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ABSTRACT

An experimental system has been developed and assembled to use 

in a series of experiments in which a pulse of electrons travels through 

a chamber of nitrogen gas. The electron pulse simulates the flux of 

Compton electrons produced by a high altitude nuclear burst. The charac

teristics of the secondary electron production are observed.

The underlying theory, pertaining to secondary electron produc- 

tion, is presented in a terse manner and the experimental system is 

described in detail. ,

An upper bound has been obtained for the formative time lag of 

secondary electron production that is in disagreement with the existing 

theoretical predictions. The limits on the experimental parameters are 

discussed.

vii



CHAPTER 1

INTRODUCTION

A nuclear detonation in the upper atmosphere produces a Compton 

current through the interaction of gamma rays with air molecules. This 

Compton current generates an Electromagnetic Pulse (EMP) according to 

Maxwell’s equations, and causes ionization of the atmosphere or secon

dary electron-ioh pair production. ^

An EMP can disrupt communications and can be detrimental to the 

electronics of any vehicle or projectile irradiated by it.

The secondary electrons-ions will drift in the presence of an 

electric field and thus constitute an electrical conductivity. The 

saturation level of the electric field of an EMP is inversely related 

to the air conductivity. A large EMP will result, therefore, if the 

rate of secondary electron production lags the rate of increase of the 

electric field caused by the,Compton current. It is obvious then, that

the formative time lag of secondary electron production is an extremely
. >

important parameter.

A theory on the nature of the air conductivity that is created

by a pulse of Compton recoil electrons has been developed by C. L. Long-
[21

mire and H. J. Longley. • They obtain a prediction for the magnitude 

of the resultant ionization and for the formative time lag that is de

pendent on ambient number density (altitude).

1



They conclude that the initial burst of Compton electrons pro

duces a primary ionization with a number density n(0) within a few 

nanoseconds, and that this is followed by a gradual increase of the 

secondary electron number density to a final value n O )  equal to 2.52 

n (0). The second phase of ionization is due to secondary electrons with 

enough energy to produce tertiaries, etc. Furthermore, they conclude

that the time interval in which n(t) increases from n(0) to n(°°), the
11 3formative time lag, is. NT = 2 x 10 sec/cm . N is the ambient number

density of neutral air molecules. It is their opinion that the forma

tive time lag for the secondary electrons is only significant above 40 

kilometers.

The experimental verification of a theory is a fundamental part 

of the scientific research process. This paper is the culmination of an 

attempt to experimentally test the validity of the above theory on forma

tive time lag. A general description of the experiment is now presented.

An electron gun, specifically designed for this experiment, pro

duces a pulse of high energy primary electrons that simulate the Compton 

electrons of a nuclear blast. The pulse has a 5 nanosecond duration and

an initial energy that is variable from 0 to 60 kilovolts.

The primary electrons pass through a pressure baffle into a 

region of higher pressure where they collide with nitrogen molecules 

producing secondary electron-ion pairs. The primary electrons travel 

axially along the center of the region, confined by a magnetic field, 

passing through a microwave cavity and finally arriving at an electro

static analyzer.



The primaries are collected by the electrostatic analyzer and 

then flow through a 100 Kfi resistor to ground. This produces a voltage 

pulse that is viewed on a conventional oscilloscope for analysis of the 

electron gun operation and that serves as a trigger for a sampling 

scope. A sampling scope is also connected to the output of the micro

wave cavity which is used to determine the secondary electron number 

density as it varies in time.

The following chapter is a terse treatment of the theory in

volved in this experiment. Chapter 3 is a thorough explanation of the 

experimental system and the major apparatus components, while Chapter 4 

is a statement of the results of this experiment. Finally, concluding 

remarks and a comparison of the experimental results with the theory of 

Longmire and Longley is presented in Chapter 5.



CHAPTER 2

DISCUSSION OF THEORY

The objective of this chapter is to familiarize the reader with 

some of the more basic theory involved in this experiment. The areas 

dealt with are: a relationship between electron energy loss and ambient

nitrogen pressure, estimating the secondary electron number density and 

formative time lag, the secondary electron lifetime in the system.

2.1 Electron Energy Loss/Unit Distance 
in Relation to Ambient Pressure

As a Compton electron passes through the atmosphere, it loses

energy in excitation and ionizing collisions. The collision rate is

proportional to the pressure of the region the electron traverses. In
[21a paper dealing with the Compton current, Longmire and LongleyL J have 

derived a relationship between the electron energy loss and the ambient 

pressure. Using this theory, the initial conditions for the experiment 

can be determined. The results of this theory are necessary for the 

following sections.

Longmire and Longley show that a primary electron in traversing 

a distance dz (z is a distance measured along the axis of the system), 

will lose an average energy dV.due to inelastic collisions which include
[3|excitation collisions and ionizing collisions. It can be shown that

4
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where

d%T = "SM nM (z.i)

Bfv) (Y0-1)(Y+1)
ntT) = 1 * Z A W  ln (Y *D(Y-1) (2-3)

when the relation between V and y is 

Y = 1 + 1

and

mC /l-v2/c2

In these equations,

N = molecular number density (cm

Z = atomic number of ambient gas (7 for N^)

e = electron charge (4.8032 x 10 ^  esu)
-19emks = electron charge (1.602 x 10 coul.)

-  2 8m = rest mass of electron (9.11 x 10 gm.)
10c = velocity of light (3 x 10 cm/sec.) 

v = velocity of electron (cm/sec)

Also,

+ ~z" + "̂r (1 - :~) ln 2 (2-4)
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and

(2.5)

with I = 80.5 ev.

Equation (2.1) can be integrated to obtain

(2.6)

where y q corresponds to V^, the energy of a primary electron as it

emerges from the gun, and y corresponds to V, the energy of the primary 

electron at a distance z from the gun.

Thus, setting z = 1 meter, the length of the system, and selecting Vq 

and V, the energy of a primary electron as it emerges from the gun 

assembly and. as it enters the electrostatic analyzer, respectively, N 

can be calculated. A computer program, in fortran, has been written by 

this author that calculates N. This program is listed in Appendix A.

Finally, N is converted into pressure using the formula

Sample values of V, V , and corresponding values of p are listed in the 

first three columns of Table 1. As an example, suppose that the primary 

electrons enter the system with an energy of 5 KeV and arrive at the

N is the molecular number density of nitrogen (N^) required to 

decrease the primary electron energy the specified amount (V - V).
. 0 f

p(microns) = 3.11 x 10 N(cm ^) (2.7)
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Table 1. Sample initial values of controllable experimental parameters 

and corresponding ionization values.

V (eV) o P(microns) (Vo-V)/86 n(0)(cm )

2000
5000

10000
10000
15000

20000
20000
30000

30000

40000

60000

1000

1000
1000
5000

7500

10000
1000
1000

15000

20000

30000

56.9

321

1104

929

1909

3185

3797

7792

6543

10867

22100

12

47

105

58

87

116

221

337

174

233

349

3 x 10"

1.16 x 1010

2.58 x 1010

1.43 x 1010

2.14 x 1010

2.85 x 1010

5.44 x 1010

8.29 x 10

4.28 x 10

10

10

5.73 x 1010

8.59 x 1010



electrostatic analyzer with 1 KeV of energy, the pressure of ambient 

nitrogen required for this decrease in energy is 321 microns or .321 

Torr.

2.2 Estimating the Secondary Electron 
Number Density and Formative Time Lag

The passage of Compton electrons through air produces secondary 

electrons from collisions of the Compton or primary electrons with air 

atoms. The initial ionization, caused by collisions with the primary 

electrons only, is called the primary ionization and is characterized by 

a number density n (0).

In this section, the theoretical predictions of Longmire and 

Longley concerning the primary ionization and formative time lag of the 

total ionization are discussed. Their results serve as a basis for 

comparison with the results of this experiment.

In the previous section, it is shown that for any desired net 

energy loss (V - V), a corresponding pressure can be chosen that will 

achieve that loss. Using that fact and an expression derived by Long

mire, the number density n(0) can be deduced.

Longmire and Longley show that the energy (dW) lost by a primary 

per secondary (dl) of primary ionization can be calculated using the 

formula
dW _ e2 Z [A]
dl a M /  [G]o I

- 9where a is the Bohr radius (5.2918 x 10 cm) and o

(2.8)



with'Mj2 = 4.05, y = 16 e V . ^  All other quantities are as defined 

before.

On evaluating the expression above, it is seen that dW/dl does 

not vary much with energy, and that the constant value of 86 eV is a 

good approximation to the energy lost by a primary electron in producing 

a secondary electron. Now it is easy to calculate the number of secon

dary electrons produced by one primary electron, the total energy loss 

of the primary is divided by 86 eV. This information is in column 4 of 

table 1.

The number density n(0), corresponding to the primary ioniza

tion, is obtained by multiplying the number of secondaries produced by 

a primary by the total number of primary electrons in a pulse and then 

dividing by the volume of the plasma column. The column is approximately 

2.54 cm in diameter and 1 meter long.

The number of primary electrons in a pulse (N^) is

Np = dp %

where I is. the electron beam current, and At is the time duration of 
P

the pulse. For example, assuming I =•! amp and At = 5 nanoseconds, then 

= 3.1 x 10^. The fifth column of Table 1 contains the calculated 

values of n(0).

The primary ionization occurs in the time required for the 

primary electrons to travel the length of the system, approximately 1



meterv This time is on the order of a few nanoseconds. Subsequently, 

the secondary electron number density increases to a final value

n(tmax) = n(0) + 1.52 n(0) ,

implying that the magnitude of the second phase of ionization is 1.52 

that of the primary ionization. As mentioned before, the second phase 

of ionization is due to secondary electrons with enough energy to pro

duce tertiaries, and so on.

where N is the number density of the ambient nitrogen (N^). This 

equation leads to

for the ratio nft )/n(0) = 2.52. The time interval for the second max
phase of ionization to build up from n(0) to n(t ) is the formative 
1 r max' .
time lag. It is useful to note that the total ionization reaches half 

of its final value at

. It must be mentioned, at this point, that the above analysis was 

done for the ionization produced in air. Since pure nitrogen is used as

The time (t ) can be estimated, according to Longmire andmaxmax
|51Longley, through the formula

n(tmax) N tmax
n(0) 1 = 0.160 In 1 + 7 (2 .10)

1.54 x 10

N tmax 2 x 10"*''*" sec/cm ^ (2.11)

max (2.12)
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the ambient gas in the experiment, an approximation has been made. How

ever, the analysis was only approximate to begin with, and nitrogen con

stitutes over 70% of air.

2.3 Secondary Electron Lifetime 

It is important to establish the lifetime of a secondary electron 

in the experimental system for two basic reasons. First, it is necessary 

that the secondaries remain in the system long enough to be counted. 

Second, the secondaries should not remain in the system longer than the 

time between primary electron pulses or the results will be invalid.

Since nitrogen ions are much more massive and therefore slower 

than the electrons, the electrons will follow the ions to the surfaces 

at the ends of the experimental system and recombine. The electrons 

follow the ions because the plasma must remain neutral. Thus the elec

tron lifetime is determined by the ion lifetime. It is the latter that 

is now calculated. ions have a mass nu = 2.339 x 10 ^  kilograms and 

an energy at room temperature, corresponding to about .025 eV. This 

leads to a thermal velocity of 585 m/s. Taking the length of the cavity 

to be O.i m, the shortest lifetime for an ion is just the time for it to 

travel the length of the cavity, .2 milliseconds.

A more conservative, and better estimate, is obtained by com

puting the diffusion of ions out of the volume of the cavity. After the 

formative time lag period, when no new secondaries are being created, 

the number of secondaries in the volume of the cavity is Q = n(ro) A&, 

where A is the area of the cylinder containing the secondaries, and £
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is the length of the cavity. Thus, ASL is that part of the volume of the

interior of the cavity occupied by the secondaries.

It is assumed that the magnetic field effectively prohibits

radial diffusion of ions. Thus, free diffusion may only occur along or

parallel to the lines of force of the magnetic field. This is the axial

direction, measured by the coordinate (z).

Let I be the particle current density in the axial direction,

then I has the units of ions/meter^/sec. If D. is the free diffusioni
constant for ions in the axial z direction, then

1 = -D. |5- (2.13)

If L is half the length of the system, from the baffle to the electro

static analyzer, then 3n/3z = n(T)/L, where T is a new time coordinate 

and T = 0 refers to the instant when no new secondaries are being 

created. Then, approximately,

dQ = -2AIdT . (2.14)

In this equation, AI is the total ion current in ions/sec. The factor 

of 2 appears since there is diffusion out both ends of the cavity. 

Beginning with

' Q = n(T) AH, (2.15)

so

dQ = dn(T)AH = -2A D. £ 1 0 - dT. ■ (2.16)1 L
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Solving Equation (2.16) for n(T), leads to

n(T) = n(0) e~T/To (2.17)

where

To = S,L/2Di '(2.18)

is the ion lifetime.

Now, is approximately the free ion diffusion constant:

= klh/nnv^ (2.19)

where is the ion temperature, nu in the mass of Ng, 2.339 x 1 0 ^ ^

kilograms, and is the ion collision frequency with neutrals. At low

ion energy, ion collisions with neutrals are either elastic or they - are

charge-exchange. At an energy of .025 eV, it has been estimated that 
4 -1= 7 . 5 x 1 0  p sec , where p is the pressure of in torr.

For 1\ in (2.19), 290.1 K° is used. Also, as will be seen 

below, most of the measurements were performed at approximately 0.1 torr. 

Thus,
2Di = 22.8 m /sec. (2.20)

Inserting (2.20) into (2.18), with £ = .1 m and L = .5m,

T — 1.1 m s . o

So the electrons and ions have a lifetime of about 1 millisecond.



CHAPTER 3

THE EXPERIMENTAL APPARATUS

This chapter is a detailed discussion of the experimental sys

tem components. The major components can be classified into four groups. 

These are the vacuum system and plasma containment vessel, the electron 

gun assembly, the microwave cavity, and the electrostatic energy analyzer.

3.1 The Vacuum System and Plasma
- Containmerit Vessel

The plasma containment vessel is a cylindrical stainless steel 

chamber with a total length of 1.9 meters. The chamber consists of two 

sections of different radii. A schematic drawing of the entire system 

is shown in Fig. 1.

The section in which electrons are collected has a 6 inch radius 

and is 28.5 inches long, as shown in Fig. 1. The endplate of this sec

tion contains the vacuum feedthrough for the energy analyzer, an inlet 

for introducing pure electronic grade nitrogen gas and a 1 inch diameter 

viewing port. The cathode surface can be directly seen through this 

port. This permits a measurement of the cathode surface temperature 

using an optical pyrometer. There is, also, a 4 inch diameter viewing 

port 16 inches from this endplate located on the sidewall of this section.

The remaining section, which contains the electron gun assembly, 

has a radius of 8 inches and is 46.5 inches long. The endplate of this

14



8" radius --------------------1 I------------  6" radius
section section

BAFFLE

MAGNETS

PLASMA

^  scope

C ^ 3  / [ ^ 3

MICROWAVE CAVITY

ELECTRON GUN ELECTROSTATIC ANALYZER

Figure 1. Schematic drawing of the experimental system.
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section is designed to accomodate a high voltage insulator vacuum feed- 

through for the leads of the electron gun. This feedthrough is designed 

to be corona free up to 55KV with a maximum applied voltage of 65KV. It 

has seven separate lead terminals which are insulated from each other to 

5KV.

A cylindrical arm that has a 4 inch diameter and 10 inch length 

is located 29 inches from the endplate. The arm protrudes at an angle 

of 45 degrees with respect to the side of the section between the end

plate and protrusion, as seen in Fig. 1. The BNC connections needed for 

the microwave cavity input/output are located on a sideplate of this arm. 

Also, in this section, there is a pressure baffle 15 inches from the 

endplate.

The baffle is a .25 inch thick copper plate that spans the 

entire inner radius of the chamber. At the center of the plate is a 1.5 

inch diameter functional core. The core consists of a 2 inch thick 

copper plate with numerous narrowly spaced holes drilled through it.

The holes are axially aligned with the cathode of the electron gun so 

that the baffle has a high transparency to the electrons emitted from 

the cathode surface. However, the holes are narrow with respect to the 

mean free path of a nitrogen molecule in a low pressure environment.

This provides a pressure differential of 100:1 across the baffle 

separating the chamber into two regions of unequal pressure. For 

example, when the pressure is 3 microns of mercury in the electron gun 

region, the pressure will be 300 microns of mercury on the opposite side 

of the baffle.
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This is highly desirable since the electron gun can be operated, 

in the low pressure region, at high voltages without arcing. Con

versely, the higher pressure in the other region will cause the pulse of. 

primary electrons to undergo more ionizing collisions with the ambient 

nitrogen thus producing more secondaries. The sensitivity of the micro

wave cavity increases with a greater secondary electron density.

The- high pressure side of the baffle is the region in which

secondaries are created and is therefore the region that the diagnostic

devices are found. These are the microwave cavity and the energy 

analyzer, discussed in sections 3.3 aiid 3.4 below. As previously men

tioned, this is the region where pure nitrogen gas is introduced.

In the low pressure region, there is the electron gun, discussed 

in section 3.2, and the vacuum connection to the diffusion pump.

The six inch diffusion pump is capable of reducing the pressure

on this side of the baffle to 5 x 10  ̂millimeters of mercury (Torr).

The diffusion pump which has a pumping speed of 500 liters/second, is 

used in conjunction with a mechanical forepump. The forepump has a 

pumping speed of 500 liters/second. Initially the mechanical pump 

evacuates the chamber to a pressure of 3 x 10 Torr and then the 

diffusion pump is used.

The diffusion pump is connected to the vacuum chamber by a six 

inch "Tee" junction below the electron gun. A pneumatically controlled 

gate valve and a liquid nitrogen cold trap are located between the 

vacuum chamber and the diffusion pump. The gate valve isolates the
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diffusion pump and cold trap from the plasma containment vessel when it 

is closed. The cold trap prevents any oil from the diffusion pump from 

contaminating the experimental system. Similarly there is a molecular 

sieve trap in the roughing line to prevent oil from the mechanical pump 

from back-streaming into the vacuum chamber.

On the exterior of the chamber, there are seven coils that pro

duce an axial magnetic field. The magnetic field confines the plasma to 

a,collimated beam in the center of the chamber. Each coil consists of 

800 turns of 11 AWC aluminum wire with a resistance of 6.7 ohm. During 

the experimental runs, the current through the coils was approximately 

3 amps at 150 volts. This is an empirically determined optimum value.

The current is not changed during an experiment. The position of the 

coils is such that the magnetic field is uniform along the axis of the 

vacuum chamber from the baffle to the energy analyzer.

An important parameter of the experimental system is the ambient 

pressure of the nitrogen gas in the vacuum envelope. Three pressure 

gauges are used, one in the cathode region (lower pressure) and two in 

the region of secondary electron production (higher pressure). The 

pressure gauge in the cathode region is located below the gate valve and

is an ion gauge (model 538) made by the National Research Corporation.
-  3 _ 8This ion gauge has a measuring range from 1 x 10 Torr to 1 x 10 Torr.

The pressure is monitored on the other side of the baffle by a Datametrics

Barocel capacitive-bridge manometer with a range of (10 - 10 ) Torr and
- 1 - 6a Schultz-Phelps ion gauge with a range of (10 - 10 ) Torr, produced

by the Granvi11e-Phi11ips corporation. The Schultz-Phelps ion gauge is



mounted on the endplate of this region. The Barocel manometer is posi

tioned on the side of the chamber, immediately next to the baffle. This 

scheme permits the measurement of any possible pressure gradient in the 

diagnostic region.

3.2 The Electron Gun Assembly

The electron gun has been specifically designed for this experi

ment. Its purpose is to produce a short time duration 5 ns) mono- 

energetic pulse of primary electrons. A schematic of the electron gun 

assembly is shown in Fig. 2. The electron gun is composed of three 

major components housed within a copper cylinder. The major components 

are a pulser, a capacitive terminated transmission line and a cathode 

with associated grids. These components are discussed in detail in 

sections (3.2.1, 3.2.2, 3.2.3) respectively.

The basic principles of the electron gun operation are rather 

simple. A charged line pulser, which uses a magnetically activated reed 

switch, produces a 2 nanosecond risetime pulse with a typical magnitude 

of 1500 V. The repetition rate is 60 Hz. The pulse propagates through 

a transition from the coaxial geometry of the pulser into a parallel 

plate TEM transmission line = 109). This transmission line termi

nates in a capacitor, one side of which is a thermionic cathode face.

A graph of the voltage pulse that arrives at the cathode is shown in 

Figure 3. If the cathode is hot, electrons are drawn from it by the 

negative potential of the pulse and accelerate toward the endplate of 

the gun assembly cylinder. The grid structure is contained within the 

endplate. A suppressor grid is biased such that the reflections from
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Figure 2. Schematic drawing of the electron gun.
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Figure 3. Graph of the voltage pulse between the cathode-grid space.
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the impedance discontinuities of the transmission line as well as the

ringing caused by the capacitive termination do not produce spurious

pulses. The entire gun assembly is maintained at a voltage Vq ; the

copper cylinder is insulated from the vacuum chamber by teflon supports.

The endplate of the copper cylinder is 1" from the pressure baffle which

is at ground potential. Thus, any electrons that emerge from the last

grid of the gun assembly are. accelerated through the potential V . ■

A careful analysis, using Paschen's law, shows that at a pressure 
_ ̂

of 3 x 10 Torr in a nitrogen environment, the minimum distance for 
: / 

arcing at a potential difference of 60 KV is less than any of the sepa

ration distances between the copper cylinder and the surrounding vacuum 

c h a m b e r . ^  The potential difference of 60 KV is the highest that can 

be generated by the existing power supply.

The materials used for construction are chosen on the basis of
_7vacuum suitability. They must be stable at a pressure of 5 x 10 Torr 

while being exposed to high temperatures produced by the thermionic 

cathode. Some materials that meet this criteria are: OFHC copper, 304

stainless steel, molybdenum, nickel and machinable glass ceramic (Macor).

The gun assembly has a total length of 13.125". The exterior 

copper cylinder has a radius of 5.25" (while the endplates have a 

slightly larger radius due to the type of construction). The cylinder 

rests on two semi-circular rings of glass filled teflon. The rings have 

an 8" outer diameter and an inner diameter designed to match that of the 

cylinder. When the electron gun is in its position in the vacuum chamber 

there is 1" of space on each end; i.e., between the baffle and the
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vacuum chamber endplate. The gun assembly endplate near the baffle is 

made of OFHC copper and its .634" thickness is composed of two plates 

press fitted together. The grids structure fits into the center of this 

endplate and there are two slots, 1 3/4" down from the. center, that are 

used for connecting the TEM waveguide to this plate.

The other endplate is made of 304 stainless steel and is 1/8" 

thick. This plate has six 1" holes with their centers positioned 

symmetrically at a radius of 1 1/2" from the center of the plate. These 

holes facilitate the evacuation of the interior of the gun and are the 

access holes for the high.voltage vacuum feedthrough leads. All of the 

mechanical lead connections are made interior to the gun to prevent 

arcing. A 6" stainless steel rod with a^0.7" diameter is welded to the 

center of the plate and is perpendicular to it. A stainless steel slide 

fits over this rod. The slide has a 2" Tee at its end which supports 

the cathode subsystem. This consists of a (2" x 2" x 1/2") square Macor 

insulator and a copper mount, which the cathode legs fit into. The 

slide permits adjusting the distance of the cathode from the first grid. 

Fig. 4 is a photo that shows both endplates and the exterior copper 

cylinder. Information on other construction features can be gained most 

easily from Fig. 2 and the following sections.

3.2.1 The Pulser

The term pulser refers to a cylindrical unit that contains a
[7 Imodified design of an existing charged line pulse generator and a 

transmission line transition stage. The pulser can produce a 2



Figure 4. Photograph of the external housing of the electron gun
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nanosecond risetime pulse with a maximum amplitude of 2.5 kilovolts.

The falltime is approximately 5 nanoseconds. Fig. 5a is a graph of the 

actual output from the pulser. The effect of the transmission line 

transition can be seen by comparing the output of the unmodified pulse 

generator, Fig. 5b, versus that in Fig. 5a.

The exterior cylindrical casing of the pulser is 5.75 inches 

long with a 1.625 inch diameter. A cross-sectional view of the pulser 

can be seen in Fig. 2 and a photograph of its components is shown in 

Fig. 6. '

The pulse generator is a coaxial charged line which utilizes a 

mercury wetted reed switch to obtain the fast risetime pulses. The reed 

switch is imbedded in an OFHC copper slug that is the center conductor 

of the charged line. This design minimizes the inductance, therefore 

minimizing the risetime. The falltime is determined by the capacitance 

of the coaxial charged line and thus, related to its length.

The falltime is •.

t^ — 2.2 Zq C

where

C = 2ireL/ln(r /r.)o i

and Z is approximately 109fi, the impedance of the TEM waveguide, 

above symbols are:

C = capacitance of the charged line

e = perndtivity of the dielectric in the charged line 

L = length of the charged line

(3.1)

(3.2) 

The
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Figure 5. Graphs of modified and original pulse generator output.

(a) Output from modified pulse generator.
(b) Output from original pulse generator.
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Figure 6. Photograph of the pulser components. K>
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i\ = outer radius of the inner conductor = .625"

rQ = inner radius of the outer conductor = .450"

Following the design of Hyde the length (L) is chosen to be 2.72 inches

so that the falltime will be approximately 3 nanoseconds.^

The outer conductor of the charged line is also OFHC copper.

The dielectric material is Macor which has an e = 5.9e .o
A copper lead, at the back of the copper slug, is connected to

one of the high voltage feedthrough leads that enter through the end-

plate of the gun assembly. This lead has a 20 Mfi resistor in series

with a high voltage power supply. The resistor serves to make the power

source appear as an open circuit. It also permits the coaxial line to

charge to its peak value when the reed switch is open.

The mercury wetted reed switch is activated by an oscillating

magnetic field. The magnetic field is produced by a current passing

through solenoidal windings on the exterior of the coaxial charged line.

The windings are made of formvar insulated 22. gauge copper wire, and 
\

they are wrapped around glass rods that are glued to the outer conductor 

of the charged line with a vacuum stable epoxy (Torrseal). The glass 

rods provide insulation between the windings and the charged line. The 

two ends of the windings are connected by mechanical clamps to two leads 

of the high voltage vacuum feedthrough. These wires are connected to a 

6.3V ac transformer that has as its primary source the power supply of 

the cathode filament. Therefore the switch has a repetition rate of 60 

Hz.



29
The section following the charged line has an impedance of 

approximately 1Z3£2. The outer radius of this coaxial section is the 

same as that of the charged line, but the inner radius is .04 inches.

This section is .75 inches long. The transition stage follows this short 

section.

The purpose of the transition stage is to provide a gradual 

change from the coaxial geometry of the charged line pulse generator to 

that of a twin lead transmission line. This is necessary since the 

transmission line that leads to the cathode is a parallel plate con

figuration, and it is easier to convert a twin lead transmission line, 

as opposed to a coaxial line, to a parallel plate scheme. The transition 

serves to reduce more severe reflections produced by abrupt discontinui

ties .

The transition stage is 2 inches long. The outer conductor of 

the coaxial line is sliced diagonally from the top to the bottom in this 

length. This is shown in Fig. 2. A copper rod with an .08" diameter is 

connected to the reed switch lead; this rod serves as the center con

ductor for the transition stage as well as for the section preceding it. 

This design was chosen, on the basis of its simplicity. The exact im

pedance of this taper, as a function of length, is a horrendous problem 

and has not been analyzed. The impeda.nce at its beginning and as it 

emerges into a twin lead transmission line are 123ft and 106ft, respectively.

3.2.2 The Capacitive Terminated Waveguide

The waveguide that transports the transient pulse to the cathode- 

grid structure is an OFHC copper parallel plate TEM transmission line
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with a characteristic impedance of 109ft. The transmission line has a

width (b) of .58" and a separation distance (a) of .25". The ratio ^  is' b
not much less than 1 and so the impedance of the transmission line is 

not a simple function of ^  . The impedance has been determined by 

Carlile, following a theory by B a u m . ^

In order to couple this transmission line to the twin leads 

coming out of the pulser, the width of the line is tapered from .583" to 

1/4" in a length of 1/2". A pair of adapters effect the actual coupling.

A tapered section of Macor is inserted to maintain a near uniform im

pedance across the coupling. Fig. 7 is a photograph that shows all the . 

separate pieces of the waveguide.

The separation distance between the parallel plates is maintained 

by two Macor squares placed at intervals of one third the length. The 

waveguide bends 90° toward the cathode when it reaches the endplate. A 

45° wedge is placed, as shown in Fig. 2, to provide the least possible 

reflection. The waveguide is welded to the cathode heat shield. The 

voltage pulse that arrives at the cathode is shown in Fig. 3.

3.2.3 The Cathode - Grid Structure

The source of the primary electrons is a one inch diameter 

cathode. Specifically, it is a tungsten dispenser cathode with a circu

lar planar surface. The tungsten is very porous and is impregnated with 

barium oxide. The planar surface is normal to the axis of the vacuum 

chamber. The cathode operates at a temperature of between 1150 C to 

1200 C that is produced by a 16.5 amp current passing through a molybdenum



Figure 7. Photograph of the TEM waveguide components
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filament. The filament is contained in a potting compound behind the 

tungsten surface.

This type of cathode has some drawbacks. First, the porosity of 

the tungsten makes the cathode very susceptible to poisoning by any 

number of system impurities. Once contaminated the cathode emits poorly 

and must be sanded. Second, the heat produced by the cathode increases 

outgassing of nearby materials and caused the reed switch of the pulser 

to fail on several occasions. A heat shield was constructed to allevi

ate the last problem mentioned. Finally, it was found that a D.C. 

current passing through the filament caused the potting compound to 

deteriorate. The D.C. current is desirable since it does not introduce 

a 60Hz fluctuation into the system.

Approximately 1/4" in front of the cathode surface is the first .

grid. The grid is a thin plate of molybdenum with narrowly spaced holes

drilled through it. This grid is at the potential of the cylinder VQ

such that when a pulse arrives at the cathode-grid capacitance, the grid

remains at V while the cathode's potential is V - V , V being the o r o p p
pulse magnitude. The electrons are accelerated toward the grid and pass 

through it.

The second grid is a tungsten mesh welded between two .01" thick

ness nickel rings. This grid is .125" from the first and has a variable 

potential from Vq to VQ - . Thus, this grid can be used as a

suppressor grid to extinguish any additional pulses following the main 

pulse and to narrow the energy and time spread of the pulse. This grid
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is followed by another grounded grid of similar construction. A photo

graph of the grids is Shown in Fig. 8.

3.3 The Microwave Cavity 

It is the objective of this experiment to obtain a plot of 

secondary electron number density versus time for set values of important 

ambient parameters (certain initial conditions). Obviously, the measure

ment of that number density is of extreme importance, and that 

measurement is made with a cylindrical copper microwave cavity. A photo 

of this device is shown in Fig. 9.

The construction design of the cylinder is very similar to the 

exterior cylinder of the electron gun assembly. The microwave cavity 

is 6.75 inches long and has an outer diameter of 7.75 inches. Each end- 

plate has a 2" diameter screened aperture in its center, permitting the 

passage of the primary electrons and a continuous uniform plasma. The 

conducting screens maintain the electrical integrity of the endplates so 

that the fields inside are not distorted.

The microwave cavity is designed to operate in the TMq ^q mode.

It has a resonant frequency of 1.2857 gigahertz. The electromagnetic 

fields inside the cavity are excited by a magnetic loop connected to 

the coaxial input that are seen in the photo. The second loop, positioned 

symmetrically across the center of the cavity, is used to detect reso

nance in the cavity.

The principal of using a microwave cavity to measure the number 

density of a plasma is straightforward. The presence of a plasma 

column coaxial with a cavity will cause the resonant frequency of the
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Figure 8. Photograph of the grid structure components. 4̂
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Figure 9. Photograph of the microwave cavity
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cavity to increase. This is due to the change in the permitivity inside 

the cavity caused by the plasma column. The relation between plasma 

number density and the frequency shift of resonance for this particular 

cavity has been determined by C r a m e r t o  be

n(t) = 8.0226 x 10"8 f(f - f^) . (3.3)

-3Here, n is the secondary electron number density in cm , f is the

resonant frequency with a plasma in units of Hz, and f is the resonant
9frequency in vacuum equal to 1.2857 x 10 Hz.

The expression contains an adjustment for the non-uniform radial 

density of the secondary electrons. A graph of secondary electron 

number density n(t) versus cavity resonant frequency is shown in Fig. 10.

Using the microwave cavity to measure n(t) is also straight

forward. A fixed frequency is inputed to the cavity from a CW microwave 

oscillator. This frequency corresponds to some value of n(t). A fre

quency meter measures the input frequency very accurately. The output 

.from the cavity is displayed on a sampling scope that is able to display 

a microwave signal in the gigahertz range. The sampling scope is 

triggered by the voltage pulse that is produced when the primary electrons 

impinge on the electrostatic analyzer. A block diagram of the diagnostic 

system is shown in Fig. 11.

A pulse of electrons travels through the vacuum system at which 

time ionization begins. The arrival of the primary electrons at the 

electrostatic analyzer and the subsequent triggering pulse corresponds 

to time zero. The secondary electron density starts to increase until
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Figure 10. Graph of secondary electron number density versus microwave 
cavity resonant frequency.
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Figure 11. Block diagram of the experimental diagnostic system.
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at some time (t) the cavity begins to resonate. The resonance appears 

as a burst of noise at time (t) on the sampling scope. As the number 

density increases further, the resonance decreases and the signal on the 

sampling scope diminishes. Since the input frequency is known, the

number density that existed at time (t) is also known.

Therefore, a curve of number density versus time can be generated 

by changing the input frequency and observing the new time that reso

nance occurs.

3.4 The Electrostatic Analyzer

The electrostatic analyzer is mounted on the center of the vacuum 

chamber endplate facing the cathode, as seen in Fig. 1. It serves as a 

collector for the impinging pulse of primary electrons produced by the 

electron gun and is, therefore, a useful tool for analyzing the per

formance of the electron gun. Using the analyzer, the total charge (Q) 

emitted by the electron gun can be obtained, as a function of time.

Since the beam current (I ) is given by

Ip = Q/At

and At % 5 ns, ^  can also be found. At is the pulse duration. Actu

ally, it is known that only 20% of the primary electrons reach the 

energy analyzer. In principal, the risetime of the pulse can be obtained 

as well.

The energy analyzer has one other main function which is to 

trigger a sampling scope used in conjunction with the microwave cavity.
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The arrival of the primary electrons at the analyzer and consequently 

the aforementioned triggering pulse constitutes the time zero in the 

number density measurements.

The construction details of the electrostatic analyzer are shown 

in Fig. 12. The outer casing is made of aluminum and is at ground 

potential. The collector plate is made of stainless steel because 

stainless steel has a high resistance to sputtering. This is an im

portant detail at high primary electron energies. The entrance grid is 

a fine mesh electroformed nickel material stretched over a stainless 

steel ring, and it is at ground potential. The EA also has a discrimi- . 

nator grid which is not used in our experiments. The insulating 

material between the collector plate and the exterior casing is teflon. 

At the back of the analyzer, as seen in Fig. 12, a coaxial section is 

formed by the exterior casing and a rod from the collector plate. The 

impedance of this section is 21 ohms.

The capacitance of the analyzer is

C . £ 4  = 8 . 854 X . 1,-12 F 2.03 X  lO"3
0 d m 6.0 x 10~3

-12 F= 3.0 x 10 -  (3.4)m

However, during the experiment the capacitance was found to be 300pF.

It has since been learned that the fine nickel grids have a poor thermal 

dissipation and have been badly warped during the activation of the 

cathodes. Dunham^"*^ noted that for continuous operation with an elec

tron beam of 40 mA or more, the grids can fail.
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The block diagram of Fig. 11 shows the circuit used with the 

electrostatic analyzer. After an electron.pulse arrives at the analyzer, 

it flows through a 100K resistor to ground producing a voltage pulse.

This pulse is viewed on a Textronix 465 oscilloscope and triggers a 

sampling scope.



CHAPTER 4

SYSTEM OPERATION AND EXPERIMENTAL RESULTS

Once the needed apparatus had been constructed and the system 

had been assembled, the use of the system progressed in two phases. The 

first phase consisted of the preliminary testing of each major system 

component. After each component had been tested successfully, the en

tire experimental system was used to obtain data of the secondary 

electron number density, as a function of time. The intended goal of 

this thesis. This chapter is a discussion of the results of each of 

these phases.

4.1 Preliminary Results 

'The system used in the preliminary tests was the same system used 

in the final experiment. A block diagram of that system is shown in Fig. 

11. The test of the electron gun and electrostatic analyzer is described 

below.

The cathode is heated to approximately 1200°C and then the 

electron gun is operated in a D.C. mode to activate the cathode for 

pulsed operation. In this test, the electron gun emits a pulse of primary 

electrons at a repetition rate of 100 Hz. The peak pulse amplitude is 500 

volts and Vq = 0. These pulses are confined by the magnetic field and 

arrive at the electrostatic analyzer. The tests are run in a hard vacuum;

43
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-7 _65 x 10 Torr in the cathode region, 8 x 10 Torr in the analyzer re

gion. The pulse of primary electrons collected by the analyzer flows 

through a 100 Kfi resistor to ground creating a voltage pulse that is 

viewed on a 1 MH input impedance conventional oscilloscope. In the 

final phase of the experiment, this pulse will also trigger a sampling 

scope.

As discussed in section 3.4, the charge Q can be found by inte

grating the pulse shape, i.e.

Q = V dt . (4.1)ioo to

The primary beam current can be found from this, and it is 

Ip = Q/At

-where At - 5 nanoseconds. The capacitance of the electrostatic analyzer 

is determined by the falltime of the pulse,

tf = RC

and

R = 100 to .

The result of the test was a continuous sequence of current pulses 

arriving at the analyzer and observed on the conventional oscilloscope. 

Fig. 13 is a reproduction of the voltage pulse seen on the oscilloscope 

as the current from the analyzer passes through the 100 to resistor. The 

falltime of the pulse was 30 microseconds, therefore, the capacitance of
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Figure 13. Graph of the voltage pulse produced by the primary electron 
current collected at the EA during the preliminary phase.
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the analyzer was C = 300pF. The total charge Q that arrived at the

-10analyzer was %  1 x 10 Coulombs, thus the beam current that entered
- 2the analyzer was 2 x 10 amps.

In a separate diagnostic test, it was determined that only 20% 

of the electron emission from the cathode passed the various grids and 

baffle. This implies that the actual emission from the cathode is 100 

mA. These results show that the electron gun is operating satisfactorily.

One result of this test was that the electrostatic analyzer was 

not able to time resolve the rise of the primary electron pulse. All 

previous evidence of the risetime. Fig. 3, shows that the risetime is 

only a few nanoseconds. Further, it was shown that the rise of the 

pulse seen on the oscilloscope was a perfect exponential, as if there 

was an inductance in the analyzer circuitry. And finally, conclusive 

proof that the actual primary beam risetime was much less than that 

shown on the oscilloscope was obtained in the final experiment. This is 

mentioned in the next section.

A preliminary test of the microwave cavity was made by simulating 

the effect of the secondary electrons on the cavity. Instead of using a 

fixed.input frequency and having the changing secondary number density 

sweep the cavity through resonance, a sweep oscillator was used to drive 

the cavity through the resonant frequency. The sweep rate was set to 

approximate the effect of the secondaries. The display of this simulated 

behavior, on the sampling scope face is shown in Fig. 14.

The last preliminary test was of the high voltage power supply.

The voltage was raised to 10 kilovolts and there was no evidence of arc

ing.
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Figure 14. Graph of the output produced in the simulation of microwave 
cavity resonance.
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4.2 The Final Results 

The experimental system used in the final phase of the experi

ment was basically the same as that used in the preliminary phase with 

a few exceptions. The repetition rate of the primary electron pulses 

was 60 Hz instead of 100 Hz. This change was a result of changing the 

cathode filament power supply to an AC source. It then became necessary 

to synchronize the pulses with a particular phase of the AC signal so 

that the emission level of the electron gun was the same at each pulse. 

The high voltage was used during the gun operation and the pressure 

was variable. The highest pressure used was .09 Torr in the microwave 

cavity region. Again, refer to Fig. 11 for the block diagram of the 

system.

Some unexpected anomalies in the electron gun operation developed 

during this phase of the experiment. Therefore the results of this final 

phase shall be categorized into two sections so that the anomalies might 

be discussed. First, the electron gun operation is discussed and then 

the interesting results of the secondary electron number density measure

ments are presented.

4.2.1 Electron Gun Operation

Initially, the electron gun is operated in a vacuum at a pressure 

of 5 x 10 7 Torr in the gun region. The peak voltage applied to the 

charged line pulser was 1500 V and the entire gun assembly was at the 

high voltage V . The high voltage was varied from 2.0 KV to 8.0 KV. A 

sample of the resulting pulses that arrived at the electrostatic analyzer 

are seen in Fig. 15.
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Figure 15. Graphs of the voltage pulse produced by the primary electron 
current collected at the EA during the final phase.

(a) Total pulse shape is shown.
(b) Expanded time scale showing the rise of the pulse.
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It was observed that primary electron pulses arrived at the - 

electrostatic analyzer whether the high voltage was on or not. How

ever, the pulses were much stronger with. Vq on. This is attributed to a 

focusing effect caused by the electric field associated with Vq per

mitting more electrons to pass through the baffle.

The first anomaly discovered in the electron gun performance was 

noticed with Vq on. This was a small amplitude tail on the electron 

pulses arriving at the collector that persisted for approximately 8 

milliseconds or one-half the interval between pulses. This is exactly 

the length of time the reed switch is closed after each pulse. It is 

thought that this tail is caused by a small voltage being impressed be

tween the cathode and first grid due to the pulser supply voltage of 

1500 V in series with a 22 Megaohm resistor. Usually, the D.C. impedance 

between the plates of the parallel plate transmission line is infinite; 

however, it is conceivable that once the cathode is emitting, the 

emission constitutes a D.C. path. The D.C. resistance of this path is 

small enough compared to 22 Megaohm, so that the voltage across the 

cathode-grid space will drop to about 1 volt with a current of .08 mA.

It should be emphasized at this point that there were 8 milli

seconds of no emission before a following pulse. Thus, from the dis

cussion in section 2.3 it is clear that this anomaly did not effect the

results.

As expected, it was observed that when nitrogen was introduced 

and the pressure raised, the amplitude of the pulse of electrons that



51
arrived at the analyzer decreased. The amplitude could be regained by 

increasing V • . -

The second anomaly, which was more serious was discovered as the 

nitrogen pressure increased. As soon as the pressure reached .090 Torr 

the cathode would cease to emit. This occurred for any value of Vo
above 1 KV. The effect may have been due to a weak plasma being 

generated at this pressure by V , which would diffuse into the electron 

gun. The plasma would appear to be a short circuit across the cathode- 

grid space so that no voltage could develop there.

This problem limited the pressure range that was usable and 

therefore limited the number densities that were obtained. This was un

fortunate because the microwave cavity has a poor sensitivity to low

levels of n(t).

The data concerning the primary electron pulse, that was taken . 

during the actual experiment, is listed in the first four columns of 

Table 2. The pressure remained constant at .082 Torr throughout the 

experiment. The first column is the high voltage setting (V ). The 

second column is the peak voltage across the 100 K resistor through 

which the collector current flows. The total charge Q of the primary 

electrons that arrived at the collector can be calculated, Q = C 

where C = 370pf is the capacitance of the collector. The value of Q is 

listed in column three of Table 2. Finally, the primary electron beam 

current that emerges from the baffle is I = Q/5ns. This is listed in 

the fourth column of Table 2 . The actual cathode emission is at least

5 times greater than this, as 80% of all emission is absorbed by the
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Table 2. . Experimental results of the final phase.

Vo (KV) V (volt) Q (coul.) I (ma) f(GHz.) n(cm

2.0 .02 7.4 x 10"12 3.70 1.2860 2 x 107

3.5 .16 5.9 x 10"11 29.6 1.2875 2 x 108

5.0 .26 9.6 x 10'11 48.1 1.2871 1 x 108

8.0 .39 1.4 x 10~10 72.0 1.2871 1 x 108

For these measurements, the pressure was constant at 0.082 tdrr. 
Frequency of the empty cavity is 1.2857 GHz.



electron gun grid structure and the pressure baffle. The last two 

columns of Table 2 concern the results of the microwave cavity number 

density measurements and are discussed in the next section.

4.2.2 Secondary Electron Number Density Data

The procedure for using the microwave cavity to measure n(t) as

a function of time has been described thoroughly in section 3.3 of this

thesis. Using this procedure, it was possible to obtain limited data.

The error is large, however, due to the low level of secondary electron

number densities that were produced. The number densities were only on
8 - 3the order of 1 x 10 cm . This is on the lower edge of the microwave 

cavity's operating range. The exact values of n are listed in column 5 

of Table 2.

The frequency shifts in the cavity's resonant frequency that 

correspond to the secondary number densities produced are listed in 

column 4 of Table 2. The number densities are related to the frequency 

shift according to the relation:

n = 8.0226 x 10~8 f (f-f ) cm'3 (4 .2)

where f is the perturbed cavity resonant frequency in hertz and f^ is
9the resonant frequency of the cavity in a vacuum equal to 1.2857 x 10 

Hz.

The error in the measurement of n may be calculated from Equation
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Using Af = .0005 GHz, An/n = 1.67, .28, and .36 for the frequencies 

f = 1.2860 GHz, 1.2875 GHz, 1.2871 GHz, respectively. The error is 

large, but adequate for the conclusion that is finally obtained.

The objective of this research has been to obtain the formative 

time lag of secondary electron production. This required being able to 

establish a time zero, corresponding to the arrival of the primary 

electron pulse at the electrostatic analyzer. However, as discussed in 

the preliminary results the analyzer was not able to time resolve the 

risetime of that pulse and therefore the triggering pulse has a slow 

risetime of 3 microseconds as shown in Fig. 15b. Nonetheless, using 

the pulse in Fig. 15a, combined with the fact that the Textronix 7514 

sampling head triggers at a mere 10 mV level, time zero can be established 

to about .25 microseconds. Actually, this is a conservative estimate. 

Longmire estimates that the formative time lag is

N t = 2 x lO*1 sec/cm ^ (4.4)max

where N is the number density of the ambient nitrogen. The equation 

that relates N to pressure is

p(Torr) = 3.11 x 10~17 N(cm~3) (4.5)

15 - 3so for a pressure of .082 Torr, N = 2.64 x 10 cm . Using this value

of N in Equation (4.4), the formative time lag is found to be t - 75max
microseconds. Therefore, an uncertainty in time zero of .25 microseconds 

is not bad.
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The main result of this experiment was that no build up of 

secondary.electrons beyond the initial level observed at t = .25 ps 

could be detected. The system was checked thoroughly to make sure that 

the high voltage wasn't producing a continuous level of n(t). It was 

determined that this was not the case, as there was no evidence of any 

secondary electrons present when the pulser was turned off. The con

clusion is that the formative time lag is less than .25 ps.

In summary, it was not possible to determine ri(t) as a function 

of time before .25 ps, but it was shown that the formative time lag is 

much less than that estimated by Longmire and Longley.

Finally, it is worth mentioning that since the secondary electron 

production has been completed before .25 ps, it is not possible that the 

primary electron pulse has not completely traversed the system in that 

time. Therefore, the risetime of the primary electron pulse must be 

much less than .25 ps and not that which the electrostatic analyzer shows.



CHAPTER 5

CONCLUSIONS

It is the conclusion of this research project that the formative 

time lag of secondary electron production is much less than that pre

dicted by the existing theory. Specifically, for a pulse of primary 

electrons of energies up to 8 KeV and a duration of 5 nanoseconds, 

traversing a 1 meter region of pressure .082 Torr, the formative time 

lag is less than .25 microseconds.

Furthermore, it is concluded that due to several limitations on 

the experimental apparatus, that this work cannot be improved with the 

equipment at the Plasma Lab. The limitations being the inability to 

achieve sufficient emission levels from the cathode, the inability to 

raise the pressure above .09 Torr, and the inability of the electro

static analyzer circuitry to resolve the risetime of the primary electron 

pulse.

5.1 Future Recommendations

In order to better the preceding results, it is recommended that 

a new electron gun be obtained. There are commercially available marx 

generator electron guns which could be easily adapted to the current sys

tem and which would not have the drawbacks of a thermionic cathode. It 

would also be easier to increase the energy of the primary electrons 

using a marx generator, which is another recommendation. The theory that
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has been tested here is relativistic and assumes energies for the pri

maries of up to 1 MeV, whereas the energies of the primaries in this 

experiment are much less. Also, the analyzer needs a more resilient 

grid material to prevent warping. Finally, a new method of triggering 

the sampling scope may be needed, if the inductance in the analyzer 

circuitry cannot be eliminated.



a p p e n d i x  a

A COMPUTER PROGRAM THAT CALCULATES THE AMBIENT 

NUMBER DENSITY FOR A DESIRED ELECTRON ENERGY"LOSS

This program has been specifically designed for user/computer 

interactive use on the DEC-10 computer facility at the University of 

Arizona. The program calculates the definite integral of Equation (2.6).

Once this program is on file, the command EX TEST.F10 will cause 

the computer to return with N = , then DELGM = , and finally GAMI = .

The desired input is typed in by the user and the program executes. The 

program will output the value of the calculated integral (AREA) and the 

vqlue of'the variable XN, equal to a constant multiplied by AREA.

The variable N is the number of iterations used in calculating 

the integral by Simpson's rule. DELGM is the amount that the variable 

of integration, aptly called VAR, is increased at each iteration, and 

GAMI is the initial value of VAR, corresponding to the lowest energy of 

the electron. GAMF equals (N * DELGM) + GAMI and corresponds to the 

highest energy of the electron.

The outputed value of XN is the value of Eq. (2.6) for the 

specified limits on the definite integral. This value can be converted 

to pressure by choosing a distance that an electron is to travel and by 

using Eq. (2.7). The program now follows:

ss
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TEST. F10
DOUBLE PRECISION VAR, GAMI, FUNCT(N+1), A, A2, B, Bl,
1 B2, E, El, C,G
TYPE 100
ACCEPT 300,N
TYPE 102
ACCEPT 302, DELGM 
TYPE 104
ACCEPT 304, GAMI 

100 FORMAT(5X, *N = ", $)
102 FORMAT(5X, "DELGM = ", $)
104 FORMAT(5X,'GAMI = ',$)
300 FORMAT(15,E15.5, D15.8)

TYPE 106,N,DELGM,GAMI 
106 FORMAT(/5X, 'N = ',15, "DELGM - " ,  E15.5,"GAMI = ",

1 D15.8)
302 FORMAT(E15.5, D15.8)
304 FORMAT(D15.8)
C

VAR = GAMI -
CONST = (9.109E-28 * 2.988E10**2.0)**2.0/(2.0 *
1 3.141592*7.2*4.8032E-10**4.0)
1 = 1

C THE ITERATION LOOP STARTS HERE
400 G = (VAR**2.0)/(VAR**2.0 - 1.0)

A = (131.0 * (VAR**2.0 - 1.0)**0.5)/(7.2**0.3333)
A2 = DLOG(A)

C A2 IS EQUIVALENT TO [2] IN LONGMIRE'S PAPER. SEE REF. 2
B = (9.109E-28*2.988E10**2.0)**2.0*(VAR - 1.0)*
1 (VAR**2.0- 1.0)/ (2.0*1.6384E-20)
Bl = ((2,0/VAR) -(1.0/VAR**2.0)) *.693147*-!.0 + 
1 (1.0/VAR**2.0) + .125*(1.0-(1.0/VAR))**2.0
B2 = DLOG(B)
C = Bl + B2

C THE VARIABLE C CORRESPONDS TO THE EXPRESSION 1 IN
C LONGMIRE'S PAPER, REF. 2. A CHECK CAN BE DONE HERE
C BY TAKING THE RATIO (A2/C). IT SHOULD HAVE A CONSTANT
C VALUE OF APPROXIMATELY(.269). A PAUSE STATEMENT
C WOULD BE NEEDED ALSO

E = ((GAMF-1.0)*(VAR+1.0))/((GAMF+1.0)*(VAR-1.0))
El = DLOG(E)

C FUNCT(I) IS THE INTEGRAND IN EQ.(2.6)
FUNCT(I) = (G*C + 7.2*G*A2*E1)**-1.0 
1 = 1 + 1 
VAR = VAR + DELGM 
IF(I .LE. N) GO TO 400 

C THE ABOVE STATEMENTS HAVE GENERATED THE VALUES
. C OF THE INTEGRAND AT N EQUALLY SPACED POINTS. THE
C INTEGRAL CAN NOW BE CALCULATED BY SIMPSON'S RULE
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ODD = 0 . 0  
EVEN = 0 . 0  
DO 500 1=2, N-2,2 

C THIS ROUTINE ASSUMES THAT N IS AN EVEN NUMBER
EVEN = EVEN + FUNCT(I)
ODD = ODD + FUNCT(I+1)

500 CONTINUE
AREA = (DELGM/3.0)*(FUNCT(l) + 4.0*EVEN + 2.0* 
1 (ODD + FUNCT(N-l)) + FUNCT(N))
XN = CONST * AREA

C
TYPE 600, AREA, XN 

600 FORMAT(IX, "AREA = ",D20.8, "XN = ", D20.8)
STOP 
END
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