
UPPER TRACE 0.1 Volts/Centimeter
LOWER TRACE 0.05 Volts/Centimeter

FIGURE 36 AXIAL MAGNETIC FIELD
INSIDE RFCTA•NGULAR• COPPER CYLNDER



I

UPPER TRACE
Time Derivative of Magnetic
Field

0.1 Volts/Centimeter
10 Microseconds/Centimeter

LOWER TRACE
Magnetic Field

0.05 Volts/Centimeter
200 Microseconds/Centimeter

FIGURE 37 NULL MEASURJIENT ON RECTANGULARi CYLIND2i

The disturbances shown are extremely low due to

precise positioning of the sensor possible in the open configuration.

Maximum uncertainty of the time derivative signal is 5% or less and

that for the magnetic field signal is no more than 3%.

Low amplitude continuous sine wave attenuation

measurements were made on the rectangular cylinder using the
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technique described in Section 6.1. The results at a series of fixed

frequencies are tabulated in Figure 38-

FREQUENCY 0.5 1 2.5 5 7.5 10 25 50 60 68 75
KC

ATTENUTION 1.5 4.4 11.O 16.9 20.7 22.7 30.4 36.9 38.2 40 40.3db

FIGURE 38 CW ATTENUATION MEASUREKENTS
ON A RECTANGULAR CYLINDER

6.2.3 Circular Cylinder Measurements (Copper)

A 0.33 meter diameter by 2.4 meter axial length

circular cylinder was subjected to the incident magnetic fields des-

cribed. The cylinder was constructed of 1.4 ail copper with one axial

solder joint running the full length. The cylinder was placed

coaxially withiu the right square cylindrical coil and internal fields

were measured as in the experiment on the rectangular cylinder. The

results in Figure 39 show typical internal peak magnetic fields of

approximately 6 gauss. The decay rate is somewhat faster than that

of the rectangular cylinder. The field has collapsed to half value

after 190 microseconds.

T•ypical null data obtained by rotating the sensor

90 degrees are shown in Figure 4o.
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bxivr 1-3i, 0 SEPPD(ER lqtb5

UPPER TRACE
V1 a kg dh

~~ LOWER TRACE
V2 .kI

ka. 2.5(l0)-7 volt-sec Sensor

Reaponue Constanlt
RC - Integrator Time Constant . 0*
Hi - Axial Field Ins ide Cylinder with

Approximately 100 Gauss Peek

Rxter2ra1 Axial Field

AITTEATICM OF PEALK FIULD

UPPER TRACE 20 )licroseconds/Centimtrn tar
LOWER TRACE 100 Microseconds/CentiastAr INMRATOR OPEN LOOP GAIN *2500 Both Shots

VERTICAL4 DEFLCTION
BOTH TRACES 0.05 Volt$/Centimeter

SHOT 1-11, 8 SEPMfEDE 1965

UPPER TRACE
V, xk, d Hi

LW~ER TRACE

RC - 10-5, tg 2.5(10)-7
Therefore, H1(peak) A RC V2 (pe~k)

5.8 Gauss

HORIZIOPTA SWEEP
UPPER TRACE 10 tKicroaeconds/Centimeter
LOWER TRACE 100 Mlc rose cuid / Cent imeter

VERTICAL~ DEFLCTIOt(
BOTE TRACES 0.1 Volts/Centim ter

FIGURE 39 AXIAL 14AGNMETC FIELD
INSIDE COPPER CYLINCER



UPPER TRACE
Time Derivative of Magnetic
Field

0.05 VOlt&/Cent±imter
10 Microseconds/Centimter

LOWER TRACE
Magnetic Field

0.02 Volts/Centimeter100 Microaee oud/Cen timeter

FiOURE 40 NULL DA ON COPpF,, CyLUiM

")txim uncesr+4arntY in the tiMe derivative of
magnetic field iesaguremut is 6 percent. Maxiun incertainty Jn the
magnetic field measurement Is 3%.

Low amplitude continuous Wave attenuatlon neasure.
ments vere conducted on the copper cylinder and are documea1td in a

seperate report.
9

6 .2.h Circulardd iinodher Measurement. (adeelo

In addition to the masueents made on copper
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enclosures, measurements were made on steel enclosures in order to

relate theoretical work, with a relative permeability of one, to

other theoretical work involving relative permeabilities greater

than one. A 12 Inch diameter by 96 inch axial length steel cylinder

was subjected to the described incident magetic field in the sam

manner as the copper cylinders. The cylinder was of 1/16 inch

1020 steel vith one axial mu welded over the entire length. The

results are shown in Figure 41.

As was expected, the attenuation was much greater

than that for the copper structures. A peak mgnetic field of 0.16

gauss occurs one milliseccod after the peak of the applied field. Due

to the low signal levels involved with measuring the time derivative

of a low frequency field, two independent remote differential

amplifiers were used to obtain adequate signal-to-noise ratios. These

amplifiers have 64 db of pin and 40 db of gin and are described in

Section 5.1.

The uncertainty in the field measurement was

determined for the 64 db amplifier instrumentation system. The null

data are displayed in Figure 42.
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SHOT 1-., 7 SEPTD(BER 19565

UPPER TRACE
V1  A ks d Hi

LOWfER TRACE-
V2  Ak fi, ka . 75(l0)-7 Volt-SecSGeus a

H1 * Axial. Field Inside Cylinder
With 67 Gauss External Field

A Amplifier Gain - 64 db
RC * Integrator Time Constant s

Hj(peek). RC V2 (pealt) a 0.16 Gauss

ATTENUATION OF PEAK FIELD

-2 6L090 Hi(pesk) - 52 dbHORIZONTAL SWEEP 2 MILLISWOND/COM TER!ýpek

VERTICAL DE£rLFCTI0n
UPPER TRACE 1 .0 Volts/Centimeter INTEGRATOR OPEN LOOP GAIN - 2500 Both Shots
LOWER TRACE 0.5 Volts/Centimeter

SHOT 1-2, 7 SEPTDSEP 1965

UPPER TRACE
V1 a Ake d Hi

LOWER TRACE
V2 0 Ake Hi

Hi67 Axial Field Inside Cylinder With
7GaUb, (peak) External Field

A Amplifier Gain - 0 db
RC * Integration Constant - 2(10)-3
k- Sensor Fesponse - 75(10)7 Volt-Sec

Gauss
Hi(peak) a _C V2(peak) * 0.16 Gauss

ATTENUATION OF PEAK FIELD

110RIZITAL SWEEP 2 MILLnSECON~iý/CP&rulN R - 2 LoglO Hi ( peak) 52 db

VERTICAL DEFLECTION
UPPER TRACE 0.1 Volts/Centimeter
LOWER TRACE 0.05 Volts/CentImeter

FIGURE 41 AXIAL MAGNETIC FIELD
I!ISIDE IEEL CYLINDER
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UPPER TRACE
Time Derivative of Msgnetic
Field

0.2 Volts/Centimeter
500 MicroseaondS/Centimeter

LOWER TRACE
MA6netic Field

0.2 VoltB/Centimatetr
500 MicrOsecondf/Cent 1aster

Thln upper trace Shovs only amplifier hash during

the event,, howvere, the integrated waveform which limits the high

frequency signal at 20 db per decade shows a 0.08 volt disturbance

Or & 14% .0 certatnty in the data.

Low amplitude continuous snin wave attenuation
for the steel cylinder determined an describee, in Section 6.1 is

tabulated in Figure 43. 7he frequency bond over which the~se uasaure-

ments were made is loes than that of the copper cylinder because of

the high attenuation$ encountered.
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IQ Y 0.5 1 2 3 1 5
KC __ I____ I I I I___

ATTENWICK 21.6 30.4 45 55 63.8 72

FIGURE 43 CW ATTMI TIQN MEASUfEMMS
ON A STEEL CYLINDER

6.2.5 Steel Box Measurements

1sgnetic field measurements were mode on a steel

box 3 inches high and 30 inches square for the incident field as

described. The box wae constructed of 30 gauge steel and had a

continuous weld around one of the square sides and along the short

dimensioned corners. Figure 44 shows the results of this cxperiment

which wan conducted In the same manner ds the steel cylinder using

two independent remote differential amplifiers. The data are

spread from 0.51 gpuss to 0.44 gauss peak magnetic field.

The uncertainty in this field measurement is

shown by the null data for the 64 db amplifier in Figure 45.
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SHCT 1-25, 8 AUGUST 1965

UPPER TRACE
V1 . Ak, d H,

LCWER TRACE

V2 .w Ak5 1F * 64 db Amplifier Gain
kg a 2.5(10)-7 Volt-sec. Sensor

eau e t
Reeponse ConstantRC 2(10),3 Integrator Time Constant

H- Axial Field Inside Steel pox
vitbm 100 Gauss (Peak) &Mternsl
Axial Field

H1 (peok) . RC V2 (peak) .0.51 amuss

ATMUTIOK OF PEAK FIELD
20 LO0 10o . 46.2 db

INTE0RATOR 0-M-Loo GAIN a 2500 Both
Shots

SHOT 1-10, 31 AUGUST 1965

UPPER TRACE* ** V1: Ake d Hi5s~EJ-LOWER TRACE
V2 e A

* A a 4o db

ke -* 2.5(l0)-7 Volt-Sec Sensor
Gauss

Response Constant
Hi(Pm, k) a RC V2(peak) . 0.44 a, ue

ATTNUATION OF PEAK FIELD
20 Log 100 47.1 db

HORI MAL SWEEP

BI•H TRACES 1. tld~lisecond/Centimeter
VERTICAL DEFLECTION

BOTH TRACES 0.05 Volts/Centimeter

FIGURE 44 AXIAL MAGNETIC FIELD INSIDE STEEL BOX
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UPPER TRACE
Time rarivative of fganetic
Field

0.5 volts/centimeter

500 microseconds/ centimeter
LOIER TRACE

)Wgnetic Field0.1 Volts/Centimeter

500 Microseconds/Centimeter

FIGURE 45 NULL DATA FOR STEEL BOX
AND 64 db AMPLIFIER

Cnly the amplifier hash is present in the upper trace. In the

lower trace, a 0.04 peak disturbance is present; however, it

occurs at a later time than the peak field data. At the time the

data are at a peak, only a 20% disturbance is present. Decay rate

of the field is more in question however.

No continuous wave attenuation measurements were

made on the steel box since the short dimension would not allow

placement of the 10 centimeter loop. It would be expected, however,

that these measurements would resemble those taken on the steel

cylinder discussed in Section 6.2.4.
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