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Lawrence Berkeley Laboratory 
University of Ca'ifornia 
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ABSTRACT 

Neutral beams are created by intense large area ion beams which 

are neutralized in a gas c e l l . The interaction of the beam with the 

gas cell creates a plasma. Such a plasma is studied here. The 

basic plasma parameters, electron temperature, density, and plasma 

potential, are measured as a function of beam current and neutral 

gas pressure. These measurements are compared to a model based on 

the solution of Poisson's equation. Because of the cylindrical 

geometry the equation cannot be solved analytically. Details of the 

numerical method are presented. V;r-ee refinements to existing 

models have been added. (1) The beam creates ions by charge 

exchange as well as by ionization. These ions are created without 

matching electrons and generate a new current to the walls. This 

raises the plasma potential. (2) In the ionization process most of 

the ions are born at rest but some of the ions are born through a 

molecular dissociation process which provides them with substantial 

energy. This energy affects the flow and density of the ions. 

(3) Electrons are trapped in the potential well of the system. 

Their distribution wil l be truncated by the well and the usual 

Boltzmann relation for the density variation with potential wil l be 



IV 

altered slightly. Analytical expressions for these effects are 

obtained and included In the computer generated solution. The model 

and data are in good agreement only when locally determined beam 

current profiles are used in the solution. These profiles are 

broader than those determined from beam dump calorimetry. 
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CHAPTER 1 

INTRODUCTION 

Much of the current success of the fusion program is due to the 

development of neutral beams for plasma heating. Neutral beam 

sources are currently capable of producing 65 amps at 120 keV for 

1.5 seconds and higher power, longer operating ones are being 

developed. In spite of, or perhaps because of, the rapid 

achievement of various design goals, certain areas of the beam 

system operation have not been studied. In addition certain 

operating parameters are not well understood. 

in pa-ticular the measured divergence of the beams is larger 

than that calculated from the ion optics of the accelerator. The 

divergence is an important design parameter in building a fusion 

device. The neutral beam is delivered to the target plasma through 

a hole in the side of the containment vessel. Magnet windings, 

radiation shielding and vacuum wall requirements combine to put an 

upper l imit on the size of any opening. The divergence tends to set 

a lower l imi t . Most of the beam power must go through the opening 

and not deposit much energy on the edges where i t wi l l damage the 

wal l . In present devices there is no problem but as fusion devices 

become larger and as the need arises to protect the source from the 

radiation created in the fusion plasma, the beam sources are moved 

farther away from the target requiring smaller divergence. 
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Another concern Involve;, the neutral gas target thickness in the 

neutral izes Measurements of the neutralized fraction of ions 

indicate a thinner target than expected. This may require a 

greater gas input and more pimping to remove the gas. The pumping 

could greatly affect the cost of the system. The need for 

additional pimping may also increase the size, and force the sources 

to be moved s t i l l further away. The increased divergence and 

decreased gas density may be due to seme process in the neutralizer. 

Few measurements have been made on the plasma in the 

neutralizer. I t is the purpose of this work, f i r s t , to provide a 

collection of measurements describing the plasma in the neutralizer 

and, second, to begin tc explain those measurements. The 

explanation has been divided into two parts, the particle balance 

and the energy balance. Only the particle balance is explained in 

this thesis altnough the foundation of the energy balance, is laid 

out. 

This experiment was done on a neutral-beam line shown schemati­

cally in Fig. 1 .1 . Neutral gas is fed into the source where a hot 

filament discharge creates a plasma. The entire source is raised to 

high positive voltage. Ions flow out slots in the source and are 

accelerated as they fa l l down to ground potential through a set of 

focusing grids. Neutral gas also flows out of the slots and f i l l s 

the neutralizer. In the neutralizer the beam ions collide with the 

neutral gas and frequently undergo charge exchange. The fast ions 

become fast neutrals. Some beam neutrals can undergo another 

collision and be converted back to an ion so for a given amount of 

neutral gas traversed, the beam wil l consist of a certain percentage 
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of neutrals and a certain percentage of ions. This mixed beam 
reaches a region of good vacuum past the gate valve where the mix 
stops changing and then proceeds to strike the calorimeter where it 
deposits its energy. 

In this experiment we are examining the plasma created by the 
beam in the neutralize?. In addition to the ions created by the 
charge exchange, beam collisions will ionize the gas creating ion 
and electron pairs. This plasma is unusual in that the beam 
creating it is at the same time fairly intense (- .25A/cm ) and 

o 

large area (50cm ) . Also there is an area of no plasms production 

surrounding the beam. The model we are using to explain the 

par t i c le balance is bas ica l ly the Tonks-Langmuir plasma sheath 

equation. This equation has been treated several times in the 

past with d i f fe ren t ionizat ion sources and in d i f fe ren t conf igura-
4 

t i ons . Parker solved i t numerically in cy l i nd r i ca l geometry with 
c 

thermal electrons responsible for the ionization. Dunn and Self , 
working in planar geometry, presented a numerical solution where an 
electron beam of finite width was the ionization source. They 
neglected the space charge of the beam in that solutie" but included 
it in an expansion solution. Other expansion solutions we-e 
presented by Self covering all three geometries and assuming 
either uniform or electron thermal ionization. The same cases 
excluding spherical geometry were treated using fluid equations 
based on moments of the Boltzmann equation by Kino and Shaw. 
More recently Hooper et.al. used the fluid approach together with 
ionization by positive or negative ion beams to describe a similar 
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plasma. They assumed quasineutrality throughout and so could not 
include the sheath in their solution. In our analysis of this 
plasma we include three effects not previously contained in any 
discussion of beam generated plasmas. First, there are ions created 
without acconpaning electrons i.e., those created in the charge 
exchange. These produce a net current to the wall whereas in most 
plasmas the net current is zero. Second, not all ions are born at 
rest. In the ionization process some H. ions dissociate 
producing fast H ions. These may alter the ion den- sity and 
modify the ion flow to the wall. Aid third, the electrons are 
trapped in a potential well which will truncate their distribution. 
This will affect the electron density variation with potential. We 
solve the full equation numerically. 

q 

Two papers address the energy balance, Gabovich e t . a l . and 

Holmes. The underlying physics in both i s the same as is 

pesented here but both papers make assumptions in order to develop a 

more detai led theory with which we do not agree. 

The thesis i s organized as fo l lows. Chapter 2 describes the 

basic processes and gives a model fo r the plasma fan f low. Chapter 

3 describes the neutral-beam l ine and l i s t s the diagnostics used. A 

more detai led descript ion of the diagnostics is found in the 

appendices. There fo l low in Chapters 4 and 5 resul ts of the various 

measurements made and a comparison to the model. 
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CHAPTER 2 

THEORY 

A. Neutralizer Plasma 

This section presents a model for t>3 plasma created by an ion 

beam passing through neutral background gas such as 1s found in the 

neutralizer of a neutral beamline. The problem has been discussed 

in several ar t ic les. The description here is primarily an 

elaboration, and generalization of the treatment presented by 
q 

Gabovich et . a l . He wi l l begin by l ist ing the different types of 

ions and electrons found in this system. The types are 

distinguished by the source of those particular particles. 

The basic creation process involved is fast ions (keV) strikir.ri 

gas molecules and creating electrons and ions. (A simple 

calculation in Appendix D shows that the thermal ionization is not 

important for our particular case.) We wil l define three types of 

electrons: fast , slow, and wal l . The fast and slow electrons are 

created by the beam ionizing the background gas. This ionization 

mechanism contributes considerable energy to the electrons. For: 

50 keV incident H the electrons wil l average 22 eV. The 

plasma has a potential well that tends to confine electrons. We 

define the fast electrons (n e^) as those created with more energy 

than the well potential so that they escape immediately and define 

the slow electrons ( n „ ) as those with less energy which will then 

be trapped and require additional energy to escape. The wall 

electrons (n ) are those created on any of the surfaces around 
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the plasma and fa l l into the potential well. These have enough 

energy to immediately reach the wall on the other side but i f they 

undergo a small scatter or reach the other side at an angle less 

than normal thty wi l l not have sufficient velocity directed along 

the potential gradient to escape, and they tend to be trapped. 

There are four types of ions. First there are the beam ions 

(n. . ) . These are at high speed, many keV, and create the rest of 

the ions through collisions with the neutral gas. Two kinds of 

collisions are important, ionization and charge exchange. 

Ionization can produce two types of ions, ions at rest (n*_) and, 

in ionizations that are accompanied by dissociation, fast ions 

( n i f ) with on the order of 8 eV for H. The charge exchange 

process produces only ions at rest ( i c x ) - Each beam ion can 

undergo only one charge exchange col l is ion. After that tha newly 

created beam neutral can be ionized and undergo another charge 

exchange but since this produces an electron and a slow ion pair 

this multiple process is considered to be part of the ionization 

process. 

Having identified the types of particles, we wi l l discuss the 

particle and energy balance in steady state. Three rates must be 

equal. These are the ionization rate, R1, the electron loss rate, 

R , and the ion loss rate, R .̂ 

R ' " nb vb n g ° Vb 
R i " < n i v i s > As 

where n is the neutral gas density, v. is the velocity of the 

beam, V. is the volume of the beam, v^ is the average velocity 

of escaping ions and A$ is the surface area of the boundary of the 
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system assumed to be cylindrical. We have assumed the ions escape 

radial ly . Note that the charge exchange Ions are not included. 

(From the cross section data we see that fast ions are created only 

1/6 as often as slow ions so for the time being we wi l l neglect 

them.) 

The Expression for the electron loss rate is not as obvious. 

Let us define f as the fraction of the ionization electrons ?hat are 

fast . These are lost as fast as they are created so *.heir rate is 

Bpj.fR 1 . The fraction considered fast wil l depend on the 

potential well depth and the nature of the electron energy 

distribution at b i r th . We assume the slow electrons are trapped and 

tend to a maxwellian. Their loss rate wil l depend nn the density, 

temperature, and potential well depth 

where v is the mean electron velocity, n is the density on 

axis and t is the potential well depth. T is the electron 

temperature in units of electron volts. From the temperature and 

potential dependence the particle balance is coupled to the energy 

balance. 

Before discussing the energy balance, i t is important to realize 

that the energy of this system is contained in two parts. There is 

the thermal energy of the plasma and there is the potential energy 

of the electrostatic well . When a particle leaves the system i t 

wi l l always carry some kinetic energy out with i t but as i t leaves 

http://Bpj.fR1
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i t may add or substract potential energy depending on the sign of 

the charge. With this in minr*, we now consider the energy sources 

and sinks in this system. The fast electrons give energy to the 

system. They are slowed down as they climb out of the potential 

wel l , giving their kinetic energy to the plasma. The slow.electrons 

also give their kinetic energy to the plasma but when they leave the 

system by rising over the potential barrier they carry out 

approximately one T with each electron. The ions are the main 

loss. They are accelerated by the potential and carry out kinetic 

energy equal to the potential where they were created. Much of this 

loss is exactly cancelled by the energy contributed by the fast 

electrons. Consider a fast electron and ion pair being created at 

some point in the well where the value of the potential is t. The 

electron gives energy ed to the system as i t escapes and the ion 

takes energy et with i t to the wal l , exactly cancelling each other. 

The only ions that require extra energy are those born in 

conjunction with a slow electron and even then they only need that 

amount of additional energy that i t would have taken to get the slow 

election out of the wel l . 

I t is important to note two items that are not part of the 

energy balance, charge exchange ions and electrons from the walls. 

The charge exchange ions are not involved In the energy balance. As 

the ion beam enters the plasma i t runs up the potential h i l l for 

positive charges slowing the beam down by the small amount ei. The 

charge exchange ions then carry the amount e0 to the wal l , this 

energy coming directly from the beam kinetic energy and not 
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involving the plasma, i . e . , the neutral beam particle's energy is 

less than that of the original ion by exactly the amount e#. 

The electrons from the wall do not carry net energy into the 

system. They become part of the trapped electron population for a 

time but they do not contribute energy by fa l l ing into the potential 

wel l . They are similar to the charge exchange ions in that they 

enter from ground potential and later return to ground potential 

transferring no net energy in the process. They may, however, 

become part of the trapped thermal plasma and carry out one T 

when they leave. 

Because of the slow electrons there is need of an energy input 

to the plasma. We wi l l not state an expl ic i t energy source but wi l l 

introduce a formal input and see what conclusion can be drawn. 

There are three unknowns in this system, T , t, and n or 

equivalently n*. There are also three equations, two from the ion 

and electron particle fluxes and one from the energy balance. 

R1 . R, (2.1a) 

V b V V b " < n i vis> As ( 2 ' l b ) 

R1 = Re (2.2a) 

nbVbngoVb = fR 1 + I Asve n e o e -e * /T e (2.2b) 
4 

eS( l - f ) Ri + T e R e s + T e R e w = En R e s + P i n (2.3a) 

Equation 2.3a can be rearranged using 2.1a, 2.2b to be, 

< * + V T e ^ U E n + 1 £ (2.3b) 
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P is the unknown energy inpu t . E is the average energy of a slow 

e lec t ron. There i s a l o t hidden in Eq. (3 ) . E n is an average 

that depends on the potent ia l well depth. The energy, ei, i s not 

given exact ly by the well depth as i t would be fo r a square well but 

ac tua l ly by an average over the spread in potent ia l where the ions 

are created. And the energy input could be due to coulomb 

co l l i s ions or possibly some i n s t a b i l i t y . I t is not our task here to 

elaborate on th i s equation, that i s the work of another thesis yet 

to be wr i t ten ( ten ta t i ve ly planned by Gary Guethlein). Hereafter, 

we w i l l assume the temperature to be known. I t is eas i l y measured 

and w i l l be used as an input to la ter modeling. 

We can think of Eq. (2.3b) as determining T. , Eq. (2.2b) as 

determining the r a t i o between ed and T , and Eq. (2.1b) as 

determining n. The ion f l ux densi ty , <n. . v- >, i s a formal 

expression that requires a complete knowledge of the ion ve loc i t y 

d i s t r i bu t i on and the potent ia l var ia t ion in space in order to 

evaluate. Given T and various beam parameters, n ( r ) can be 

solved fo r by computer. Similar s i tuat ions have been discussed in 
4 5 the l i t e r a t u r e . We w i l l present a solut ion fo r our pat icu lar 

case l a te r . In such solut ions, Eq. (2) becomes the boundary 

condit ion on the current to the wal l which sets the ra t i o ed/T . 

So far we have not seen any e f fec t due to the charge exchange 

ions. They are not in the energy balance but they do af fect the 

ra t i o ed/T . Several amps of current leave the accelerator and 

th is current must return to ground somewhere. The ions that undergo 

no charge exchange co l l i s ions return to ground through the beam 
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dunp. The rest of the current creates slow ions distributed along 

the neutralizer where they contribute to the current to the wal l . 

Equation (1) would have an additional term on the left-hand side,the 

production rate of icns by charge exchange. Equation (2) is 

unchanged but the value of n w i l l , from the extra term in eq. 1 , 

turn out to be higher which wi l l in turn require a larger value for 

e*. 

B. Radial model 

1 . Basic Equations 
V 

We have chosen to solve for the density and potential by the 

direct solution of Poisson's equation. This includes the sheath in 

the solution and wil l allow us to see the effect of the charge 

exchange ions on the potential barrier height. Similar calculations 

have been made > 5 » 6 > / » 8 though not necessarily with our combina­

tion of cylindrical coordinates, ion beam as ionization source, and 

space between beam and wal l . 

The basic equation is Poisson's equation 

-V2tf = 4ire(n i - n e ) 

The ions are assumed here to be created at rest. (The next section 

gives the calculation for ions created witn some energy.) They then 

free-fal l to the wall accelerated by i'ne potential. We calculate 

the density by f i r s t getting the density at a ring at r caused by 

particles created at p. We then integrate over al l values of p that 
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contribute density to r. The continuity equation in steady state 

with a source term is 

7 . (nv) « G(r) 

J v • nv dV - J nv . ds - I G(r) dV 

The increment of density en at r that results from a source that is 

non-zero only at p is then 

«nv 2*r » 2*G(p) pdB 

v is given by the difference in potential between p and r 

Combining these and integrating over p gives n.. 

n . ( r ) = 1 ) G(P) p dp 

« ( r ) ) 1/2 
(2.4) 

Only p less than or equal to r contributes to the density at r since 
an ion born at rest can only move to regions of lower potential. 

For the electrons it is easiest to assume that they are 
Maxwellian and follow a Boltzmann distribution. Other distributions 
are considered later. 
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" e - " e o e e * / T e ( 2 - 5 > 
e eo 

Combining these with a term fo r the beam ions gives 

^ W C P ) - ^ ) ) 1 * 

Let us introduce a few d e f i n i t i o n s . 

n b ( r ) - n b 0 g ( r ) G(r) - <n bv>g(r) x * . y t . - ^ e 2 

G is the production rate and is proportional to the beam densi ty . 

The beam density i s given by the density at the ex i t gr id times a 

shape fac to r . At the e x i t g { r ) i s 1 across the width of the b«am 

and zero outside the beam. Further downstream g( r ) w i l l depend on 

the beam divergence and the posi t ion downstream. However, the 

integral of g ( r ) i s a constant and equal to the width. / g(r)dr=width 

This guarantees that the number o f par t i c les remains constant along 

the beam. Now we introduce the fo l lowing dimensionless variables 

n e o <2T /m ) 1 / 2 

y = r/r r = — — 
' ' 0 o <n b v> 

x = -etf/L, 

6 - r o A d 

bo eo 
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We now have: 

i 2 . i F g(y')y **',, _,-x + R g ( y ) (2.7) 
B 2 7 X y J [x(y) - x ( y ' ) ] 1 ' 2 

0 

Solution of this wi l l give the potential and density along a 

radius. The detailed computer solution is given in Appendix B. 

There is an important difference between the physical system and 

the computer solution. In the real world there is a given beam 

prof i le , a specific ion production ra te , and a specific wall 

position. The plasma wi l l be at some temperature and a specific 

density at the center wil l result from these conditions. In the 

computer solution the density is specified at the center and the 

calculation proceeds outward from there. The wall is located by 

some condition on the total current to the wal l . In many cases that 

current would be zero but in our system we expect that current to be 

the current of ions created by charge exchange. The total ion 

production rate is given by the sum of charge exchange and 

ionization. The ionization events include electrons and the charge 

exchange do not. The original beam current is converted by the 

charge exchange events to a net current at the wal l . This does not 

change the solution but merely changes the location of the wall and 

the value of the potential at the center relative to the wal l . 

2. Fast Ions 

In collisions between protons and H, molecules a certain 
percentage of the time H, ions in high vibrational states are 
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produced. These ions subsequently dissociate with the ion acquiring 

substantial energy. At 25 keV the cross section for the fast ions 

is about one-sixth that of the slow ions so i t may be an important 
12 

contribution to the density. Here we calculate the density of 
1 Q 

the fast ions following the approach of Bernstein and Rabinowitz * 

for calculating the density around a probe. 

We choose a cylindrical coordinate system and do the problem in 

two dimensions ignoring the axial coordinate. This is consistent 

with the system we are studying. The density is given by 

n = \f d 2v 

where f is the solution to the Boltzmann equation 

3 F ' v v f - | v d . V = o 

The sourceless form of the Boltzmann equation can be used even 

though the ions come from sources because we are considering the 

steady state. We simply drop the source and at the source point use 

the distribution function which gives the same density and velocity 

distribution that would be found at that point. The Boltzmann 

equation then describes how that distribution is related to the 

distribution over the rest of space. The distribution function, f , 

is constant a!ong a particle orbi t . For orbits in a plane the 

general solution is then 

f = f (E,J) 
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where E and J are the constants of the motion, energy and angular 
momentum. We assume we know f on a particular ring at p. But 
because of the potential a particle starting at o cannot reach all 
values of r. Corresponding to this there are no particles in 
certain parts of E-J space. In these regions f is zero and the 
problem becomes finding the bounds of this region. 

We define the potential to be rero at the origin and go to minus 
infinity at infinite radius. Also we define the particle energy 
such that a particle born at p with zero kinetic energy has zero 
total energy. 

E - 1/2 m v 2(r) + e*(r) - e*(p) 

v 2 = v 2 + v | J 2 = m V v | 

E = 1/2 mv2 ( r ) + J ^ m r 2 + e«(r) - e$(p) 

Now we w i l l define a potent ia l U(r,J) 

U{r,3) = J 2 /2mr 2 - e«(r) - e#( P ) 

The density has two d i f fe ren t forms depending on whether we are 

evaluating the density at a point r less than or greater than the 

point p where the par t ic les were born. A l l ions leaving p w i l l pass 

through r>p but fo r some E and J an ion w i l l be unable to reach a l l 

values r<p. Figure 2 shows the potent ia l as a funct ion of r fo r 
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U(r,J) 

XBL 824-302 

Figure 2 
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several values of J and several o - b i ts . For E < U(r. , J«0) the 

particle wi l l not reach r̂  ( r . : r < p) as in orbit 1 . 
E m U(r^_,0) is the boundary shown in orbit 2. For larger E there 
1s a l imit imposed by the angular momentum as shown by orbits 3, 4, 
and 5. Only when E > U(r^ n , J 2 ) wi l l the particle reach 
'"in" ^ * ' s p u t s t h e c o n < J i t ' i o n o n J 

J 2 < 2 mr 2

n [E - e # ( r 1 n ) + e*(p)] 

For r t (''out:»' > P ) all particles will arrive there but there 
is a limit on J for the definitions 

J 2 <, 2 mp 2 E 

Figures 3a and b, show the region of E-iT phase space to be 
integrated over for r. and r Q u t respectively. In going from 
v x . v y to E, J 

,2„ dE dj 
d v * j ^ — 

m[2mr2[E - e<»(r) + e*(p)] - 0 2 ] 

ft > v / r = J/mr2 

36 n If = 0 

36 1 

r = V r= [ 1 [E - e*(r ) * e * ( P ) ] - ^ ^ 
m r 

^ = [2m [E - e#(r) + etf(p)] - 0 2 / r 2 ] " 1 / 2 

dv„ dv,. = dE do 
y = i rm~ 

m[2mr*[E - ed(r) + e*(p)] - j ' ] 
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Now jn(r ,p) , the contribution to the density at r from a distr ibu­
tion at p, is given by 

[2mr2[E - e*(r) + e*(p)]] 1 / 2 

sn(r, P) . I dE I dJ tiEiA 
[2mr2 [E-e#(r) + e*( P ) ] - J 2 J 1 / 2 

e*(r)-e*(p) 
" 0 

(2.8a) 

(2mp2 E ) 1 ' 2 

r 
•"» ' J J — ^ _ 

m[2mr2[E-e*(r) + e*(p)] - J 2 J 1 / 2 
«!> I "J „ 9

f < M , — - n r r > p 

(2.8b) 

I f we assume that f is independent of J, then sn becomes upon 

integration: 

i ( r ,p) ~ / f(E) dEO£E - e*(R) + e*( pJ] 

ffl(r.p)-/dEf(EUrcs1nfe ( £ _ E

e 0 ( r ) + ^ ( p ) ) 1 / 2 ] 
' 0 

(2.9) 

r > p 

The fact that the density is constant for r < p is a result of 
geometry. The result is reasonable as can be seen from the 
following argument. The density on a cylinder results from three 
effects. First, for decreasing radius the volume for the particles 
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is shrinking so the density increases as 1/r. Second, as the 

particles neve fn they slow down against the potential. Again, the 

density should increase this time as ^ or — - — c Third, 
(E-e*P 

because of the angular momentum, fewer particles can reach the inner 

radius. One can define a cr i t ical solid angle at p that sets the 

limit on reaching r and should be proportional to the density, «n. 

In general 

J « mp y | i - sin e 

The l imit on J is 

°crit " 2mr* t E _ e * ] 

Combining these gives 

»„_,.,. a a rcs ! "[; H1 
so an is given by 

1/2 
e c r i t arc s in [ £ ( U & ) ] _ r n n c < . a n t 

sn a _ ^ ^ _ a p E J ; constant 
r(E - e < * ) 1 / 2 

for small r . 

Also for r > p the so l id angle is a constant 2* so «n is given by 

sn a — 
r(E-e<t)^ 

obtained e a r l i e r . 

, which is the l i m i t fo r large r of the expression 

In our system, a l l the pa r t i c l e production takes piace in the 

beam where the potent ia l var ia t ion from the center to the edge of 

the beam is about T . 5 This is generally smaller than the 

energy from dissociat ion. I t is convenient then to take f (E) to be 

«n «(E-E ) where E > e#(r) fo r non zero G(r) and 
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«n„ GkLdp 

V5 
We now compute the total fast ion density from all the sources. 

n(r) - /«n(r,p) 

From Eqs. (2.9a) and (2.9b) 

«n(r,p) « % i d p r < o 

% 1 dp s in " 1 

EQ - e#(r) + e#(p) 

1/2 

where v„ 

r E„ - e«l(r) 

r < p 

1 1 / 2 1 
+ e«K0J / J 

n(r) = J G(PI dp + / G k i dp si 
r o 

I t is convenient to rewrite this as 

n( r ) - JGM d o + f 6(P) d_ ] s 1 - n - l fp /_ E o ,. I 1 7 2 

0 0 L. 

The f i r s t integral is a constant and the second depends only on 

values of the potential less than r, which makes i t easier to solve 

on the computer. 



24 

3. Alternative electron distributions 

This plasma sits in a potential well that confines electrons. 

Electrons with more energy than the well depth are expected to 

escape. This wil l leave us with a truncated distribution. We can 

use an analysis l ike that for the fast ions. The effective 

potential is shown in Fig. 4a. We wil l consider various values for 

E and J, and see which orbits exist that do not intersect the wal l . 

The potential is defined to be zero at the origin and goes to 

positive inf in i ty at in f in i ty . A particle at r has energy no less 

than E « e i ( r ) and i f E < e i ( r ) then no matter what J is i t 

cannot reach the wall (orbit 1) . For larger E those with larger J 

are trapped (orbit 2) and those with less angular nomentum reach the 

wall (orbit 4 ) . The lower l imit on 0 is given by orbit 3. 

J 2 > 2mrw[E - e# ( r w ) ] 

There is still an upper limit on J from the energy limit. 

J 2 £ 2mr 2[E - ed(r)] 

These two limits meet at orbit 5. For E > E_ al l orbits reach 

the wall. Figure 4b shows the phase space. The cross hatched area 

cont.-.in those orbits that do not have sufficient energy to reach the 

wall . In the striped area electrons have sufficient energy but the 

angular momentum is such that the orbit does not intercept the 

wal l . In integral form 
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U(r,J) 
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Figure 4 
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n e (r) - Ij + I 2 

e#( r w ) fir(E-e*(r))l/! 

A / d j f (E .J ) 

e * ( r ) o 

E ^ v /2n " r (E -e« ( r ) ) 1 / 2 

m[2mrZ[E-e*(r)]-02] i / 2 

dE d j f (E,J) 

m[Zmr 2 [E-e*(r) ] - J 2 ] 1 / 2 

' r f t r j ^ a T r (E-e*( r J ) 1 ' ' 2 

where E m a 

rw e < ( r w ) ' r 2 e * ( r ) 

2" 2 
f.. - r 

Assuming f i s independent o f J . 

E_... e * ( r j 

n e ( r ) y f l I MM 

(»/2)dE f (E) + / 

(»/2)dE f (E) + / dEf(E) ^ 

e«(r) etf(r ) 

(W2) - sin1!/ i f l V l 1 ' 2 rwl 

and fur ther assuming a source which is producing a Haxwellian 

d i s t r i bu t ion I . becomes: 

h - V 
- e * ( r ) / T 

1 - e 
- ( e * ( r j -e<J(r))/T, 

1 - e ^ w ^ e 

This is just what is obtained when a truncated Haxwellian is 

integrated over ve loc i ty space. I - can be evaluated e x p l i c i t l y 
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2 
i f we assume f - 1/E . This is a reasonable approximation because 
the integral is evaluated over a f i n i t e region in E. 

D * ( r w ) - a # ( r ) ] # ( r „ ) (". ^ ^ ^ 2 

1 

In evaluating I , f has been normalized so that i t is equal to the 

Maxwellian at r . With th is normalization f w i l l be too big over 

the range with the largest error coming fo r larger E where the 

region of in tergra t ion is smaller. 

This form of the density goes to zero at the wal l and we know 

that because there i s a net electron f l u x to the wall the density 

should be f i n i t e . I t w i l l be f i n i t e i f we use fo r the potent ia l at 

the wal l an e f fec t i ve potent ia l s l i g h t l y larger than that at the 

w a l l . This is essential 

the e f fec t i ve po ten t i a l , 

14 w a l l . This is essent ia l ly the resu l t of Pastuhkov who gives fo r 

- e # e f f / T - e * ( r w ' / T e 
e e T T e = 3/2 e w e 

Using 0 - . for t>[r ), the expression for the density can now be 

used in Eq. 2.7 in place of the Boltzmann electron term. 

Conclusion 
In section A we set down three equations, the solut ion of which 

determined the electron temperature, density and potent ia l of the 

plasma created in the neut ra l izer . We indicated that the i r solut ion 
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could be divided into two separate problems, the particle balance 

which we examined in Section B, and the energy balance, which we 

ignored by assuming that the electron temperature was known. In 

Section B we presented our description of the particle balance. The 

basic equation was the Tonics and Langmuir plasma sheath equation. 

Several assumptions were made in its derivation. 1) Electrons are 

Haxwiillian. 2) Ions are horn at rest. 3) Ions are accelerated only 

radial ly and not axia l ly , 4) The ion beam is the only source of 

ioni2:ation. Assumptions 3 and 4 are supported by experiment. 

Theory has been developed to eliminate the need for assumptions 1 

and 2. The electron density term was modified to include the 

effects of the potential well and an extra term was added to include 

ion density caused by ions created with non-zero energy. 

The resultant equation has been solved by computer and the 

results are compared to experimental measurements in Chapter 5. 
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CHAPTER 3 

EXPERIMENT DESIGN 

A. Equipment and Procedures 

This work was done at Test Stand I IB in the LBL MFE Group. We 

used a "Berkeley 10-Pmp" neutral beam source. The source is 
15 described in detail elsewhere but we give a br ief description of 

the system here. The three main sections of the beamline are the 

plasma arc chamber, the accelerator and the neutral izes The arc 

chamber and accelerator mount on the neutralizer which is real ly 

nothing more than an aluminum pipe, one meter long and 20 cm 

diameter, with diagnostic ports installed along its length. This is 

mounted on a large vacuum tank and the beam is directed into a beam 

dump. The unit is capable of operating up to 40 keV, 10 amps for 

10 ms. The time l imit is given by the power supply for the source 

which is a pulse l ine. The electronics are indicated in Fig. 5 and 

the shot f i r ing sequence is also shown. Shots were at one minute 

intervals. No data were taken during the f i r s t 60 shots of any 

day. This warm-up period was necessary because during this period 

the operation of the source would change. Runs were made as 

continuous as possible since any prolonged pause would require 

several shots to return to the same running condition. Data were 

reproducible from day to day so long as the proper warm-up was 

observed. Even so, most data comparisions were made from the same 

day's data. 
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B. Diagnostics 

Several operating parameters are monitored routinely. The 

source is a hot filament discharge. The discharge current, voltage 

and saturated ion current are recorded. The accelerator is a three 

grid structure. The f i r s t and last grid provide the potential drop 

which accelerates the ions. The middle grid is biased negatively to 

prevent electrons from flowing back Into the source from the 

neutrali2er plasma. The operating voltages and currents drawn for 

these grids are also recorded on an oscilliscope for each shot. The 

beam profile is monitored at the beam dump which is an array of 32 

thermistors imbedded in the aluminum plate. These respond to the 

heat deposited in the dump by the beam (for more details see 

Appendix A4). The dump is electr ical ly isolated so that i t can be 

biased relat ive to ground. The current to the plate is measured by 

a resistor to ground. 

The main data were taken with a Z mi l . diameter tungsten wire 

which was operated as a Langmuir probe. In addition to getting the 

electron temperature in the usual way, the probe was used to 

measure the electron density using the electron collection :region in 

the orbital motion l imi t . This regime was possible because of 
11 3 the low density present (a few 10 /cm max:- \ Unfci-omately, 

the low density also presented a cleanliness problem. We could not 

draw sufficient current from the plasma during a shot to clean the 

probe so the probe had to be cleaned another way. This was 

accomplished by making the probe a loop of wire and passing a 
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current sufficient to clean i t through the wire before each shot. 

More details of the contamination are discussed in Appendix Al . 

Since the model assumed the plasma flow to be rad ia l , this 

needed to be tested. Two diagnostics were t r i ed . The f i r s t was a 

planar probe of tungsten which would be rotated about an axis 

perpendicular to the r-z plane. I f the plasma had a component of 

flow in the z direction one would expect to collect a varying amount 

over the rotation. Unfortunately, as the normal to the probe points 

more in the z direction i t also begins to intercept more of the 25 

keV beam. This is not the main beam which is well col lima ted, but 

rather the halo beam which is much less dense and has much more 

divergence. This halo comes from charge exchange and ionization 

events that take place in the accelerator. Rather than try to 

determine the effect of the beam on the orobe, another technique was 

t r ied . 

Ion-acoustic waves travel with the ion-acoustic speed in the 

local plasma frame. I f the plasma is moving with respect to the 

wave launcher and receiver, the wave speed measured wil l be the wave 

speed plus or minus the plasma speed, depending on the direction of 

the wave propagation relat ive to the plasma flow. The difference in 

speeds for a wave launched in opposite direction gives the plasma 

speed along the line between transmitter and receivers. Doing this 

along two axes then gives the plasma velocity. ( I t is really the 

ion flow velocity but since the iois carry the bulk of the momentum 

i t is essentially the plasma flow.) A probe to make these 

measurements was designed and is described in Appendix A2. 
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I t is important to know the neutral gas density in order to 

determine the particle production rates. Two types of ion gauges 

were used to aieasure the density. Both used a Varian mi l l i tor gauge 

head but with different electronics to ensure an accurate reading of 

the density on a short time scale. In its usual operation a sudden 

puff of gas wil l cool the filament of the gauge and change the 

emission of electrons-. One type of gauge supply designed at 

Livermore rapidly regulated the filament current to maintain 

constant electron emission. The other gauge used the standard 

supply for the filament and allowed the current to change but i t 

electronically divided the collected ion current by the electron 

grid current and in this way eliminated the effect of the varying 

current. Both were calibrated in steady state against a barocel. 

The gauges agreed with each other, though the Livermore gauge had 

less ripple owing to its d.c. filament supply. Neither gauge could 

be relied upon during a shot because the plasma present interfered 

with the operation of the gauge head. Typical data are shown in 

Appendix A3. 
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CHAPTER 4 

RESULTS 

Most o f the data were taken with the th in tungsten w i re . I t was 

swept well in to both the ion and electron saturat ion regions. 

Because of the wire diameter and plasma conditions the probe was in 

the o rb i t a l motion l i m i t o f operat ion. That i s , 

. z

 2 AP < i e 2 <e \ * v 
, m e, i 

where V b is the probe bias measured r e l a t i v e to the plasma po ten t i a l . 

The ion beam, at 25 keV, is unaffected by the probe bias and adds a 

term to th is equation. I t i s most noticeable on the probe trace as 

a s h i f t in the f l o a t i n g po ten t i a l . In the same way that a hot 

electron t a i l lowers the f l oa t i ng po in t , the ion beam raises the 

f l oa t ing po ten t i a l . In the ion region the beam current w i l l add to 

the col lected current . Also the beam w i l l knock o f f secondary 

electrons from the wire which w i l l also add to the current . In the 

electron region the beam current w i l l reduce the col lected current 

and any secondaries produced w i l l be drawn back to the probe by the 

probe b ias. The t rans i t ion region w i l l have the proper shape as 

long as the secondary current is much less than the electron 

saturation current , that i s , i t does not act l i k e an emissive probe. 

Analysis of a probe trace is a several step process. F i rs t the 

l inear extrapolat ion of the ion current is subtracted o f f thetrace. 

Then tiia plasma potent ial is determined from the point where 
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2 
I -0 (Fig. 6b). This point seems best for a low density 

3V2 

plasma where the knee of the trace is not very sharp. What is 

real ly important is that a consistent and reproducible definition be 

used and this method eliminates the somewhat arbitrary choices, such 

as which intersecting lines to use, from the determination of the 

potential. The derivatives are taken by Fourier transform on the 

computer. High frequencies are numerically f i l tered out in the 

process. The electron temperature is determined in the usual way 

from the region below the plasma potential. (Fig. 6c) 

The density is obtained from the total current. A two parameter 

f i t is made to the current in the ion region using the equation 

V2"A„ n.e , , , 
1 —rysr-< e <V V + V 2 ' + V s 

(Here collected ion current is defined to be positive current). 

Vp and T e are provided and n, and I b + S a r e d e t e r m 1 n e d f r o m 

the f i t (Fig. 6d). Because the f i t region is far (>3T ) from 

V , n and I are not very sensitive to the value of T + eV . 

A change of one volt has no effect. Using the secondary emission 

coefficient for clean tungsten I k „ . _ ... A, j „ is converted to 
3 beam + secondaries 

'beam* T l l i s 1 s u s e d w ^ t h t n e e ' e c t r o n region to make a two 

parameter fit 

V2* *„ "« e p e 1/2 i = T ^ (e( V v p ) + T e ) "< - i b 
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(Now col lected electron current is defined to be pos i t ive current 

and I b changes s ign ) . Vu is again much greater than 1/ 

(3T ) and i D > I h so that I. is not of great importance. V 

- T„ is not well determined from th is method. n_ is then taken e e 

to be the density of the plasma (F ig . 6e) . I f a gives a measure of 

the beam current . 

There are a large number of parameters that could be varied in 

th is system. Rather than t r y to cover the ent i re parameter space we 

have taken data along the axes of the space to get an idea of what 

is important and then expanded the coverage in those areas. The 

f i r s t concern is how constant the plasma parameters are during the 

10 ms of the shot. We varied the s t a r t o f the probe sweep by one 

mi l l isecond in tervals through the length of the shot. As seen in 

F ig . 7a,b the temperature is constant but the density r ises during 

the shot. The change i i slow enough that i t w i l l not e f fec t the 

in terpre ta t ion o f a probe t race. We also expect data taken during 

the same time in tervals to be comparable. 

The main data consist o f the density p ro f i l es . The probe could 

be moved r a d i a l l y without d is turb ing the system running. The mover 

had six centimeters of t ravel and a re la t i ve accuracy of bet ter than 

one quarter of a mi l l imeter . Because the travel was less than the 

diameter of the neutra l izer i t had to be set to cover d i f fe ren t 

parts of the beam and one continuous sweep of the ent i re diameter 

was not possible. Most of the data were taken from thf center out 

to s ix centimeters which is approximately two beam r a d i i . Figure 8 

shows six pro f i les taken for three d i f fe ren t beam currents at two 
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different neutral gas pressures 30 cm downstream from the exit grid. 

A small amount of data was also taken 60cm downstream (Fig. 8b). We 

see from the density plots that the density behaves as expected in 

the center. I t rises with both gas pressure and beam current. At 

the edge, however, the qualitative behavior with respect to current 

is the reverse of what is expected. This is due to combined effects 

of temperature change and divergence change as are discussed in the 

next section. In addition to the density profiles the data analysis 

yields plasma potential and beam current profiles (Fig. 9,10) . The 

most surprising result is the variation of the electron temperature 

with beam current (Fig. 11). The temperature rises by a factor of 

two while the beam current, and hence the power in , only increases 

by 5 0 1 The temperature is nearly uniform across the neutralizer 

showing a slight ( . lev) increase in the region where the beam is 

present. 

The calorimeter/beam dump could be electr ical ly isolated from 

ground. Since most of the fast electrons are created in the forward 

direction they strike the beam dump. By putting a bias on the dump 

we expected to change the fraction of fast electrons, that is , make 

an increasing number of them part of the slow electron population. 

When this was done, the density profiles did not change but Fig. 12 

shows how the plasma potential changed with bias on the dump. 

The ion acoustic probe (Appendix AZ) was oriented with normal of 

the transmitter and receiver parallel to the axis of the beam line 

in order to measure ar > unexpected axial flow. The propagation 

velocity was measured for a wave traveling toward the source and 
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then the entire probe assembly was rotated 180* to measure the 

downstream velocity. The difference of the two velocities gives the 

axial flow velocity. This was found to be .1 cm/sec which is on the 

order o>' the thermal velocity of the neutral gas. We conclude from 

this that there is no anomalous axial flow. 
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

Discussion 

I t i s the purpose of th i s research to establ ish the par t i c le 

sources and sinks in the neutra l izer wi th the help of Langmuir 

probes. Toward that end we have measured radia l density p r o f i l e s . 

Because o f the operating conditions the density could be determined 

from the slope of the character is t ic which is more accurate than the 

methods that determine the density from a s ing le po in t . These 

p ro f i l es are compared to a model which requires as input 

measurements of the electron temperature, the neutral gas densi ty, 

and the ion beam shape, in tens i ty and composition. The temperature 

was obtained from the t rans i t i on region in the usual way. The gas 

density, while i t could not be measured during a shot, was bracketed 

by a cold-gas measurement without a shot and the maximum change that 

could occur given the geometry of the neutra l izer (see Appendix 

A3). The ion beam p r o f i l e was measured in two ways, from the 

calorimeter at the end of the beam l i ne and from the s h i f t in the 

probe traces. 

Before we compare the measured p ro f i l es with the computed ones, 

le t us consider where the uncertaint ies are. Langmuir probes are 

accurate devices fo r measuring the temperature, but i t is always 

d i f f i c u l t to get an absolute measure of the density from them. 

Though the theory is quite good in the o rb i ta l motion l im i t there 

are several systematic ef fects that l i m i t accuracy. The probe is 



49 

not w inf ini te cylinder, i t is curved into the shape of a loop and 

has ends. There are uncertainties in the probe area and in the 

reading resistor. Because of these, we wi l l take the error to be 

around 20 percent. This is probably optimistic. The relat ive 

uncertainty, however, is probably much better. Only the plasma 

density and the amount of support structure change as the probe 

position is varied. The support structure probably causes the 

decline in plasma potential measured in the center. The variation 

in the density is not great and produces a small change in the Debye 

length which governs the accuracy of the theory. 

The largest uncertainty is in the beam profiles. That part of 

the beam which is well collimated is accurately represented by the 

calorimeter data. The widely divergent part of the beam, the halo, 

wi l l not arrive at the calorimeter to be recorded. The probe 

indicates wings on the beam wider than that given by tlie calorimeter. 

But at the edge where the beam amplitude is small, the error in the 

measurement is comparable to the magnitude of the beam current. 

Measurements on other beam lines have indicated a nearly constant 

amplitude halo beam extending all the way to the wal l . This 

halo is also seen to be insensitive to beam tuning. To account for 

this in the model we have added to the beam shape a small amplitude 

(15 percent) gaussian with five times the divergence of the main 

beam. This was chosen to f i t the wing of the beam profile for the 

4.4 Ampere case. 

In generating the computer profiles the temperature, on axis 

plasma density, beam current at the exit grid and shape factor are 
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inputs. The ion generation rate is then adjusted until the sheath 
and the real wall location coincide. That ion generation rate can 
then be compared with the rate determined from the measured gas 
density. Figures 13abcdefg show the curves and data for the six 
cases shown in the results section. Figure 14 shows another case 
where the measurements were extended to the wall. Figure 15 is the 
same case as Fig. 6 but without the halo «dded to the beam. Note 
that the halo is needed to produce the density measured outside the 
beam edge. The calculated generation rates are within 20 percent at 
the expected rates (see table) which is quite good considering the 
absolute uncertainty in the density. 

Pressure (mT) 1.4 2.4 
Beam Current (A) 3.7 4.9 5.1 3.7 4.4 5.1 

Calculated Rate .63 .94 1.2 .95 1.4 1.7 

Expected Rate .74 .88 1.0 1.1 1.4 1.6 

( 1 0 1 6 cm" 3/sec) 

The general agreement of the computed and measured pro f i les and the 

agreement of the production rates gives us confidence that we have 

iden t i f i ed and cor rec t ly assesed the magnitude of the par t i c le 

source and that we understand where the par t ic les go. Also on the 

time scale of th i s experiment we see no evidence that the gas 

density in the neutra l izer is other than that expected from 

molecular gas f low. On the other hand, there is no obvious 

explanation of the electron temperature var ia t ion observed. We hope 

that the work presented here w i l l supply a so l id foundation for 

examining the problem. 
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Though f t was not mentioned s p e c i f i c a l l y i n Chapter 2 the model 

f o r the neutra l izer plasma does not require local ambipolar f low. 

In the i t e a t y state the ion and electron loss rates are equal, but 

some of the electrons are l os t a x i a l l y to the beam dump while a l l of 

the ions are lost r a d i a l l y to the wa l l s . Biasing the beam dump 

negative w i l l prevent electrons from being col lected there and force 

them to go to the wa l l s . As indicated by Eq. 2.2 reducing the 

f r a c t i o n , f , o f electrons that leave v ia the end w i l l reduce the 

plasma po ten t i a l . Without a detai led knowledge o f space and energy 

d i s t r i bu t i on of the newly created e lect rons, i t i s impossible to 

determine f . But q u a l i t a t i v e l y one expects the change in plasma 

potent ial to saturate fo r large b ias . The measured s h i f t in plasma 

potent ia l with varying beam bias supports th is p ic tu re . Other 

possible ef fects of the bias such as introducing several amperes of 

cold electrons, would e f fec t the electron temperature or the density 

p r o f i l e s , neither of which change when the bias is appl ied. There 

may be other unknown processes so th i s is not a proof but i t is 

st rongly suggestive. 

Conclusion 

We have presented a model for the neutra l izer plasma in which we 

fol low the production and loss of indiv idual ions and electrons . 

The electrons are born with a spread in energy, some of which w i l l 

escape the potent ia l well immediately and others that w i l l be 

trapped and require some scat ter ing in order to escape. The ions, 

whether created by charge exchange or by ion iza t ion , w i l l accelerate 
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r a d i a l l y to the wa l l s . The steady s tate i s established by the 

plasma potent ia l adjust ing i t s e l f so that the loss ra te fo r the 

trapped electrons is cor rec t . Most o f the energy comes from the 

energy the electrons receive when they are created. As the fas t 

electron goes to the wall i t gives to the potent ia l well exact ly the 

energy that an ion born along wi th the electron w i l l remove when i t 

goes to the w a l l . The only extra energy needed in the system is 

that amount by which the slow electrons are trapped. The source of 

th is energy has not yet been i d e n t i f i e d . 

We have patternad a model fo r the radi . ' l ion f l ux a f ter the 

Tonks-Langmuir plasma sheath equation Me have replaced the 

ion izat ion by electrons with ionizat ion by an ioii beam. We have 

also included ef fects of the truncated electron d i s t r i b u t i o n , and 

the ef fect of having some of the ions born with i n i t i a l energy. The 

solut ion of the resu l t ing equation by computer confirms our 

understanding. 

The experimental f i nd ings , as fa r as the ion beam and the state 

of the neutra l izer is concerned, can be summarized as fo l lows: The 

neutra l izers fo r large intense ion beams contain plasma generated 

pr imar i ly by the beam. The density o f th is plasma exceeds that of 

the beam by at least one order of magnitude. This was expected and 

had been saen before. On the other hand, the ion beam density 

d is t r ibu t ions that we observed here were a surpr ise. They were 

surpr is ing because they disagreed with the calorimetry data. In 

addit ion to the structure near the ax is , the beam had a much larger 

than expected halo. Though the beam measurement had a large 
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uncertainty in the halo region the density measurement and the 

computer profiles indicated that the large halo was rea l . Me had 

noadditional diagnostic to confirm the detail in the center of the 

beam but the result was reproducible at different pressures and at 

different positions along the neutral izes This effect may be due 

to the arc discharge operation, i . e . , nonuniformities in the source, 

and while i t does not invalidate this experiment i t is of concern to 

neutral beam source developers. 

The temperature variation with ion beam current was also 

unexpected. Evidently, the energy balance for electrons is 

complex. The matter is of considerable interest and wi l l be the 

topic of future research at this test stand. 

The measured density profiles we believe accurately establish 

the plasma shape in the neutralizer and wi l l be useful in the future 

energy balance research and in the interpretation of neutral beam 

behavior in other injection systems. 
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APPENDIX Al 

E lect rostat ic Probe 

A serious problem wi th the use of probes in th is plasma was 

surface contamination. Figure 16a shows three probe sweeps of 

overlapping voltage ranges. Where the voltage is the same the 

current drawn should be the same. This was not the case and in fac t 

fo r one range the current ac tua l l y decreased. This indicated the 

need to clean the surface of the probe. Figure 16b shows the same 

plasma condi t ions, but af ter cleaning. Here the traces can be seen 

to behave cor rec t l y . To understand the e f fec t of the contamination, 

we t r i ed to simulate a " d i r t y " probe by putt ing a capacitor in 

serier. between the probe and the supply. The resul t is shown in 

Fig. 16c. The contamination was probably forming a th in insulat ing 

layer on the probt surface causing i t to act l i ke the capacitor. 

The probe was designed with the need to clean i t in mind. 

Because of the low density and short duration of the plasma under 

inves t iga t ion , the plasma current could not be used to clean the 

probe. The probe was made of a loop of tungsten wire, 2.5 cm long x 

2 mil diameter. The tungsten was spot-welded to larger steel w i re . 

The steel wire passed through t'.vo holed alumina held inside 1/4" 

copper tubing. The welds were recessed into the insulator so that 

only the tungsten would contact the plasma and co l lec t current. A 

separate d.c. power supply provided the current to heat the probe. 

Measurement by opt ica l pyrometer indicated a probe temperature of 

2100°C when heated. C i rcu i t ry was arranged io that the time between 
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the heating and the shot could be var ied . A second level of 

contamination was found. The problem shown in F ig. 16 would 

re-occur a f ter about a week, i f the probe was not cleaned during 

that t ime. But t h i s second level occurred in less than one second. 

Figure 17 compares two t races, one takjn immediately af ter cleaning 

and the other with the cleaning advanced to one second before shot. 

The later trace appears to have been sh i f ted one vo l t pos i t i ve . 

Because of th i s we t r i e d to heat the probe as close to the shot as 

possible. We could also get too close to the shot because o f the 

ion beam. By i t s e l f the ion beam s t r i k i n g the probe did not heat i t 

enough to have an e f f e c t , but when the probe was heated too close to 

the shot, the energy from the beam, plus the heat that had not 

dissipated yet was enough to make the probe emissive. We set t led on 

heating fo r 1.5 seconds ending 100 ms before the shot and when an 

emissive prove was wantei, i t was heated with a higher current 

ending 2 ms before the shot. 

Figure 18 shows the probe c i r c u i t r y . The heating supply was 

switched in and out by a mechanical re lay on both legs to ensure 

that during the shot the supply presented neither a large capacitor 

nor an addit ional path to ground. The probe sweep was provided by a 

capacitor (CI) discharging through an inductor ( L I ) . The capacitor 

would be charged back up again between shots by the battery (B l ) . 

In th is way, the reading res is to r presented the only path to ground 

for the current drawn by the plasma. The probe current was then 
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monitored by measuring the voltage on that res is to r . The probe v o l ­

tage was monitored by a high impedance voltage div ider using the 

scope input as part of the d iv ider . The voltage is measured at the 

probe so that even i f the capacitor voltage was pulled down by the 

current drawn by the plasma (as is the case in the fa r electron 

saturat ion region) or the current through the reading res is to r pro­

duced a s ign i f i can t voltage s h i f t , the correct value is recorded. 

The t r im capacitor compensated fo r the cable and input capacitance 

of the scope to ensure accurate readings during fas t sweeps. 

Probe voltage and current were recorded as a function of time on 

a Nicolet t ransient d i g i t i z e r . A current baseline with no plasma 

present was also recorded. These were transferred to a computer 

where the baseline was subtracted o f f . The sweep (2 ms) was kept 

slow compared to the ion plasma per iod, t y p i c a l l y aV/3t = 

3 . 10 4 Volts/sec « T e . « . = 1.5 . 10 7 Volts/sec, so that 

the probe character is t ic could be considered quas is ta t ic . 



67 

APPENDIX A2 

Ion Acoustic Probe 

In order to detect any axial f low of the plasma in the 

neutra l izer th i s ion-acoustic diagnostic was developed. The plan 

was simply to launch waves from one gr id and receive them at 
18 another, and then measure the time of f l i g h t of the wave. This 

was to be done in several d i rect ions so that the ve loc i t y vector 

could be obtained from i t s components. I t did not work because 

d i rect coupling and power supply r i pp le at an unfortunate frequency 

made i t too d i f f i c u l t to obtain a good s igna l . Phase sensi t ive 

techniques which vary the probe separation and observe the signal 
19 going in and out of phase also could not be used because the 

plasma is pulsed fo r such a short time with such a slow 

repe t i t i on - ra te . The method we developed circumvents these problems. 

Waves are sent with a time varying frequency. The dif ference 

frequency between the transmitted and received signals resu l t ing 

from the change in transmitted frequency during the t rans i t time is 

observed. I f the frequency is swept l i nea r l y in t ime, the 

difference frequency w i l l be constant and proportional to the 

t r ans i t t ime. Let T( t ) and R(t) be the transmitted and received 

signals respect ively. 

T( t ) = s i n « ( t ) (1) 

R(t) = s in «( t - «t) (2) 

where t{t) i s the phase function of the transmitted wave and st is 

the t rans i t time. For probe separation s and wave ve loc i t y V, st = 

s/V. 
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These signals are mixed e lec t ron ica l l y . The resu l t ing s igna l , M(t) 

is 

M(t) =. R(t) T(t) (3) 

. s in * ( t ) s in * ( t - «t) (4) 

.1/2 cos Wt) - <Ht - 6t)] - 1/2 cos [*{t) + *(t - rt)] (5) 

The high frequency component is f i l t e r e d out, and the signal 

H ' ( t ) = 1/2 cos [ » ( t ) - * ( t - s t ) ] is recorded. (6) 

For a l i nea r l y varying frequency ramp of the form 

f ( t ) = f 0 + ( 3 f / 3 t ) t (7) 

the phase funct ion w i l l be 

Now let 

* ( t ) = # 0 + 2» f Q t + n ( d f / d t ) t 2 (8) 

* = 2nf 0 «t - * (3 f / 3 t ) s t 2 (9) 

and 

F d = (a f /3 t ) «t (10) 

then M'( t ) = 1/2 cos ( * + 2 i F d t ) (11) 
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and the velocity V . s/6t - s | f / a t ,„. 
r d I " ' 

Note that noise of a fixed frequency such as the power supply ripple 

wi l l leave the mixer as a spread of frequencies, and direct 

(electromagnetic) coupling wil l produce a dc o f fse t on the s igna l . 

The number of periods of the difference frequency, N, depends only 

on the range of frequency swept and not on the measurement t ime, t 

N - Fd • *» -& • s t \ • ¥ ^ • rt • *•» = < F 2 - F 1 > • 6 t ( 1 3 ) 

There are two constraints on the times involved. (1) 

Experimentally the frequency can be swept only to some maximum value 

(FM) above which a l inear wave no longer propagate:. Thus to 

observe at least one period (N = 1) eq. (13) requires that st > 1/iF 

> 1/F... (2) The change of dr iver frequency in i t s period must be 

small compared to the dr iver frequency. In par t icu lar s f /s t 1/F, 

« F, which implies t » « t . 1 r m 

Neither of these is a severe r e s t r i c t i o n ; the pract ical l i m i t comes 

from the external c i r c u i t eleirsnts. 

Sinca the number of periods does not depend on the sweep t ime, 

th is technique can be conceptualized as analogous to the phase 

sensi t ive techniques mentioned e a r l i e r . Here i t is the wavelength 

that is varied instead of the probe separation and the output signal 

goes through a maximum as an integer number of wavelengths matches 

the probe separation (F ig. 19). 
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The I-A probe consisted of two nearly ident ical pieces o f 

tungsten mesh (70? transparent, ZOO ' ines per inch) mounted on the 

ends of coax. The mesh was spot-welded to steel wire which passed 

through alumina and copper tube to form the coax. The assembly was 

sealed wi th epoxy. The two coaxes were bent in doglegs o f d i f f e ren t 

lengths. In t h i s way, the separation could be set to four d i s t i nc t 

posit ions by ro ta t ing the coaxes. They could also be moved in or 

back r e l a t i ve to the f lange (F ig. 20). 

A schematic block diagram of the electronics is shown in 

F ig . 2 1 . The grids were biased in the ion saturat ion region. Rl 

provides ground reference for the b ias . CI and the internal input 

resistance form a high pass f i l t e r to block the steady ion current . 

K2 and C2 are chosen to ensure that the phase delay around the two 

legs is i den t i ca l . 

A consideration in determining the ve loc i ty is that the wave is 

not launched from the gr id but from a pre-sheath around the 

g r i d . Addit ional complications resu l t i f a wave is s imul­

taneously launched from elements which are electromagnetically 
01 

coupled to the antenna. To tes t for these e f fec ts , measurements 

were made at several gr id separations and the ve loc i ty was deter­

mined from the slope o f a graph o f t r ans i t time verses separat ion. 

Extrapolation to zero t rans i t t u . showed that the waves came from 

the transmitter wi th in the accuracy o f the extrapolat ion (^ 2 mm), 

hence th is source of error was neglected (F ig . 22). 

To avoid disturbing the ion f low, f ine mesh grids were used to 

exci te the ion-acoustic waves. Such grids can also launch streams 
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of ions known as pseudowaves. Pseudowav5 speed is a function of 

the exciter amplitude and frequency.. Because of this frequency 

dependence, the net output would have a changing period, as opposed 

to the constant period observed. Another check for pseudowaves was 

done by varying the amplitude by a factor of four. No change in the 

wave velocity was observable. 

A comparison of T as measured by a Langmuir probe and as 

determined by V. . is shown in Fig. 23. The wave was launched in a 

direction where the effect of flow is minimal and under conditions 

where T,- and the flow are expected to be small but not zero. The 
1 v 

least squares f i t for the slope is 1.0 ± 0.3. Given the 

uncertainties introduced by variations in T.,, flow, and the launch 

pnint and the increased signal damping observed for larger T , we 

feel the agreement is reasonable. 
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APPENDIX A3 

Fast Ion Gauge 

The input parameters to the model depend strongly on the neutral 

gas pressure. I t enters the production rate in two ways. F i r s t , 

the production is d i r ec t l y proportional to the neutral density. 

Second, the composition of the beam, that i s , the percent ion and 

the precent neut ra l , is a function of the target thickness to that 

point . This changes the e f fec t ive cross section for the beam (see 

Appendix D). I t also enters in the same way in the bea.r ion density 

at the point o f in te res t . So we would l i ke to know the neutral 

density as accurately as possible. 

Figure 24 shows the output of the ion gau?e when no shot is 

taken and only the gas is turned on. Note th° r ise time at the 

s t a r t of the pulse. I t is ~ 10 ms, which is consistent with the 

calculated time constant for the neutral izer assuming molecular gas 

f low. 

T = Volume = i,r2L/10QO l i t e r s = irfj s e c = g m s 

Conductance 381 r /L l i t e r s / sec 3.8 . 105 r 

The response of the gauge is changed when there is plasma present 

(F ig . 24). This persist-: even when the gauge is shielded by a f ine 

mesh. I t has been reported that the neutral pressure during a shr^t 

is two or three times less than that expected from cold molecular 

gas flow calculat ions. This is a t t r ibu ted to the source either 

heating the neutral gas cr causing i t to stream p re fe ren t ia l l y down 
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the center of the neutralizer. We do not expect this to be a 

concern here because the time constant for flow in the neutralizer 

is longer than the time at which most of the data is taken. Even i f 

new gas is being introduced at a higher temperature i t s t i l l takes 

time for the gas present at the start to leave the area. 
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Appendix A4 

Calorimeter 

The beam p ro f i l e is measured at the er-i o f the beam l i ne by the 

calorimeter. I t is a 4 x 8 i r r a y of thermistors mounted on an 

aluminum p la te . The thermistors respond to the heat deposited in 

the plate by the iT/s and neutrals when they s t r i ke the p la te . 

There is ni provision on th is tes t stand to def lect the ions and 

obtain separate p ro f i les fo r neut ra ls . The thermistors are 

monitored by computer and the peak temperature change is recorded 

for each shot automatical ly. The center rows and columns are 

separately f i t to gaussians. The f i t is done using the curve 
p 

f i t t i n g program PISA. The form chosen is A e ~ ' ^ o ^ w h e r e A ' 
the amplitude, X , the of fset from center, and D, a measure of 

divergence, are the f i t parameters. A sample f i t is shown in 

Fig. 25. Divergences are measured for several values of current to 

give a tuning curve fo r a spec i f ic accel voltage. Tuning curves at 

15, 20, 25, and 30 keV are shown (Figs. 26abcd). The angle is that 

for the 1/e point of the gaussian. 
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Appendix B 

Computer Solution to Poisson's Equation 

We wi l l describe here our solution to Eq. 2.7. This is known in 

the l i terature as the Tonks-Langmuir plasma sheath equation. 

Here is the equation. 

8 Z X y J 0 (x(y)-x(y')r /Z ] 

Host of the di f f icul ty arises in evaluating the integral . Several 

tricks are necessary. First we interchange the dependent and 

independent variables (recall that, we are in cylindrical coordinates 

2 * d H 
and 9 - y cly dy z 

1 [ 1 a j f 1 ay. - 3 afjr 
ax ax 9 X 2 ^ 

1 f 
-jun J0 

ay(x') 
y(x ' ) ax g(y(x')) dx1 1 f 

-jun J0 
( x - x ' ) I / z 

" X + Rg(y(x) ) (B 2) 

This simplifies the denominator of the integrand. Next, following 
23 the approach of Chun-Fai Chan in solving the equation for the 

2 
planar case, we introduce a change of variable; x = t . 
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J. H # (§) +2!H)"2+ wi(Sfil 
»y( f ) 

y-w / y ( t >T7f l i r ) ) d t ' -- t 2 *« 9 ^» (.,, 
This is necessary to eliminate a singularity in the slope at the 

origin. We know from the approximate solution (soe Appendix C) at 

the origin that y * b x 1 / 2 and | | » b x ~ 1 / 2 . With this change 

of variable y > bt and | £ » b which is regular at the origin. 

Because the integrand is singular at one of the end points of the 

integration a simple method such as tht trapezoid rule wil l produce 

serious error. We treat i t by taking y ( t ) | & ( y ( t ) ) to be constant 

over a small interval and expl ic i t ly integrating the remainder. To 

be more specific, let us introduce a mesh on the solution as shown 

in Fig. 27. The mesh is composed of steps of size h. We assume we 

know al l the values y„ corresponding to al l the t J b, and we m m 
wil l compute the next unknown value of y, i . e . , y + , . Eq. B3 at 

V v V i 1 s 

l ^ ^ h l ^ i f (!i-i] + 2 [ 3 V l 
-2 

2(m+l )h | 3 y m + l 

Vl l W~ 

-1 (m+1 )h ay. 

f y(t ') at 9(y(f) dt' 
V l / [ ( ( m + l ) h ) 2 - f ] 1 / 2 

-((m+l)h)' 
+ R 9 < W (B 4) 
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We convert the integral to a sum, and let y be the value of y at 
Y Y 

the midpoint of the interval and we take aY_ « n+1 n .. 
TP — h — t 0 

be the derivative at the midpoint on that interval . 

/ 

(m+l)h . t , , _ __ ay, 
s y j t ^ (m+1) _ n 

((m+l)h)* - f d ) l l d n _ 1 n n 

/

nh 
dt' 

«m+ l )h ) z - t ' z ] 1 / z 

(n- l )h 

m+1 - ay„ T , , n , , i n -111 

A l l the e lerents o f the sum are known except the l a s t (m+1) one. We 

do not the values o f the terms dependent on ly because we do not know 

y m + 1 y e t . We w i l l c a l l §£=f - The l e f t hand side o f equation 64 

is usual ly small and i t is most i n s t r u c t i v e to examine the equation 

w i th the l e f t hand side equal to z e r o . I f we m u l t i p l y through by 

y m + 1 , we have 

{^•SOfiXV!) [*/2- sMifr) ] 

-<ym + h f ) e - « m + 1 > h > 2 + (y + hf) R g{y ) (B ) 



We have substituted y m + hf for y m + ^ and ym^F for y m + . . 

I f we guess a value for y m + 1 to be used in g then we have a 

quadratic equation in f which can be easily solved. This value of f 

gives us y + , and the process can be repeated. As the solut ion 

progress along in y the coefficients in the quadratic equation wi l l 

change. Written as a simple quadratic 

o - a f z + bf + c 

»̂ IA1 
^2 f c 2 

hRg 

^^ t 2 
c -Sum - y m e - ( r o + 1 > h • ymRg (By) 

At t=o we f i n d b s tar ts pos i t i ve and c s tar ts negative. Both 

approach zero as the solut ion progresses. The f i r s t coe f f i c i en t , a, 

is small and always pos i t i ve . Three cases are possible, (1) c goes 

through zero before b, (2) b goes through zero before c, and (3) b 

is zero when c is zero. In case 1 the pos i t ive solut ion for f , 

which is the physical one, tends to zero. This i s the pre-sheath 

region where the potent ia l s ta r ts to r o l l over and the ions are 

accelerated to the Bohm ve loc i t y . (Remember that f is re lated 

inversely to — I . Since we have dropped the Poisson term the 

solut ion becomes nonphysical for pos i t ive c, i . e . f becomes 

negative. In case 2 b goes to zero. This happens because the 

source, g, goes to zero so a also goes to zero and the ent i re 
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expression becomes less than zero. Physically this means that the 

electron density is trying to exceed the ion density. I t results 

from picking non-physical conditions at the oriyin such that the 

ions cannot f ree- fa l l continously out of the system. In case 3 no 

pre-sheath is formed and the electron density never exceeds the ion 

density but the nean ion velocity equals the Sohm velocity at that 

value of y (y B ) and exceeds that velocity for larger values of y. 

The solution wi l l extend to inf in i ty for this case. The same cases 

arise in the f luid calculation. We need to add the Poisson term to 

see what happens. 

The Poisson term wil l change the equation from third order to 

sixth order in f but i t can ; , t i l l be written as S ( f ) * ) . In case 1 

instead of f becoming negative i t stays positive and approaches zero 

forming the sheath. Case two is unchanged. For case 3 and y<y„ 

b8 has only one positive solution but for y>yB B8 has two possible 

solutions. One is identical to the solution without the Poisson 

term. The other is a sudden decrease in f and is the forming of the 

sheath. The sheath forms relat ively abruptly because there is no 

pre-sheath, since the ion velocity is already greater than the Bohni 

velocity. This sheath can begin at any point y > yn. The 

solution is double valued at every point so there are an inf in i te 

number of possible solutions. We pick the one that puts the sheath 

where we know the wall to be. The solution seems to change abruptly 

because of the size of the step used in solving the equation. 

Ay-xd and in order to get a detailed solution within the sheath 

one needs a step i y « x , . As we decrease the step size in our 

solution the difference between the two slopes becomes less. 
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APPENDIX CI 

Approximate Solution 

The solution of Eq. 2.7 near the origin with the Poisson term 

neglected is given by Self. I t is of the form 

y - b 0 x 1 / 2 ( l + b j X + b j X 2 . . . ) 

Here we have made the substitution x « t 

y - b 0 t ( l + bj t 2 + b 2 t 4 . . . ) 

I f we plug this in to 2.7 and take the beam to be uniform at the 

center then equate terms of the same order in t , we obtain 

t : _ ° = b £ ( b 2 g(o) - b Q + R g(o5 = b^ A 

3 8 b o b l 3 2 
t i : %-± . b^ B + 9 b̂  b, A 

B 2 ° ° 1 

B = | 9(o) b Q b. - ( b r b 0 ) + R b ; 

t 5 : ~2 (12 b 2 - 8 b 2 b 0 ) = b̂  C + 9 b 2 b : B + (15 b 2 b 2 + 27 b f lb 2) A 

C = | g(o) (2 b Q b 2 + b 2 ) - - | - bj+b 2 + Rb2 



Solving for the first three b's 

bQ: o - b̂  g(o) + b* (g(o) R - D-4/B 2 

b • b - b ° 
b l : b l *a&) . i + R + 2 ^ 

• ' • > ; 
201 b 2 

b 2: b 2 

i _ b 3 j | g(o) bx

2 - ^ + b l J 

' o ( ^ b 3 g ( o ) - b J + b 2 R . * a ) 

91 
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APPENDIX D 

Miscellaneous Calculations 

Plasma produced by electron ionization compared to plasma 

produced by beam ionization 

In order to determine the importance of thermal ionization as a 

plasma production mechanism in our plasma we wi l l compare the rates 

of plasma production for thermal and beam ionization. 

an, 
For the beam j^~ = n b v b n g ^ 

where n fa = beam density 

v b = beam velocity 

n = neutral gas density 

a - = ionization cross sectiuon for fast particles on neutral 

gas 

an. 
By thermal ionization rx - = n n S 

i tr 5 (r / E ) 1 / 2 , 
where S = yr^-S exp [-E/T D ] cnr/sec 

( £ ) 3 ' 2 (6 + T e /E) e 

E is the ionization energy. 

ne = electron density 

n. v h a-
Taking the ratio of these rates R = -~—? 
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At a point 30 an downstream for a 25 keV, 4 A beam 

,^fm 1 0 6 . / 2 x 2 . 5 , 1 0 4 , ? 2 l o B m / s e c 

b * ev b A * (1.6 x 10" 1 9)(2.2 x 10 8)(50) » 2.2 10 9 cm - 3 

For the process H+ + H2 >• H+ + Hg + e a^ - 4.5 x 10" 1 6 

and with E . 15.2 S = 5 1 0 - 1 2 , 6 10" 1 0 

for T = 2 eV , 5 eV respectively. 

So fo r n - 10 with perhaps 10% in a hot t a i l at 5 eV 

„ (2.2 10 9)(2.2 10 8)(4 5 IP ' 1 6 ) . 4 3 5 

' 1 0 u (5 1 0 _ 1 Z ) 

. (2.2 10 9)(2.2 10 8)(4.5 IP ' 1 6 ) . 3 6 . 3 ^ 1 g ^ 
5 10 1 0 (6 10" 1 0) 

than 1 

Negative Ions 
25 Recently a r t i c les have appeared presenting evidence and 

theory for the production of negative ions in the volume of a plasma 

discharge. The process of formation is believed to be as fo l lows . 

The high energy electrons (60 eV) that ionize the gas to create the 

plasma also excite electronic states in the neutral gas molecules. 

These electronic states decay into v ibra t iona l s ta tes. Thermal 



94 

electrons around one eV can then combine with the molecules in the 

process of dissociative attachment to form negative ions. In our 

plasma there are no high elergy electrons but the 25 keV beam of 

ions can act in the same way as the electrons. In order to estimate 

the magnitude of the relat ive density of negative ions to the 

density of electrons we wi l l take a specific calculation for a 

particular discharge and simply replace the fast electrons with beam 

ions. 

Discharge (Hiskes et al)25 beam-generateJ 

gas density 4.10W cm-3 1 0 1 4 cm"3 * 

electron temperature 1 eV 1 eV 

electron density 2 10l° cm - 3 8 1 0 1 0 cm - 3 

fast electron density 2 10 7 cm - 3 

and energy 60 eV 

Ion beam density - 2.2 10 9 cm - 3 

and energy - 25 keV 

The rate of formation of negative ions is proportional to the 

rate of formation of vibrationally excited molecules. For the 

discharge this is given by 

* 
a n o 
F T = n o n e f v e f °e 

so for the beam i t wi l l be 

* 
3 n o 
I F " = n o n b v b ° i 



f 

which means the beam is a stronger source of vibrational states 

by a factor of 

"i. *k "i 

s nef vef °e 

Our n is lower by a factor of 4 so we should create about 40 

times more negative ions. However, the ion beam also introduces two 

destruction mechanisms not important in the discharge. Beam ions 

can knock off the extra electron or i t can remove the electron by 

charge exchange. In the discharge the dominant loss is 

recombination. 

3n7 
3tT l Q S S " n i n

+ <° v i i> + n T nb<°cx + "o* 

= nT[(8.10 1 0)(2.I0" 7) • 5 .10 1 7 ( 3 . 1 0 - 1 5 + 6.10" 1 5 )] 

= nT 2 .10 4 

This is about 4 times the loss rate of the discharge. So in total 

we expect our system to have a net negative ion population 10 times 

larger than the discharge. Hiskes, e t . a l . report a few percent 

negative ions so i t is possible that there could be 10% negative 

ions in the neutralizer. Bearing in mind that the uncertainty in 

this calculation is great because several cross sectir- are not well 

known, the result suggests that further study is warranted. 
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Appendix E 

Crossection data and other model inputs 

Table 1 l is ts al l the necessary cross sections for computing the 

ion production rates at 251ceV. Those with * are inferred from 

similar processes while the rest are actual measurements. Since the 

original beam is composed of a mix of H , H_, and H, 

ions, at the point of interest there wi l l be those Ions and all 

possible products from collisions with the gas. A certain fraction 

wi l l have become neutral and the molecular ions wi l l break into 

fragments. The extent of this wil l depend on the gas target 

thickness traversed by the beam. In addition the ions, neutrals and 

fractional speed fragments al l have different ionization and charge 

exchange rates. Given a starting beam composition, say 5058 H , 30% 

H,, 20% H,, a program calculates the beam composition as a 

function of target thickness. The beam composition is then combined 

with the cross sections in the table to give the total (!2 

production, the H, production by charge exchange, and the H 

production in the background gas. F'g. 28 presents a normalized ion 

density verses pressure measured 30 cm downstream. The target 

thickness is related to the pressure by assuming the pressure varies 

l inearly down the neutralizer and is zero at the end of the 

neutrf l izer. The ion density is normalized so that when multiplied 

by the I/e'i.A at the exit of the accelerator i t gives the ion 



Table 1. Reiavent cross sections for plasma production by ion and neutral beams 
onH2 target. All cross sections are in units of lO -* 6 cm-3 

Slow Product 
Incident 
Particle 

Cross section for 
ionization at energy 
(keV) . 
25 16.6 12.5 8.3 

Cross section for 
charge exchange at 
energy (keV) 
25 16.6 12.5 8.3 

H2 H+ 1.5 1.2 .9 4.8 8.0 8.6 

H° 1.2 1.0 .6 

"2 

"2 

1.2* 

1.3 

.9* 

.9* 

1.1 

3.0 4.0 

H+ H+ 1.0 1.0 .9 

H° 

«2 

.18 

1.0* 

.53 

.8* 

.8* 

.4 

.12 .08 

Cross section inferred from similar process. 

to 
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density of the beam 30 cm downstream. The cross section (Fig. 29) 

1s normalized so that the expression *acc "g °e f f 9 1 v e s 

eA 
total H. production 30cm downstream. 
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APPENDIX F 

Coapater Trogrmm LiatSac 

PROGRAM ADTOSEL 
C 

DIMENSION T( 1866) , VI 1«M> . IDATS<»> 
DIMENSION DEN<2»66> .E( [««•> ,Y?L0T(2*M) ,!PAMK I D 
REALaB Y,C(7) ,PARAMS< 161 , YP.R. VTMP.TZ.ERF.RSCALE.SUBFST.OTHFL, 

. EFAST.VBAR,DEL,PHN.PM0,BMSHP,YNW,Y1P,Y2P,EPR 
REALxB BETA, B2,RBB»E,RB, EPS, GUESS,ROUT, A2. A3,B,CC,0Q,RPH1T,RVTSC. 

.ft.SUM. Q.Z. Pttl.ASO, ASH. RHEE,H,MUPI,W),CY,GYAVE, YJIEW, YAVE, VALUE. RIN 
IHTECER FILEAA 

C 
COMMON / w r / Y(i»ee) 

C 
DEFINE FILE 26(7.4616,0,FILEAA> 

G 
DATA ECBG,EHASS/'1.6E-19,9.I1E-26V 
DATA IOP., I0V,LP^3.6,7X 
DATA IP.UUfNETEPBNBBVEFRVWRIEI • • 
DATA HALFPI/1.57679632697949D6-' 

G 
YPU.R> = ( Y U + 1 ) - Y ( I > ) X R 

C 
CALL DATTIM( I DATE) 
VRITE<LP,362> IDATE 

5 6 2 FORMAT* 3X.9A2) 
1601 WRITE<6,ieS> 
105 FORMAT( • ENTER NUMBER OF TRACES') 

READ!3.*) NPLOT 
IFiRPLOT) 7 3 0 , 1 6 0 0 , 
WUTE<6.164> 

164 F0RMAT<//.3X,'ENTER PARAMETER TO BE VARIED: NE,TE,PR.NB.DV.EF.RV, 
* W ) 

READC3,106) IPM 
106" F0RMAT(A2) 

DO 107 1=1,11 
107 1FUPM.B0.. IPARM( I ) ) JFRM=I 

IPLC'.r=0 
MLl*6 
INFS=6 

C 
C Parametera are entered In real ualta and eoaverted to 
C computer anlta. 
C 
161 MRITE(6.162) 
182 FORMATC V ENTER NE ( 10EI0> , Te teV), PRODUCTION RATE ' 

,,'(10el6 CM-3/SEO " ./%' Nbeam (10el6), BEAM DIVERGENCE (DEC),' 
.,• AVERAGE FAST ION ENERGY, RATIO PRUT, '.•.' SHEATH START *.'. 
. • RATIO TOTAL PRODUCTION/IONIZATION RATE,'/, 
. • ELECTRON IONIZATION RATE (Ho*Ve*SlSina*10e6) , BEAM SHAPE #•) 
READO.*> PARAMS. ISBAPE 
IF<PARAMS(1>.LT,0.) GO TO 1601 
WR)TE(6,163) 

163 FORMATC ENTER STEP SIZE, * OF STEPS, EPS, NSTART') 
READ'. 3,*) a,HL,EPS,NST 
NNST=NST 
PM0=PARAMSCJPRM)/2.DO 
IF(JPRM.E0.3) FM0=PM0+PARAMSCJPRM> 

1902 VRITE( 13, 1607) IFARMC JPRM) .FARAMS( JPRM) 
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1M7 FORMAT! SX.A2, " • • ,FS». 14) 
nSCALE«.9?9M*PAHUBU)*SQRTtPARAM3(2) >/FAlUlB(3) 
TZ*PARAIS(S>*6*.»*BALFPI/9*.D*/RSCALE 
B2*RSCALE*RSCALE/( 332849 . M*PARAMSC 2 ) /PARAMS ( 1) ) « 1 * . M * * 10 . DC 
RHB]fE'PARAMS<4>/PARAMS< 1> 
RPHIT" FAHAn5(7> 
W3.9D0/RSCALE 
1HFS"1 
1FCFARAMS(6).E0..«.) IRTS'O 

C THE S BELOW IS FOR B 1HSTEAD OF H2 
EFAST» PARAMS(6>/<PA,"UH3<2>*H*B> 
RVT5C1. M - 1 . M/EXPC RPHIT) 
ISHETB»PARAHS(8> 
EFR»PARAltS( 1)*PARAMS< l»)/FAIlArB<3> 
WRITE< 13 .S00) P ARAMS, B, ML, EPS. RST 
VRITE(LP,SO«> PARAMS,B,ML.EPS,HST 

TOO FORMAT!' !fc» ' , £ 8 . 2 , ' Te« ' . F 4 . 1 . ' P W , E B . 2 . ' l ib- ' , 1 8 . 2 . 
.•BEAU DIVERGENCE' ' ,F4.1,'DEC.','AVERAGE FAST IOH ENERGY* ',F4.1,/ 
.,'RATIO PHI/Te « *,F4.1,' SHEATH START* • ,F4.1,' PRODUCTION RATI 
.• «',F4.1,' ELECTRON PROMOTION *',F4.2,/ 
.,' STEP SIZE*',£8.2.' ' 
. , 1 4 . ' STEPS E P S * ' . E B . 2 , ' HSTABT»•.14) 

IFCML.EO. » > co TO ieee 
C 
C The s o l u t i o n Bear the o r i g i n ia c a l c u l a t e d f r o n an e x p a n s i o n 
C and used for the f l r a t f ew s t e p s . 
C 

scn-o.De 
IF<IHFS.Ea.9) GO TO 603 
ASO*0.DO 
SUH-VD/< 5 .DO*SQRT( EFASTZ2. DO) *B> 

c 
603 C ( l ) = ! - 4 . D e ) / B 2 

C(2)=0 .D0 
C(3)=B«SHP(6.D0,WD,TZ, ISHAPE)*RHBHE-I.D0+SUI1 
c<4)=BnsHPce.i ,e ,>Ti,Tz, I S H A F E > + E P R 
GUESS--CC3>yC(4i 
CALL MHTN3D(R0UT,GUESS,C,EPS) 
A2-R01IT*ROUT 
A3=R0UT*A2 
GUESS- B?BHP<0. DO, WD.TZ. 1 SHAPE) 

C 
B=R0UT*< - 1 . DO-2. D6*EPR*A2/3. DO) / ( 8 . DO*ROUT*< CUEPS+EPR) / 3 . DO 

.-I.D0+RNB5ESCUESS+24.D0/ 

.(B2XA2)) 
C 

CC= ( 2 8 1 . D0*B*B/B2-A3*< 1. 6D0xB*B*( GI'iSS+EPR) 
.-(ROVT/2.DO-B)+8.D0*EPR*< 4.D0*R0UT*B+A2/2. DO) / 1 5 . DO) > /(ROUT*( 
. 3.2D0»A3*!CUESS+EPR> -A2+A2»RKBNE*GUESS-i-23.D0/B2>) 

C 
DO 20 1=1,NST 
II=I+HL1*IPL0T 
Y!II>=ROUT*B*<I-I .De)+B*<H*U-l .DO))**3.D0+CC*!H*!I- l .DO))**5.D0 
T(II)=B*<1-1.DO) 
Vt II> = (B*( 1-I.D0))**2.DO*PARAMS!2) 
IF( I.RE. I) E< II>«(V( III-VC I I - D l / C V t i:>-Y(II-I>>/RSCALE 
DEH(I+2.*MLl»IPL0T)=PARAHS(i;*(( I .-EXPCT! II)*TC I D-RPHIT) >/ 

. <EXP<T< II>*T( I1))*RVTSC>> 
DEN< H-ML*2*ML1*IPL0T)=DEN(I+2.*ML1*IPL0T> - RNBRE*PARAMS<1> 
WRITE! LP,301) I,YC I I ) , Vt II ) ,DEI«< 1+ML+2*ML1*!PL0T> , 

.DEN! 1+2*ML1*IPL0T) 
28 CONTINUE 

E(H-MLI*IPL0T)=8. 
VRITE(6,»> B2,TZ,RNBNE,RSCALE 
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VR1TE(«.*> nAUT.B.CC.SOK 
WHTE(9,»> W),TZ 
IHH'BOUT 
CS'l .DO 
a>i .M 
FLUXI'O.D* 
FLUXE'O.DO 
IWALL-1 

C 
C The B*in loop b e g i n * h e r e . 
C 
728 DO 1 M IH»HST.ML 

H-lll 
9 0 MHM«»+ML1*IFL0T 

SOM*».DO 
ISBOOT*0 
VBAR-0.00 
SUMFST»e.DO 
AS0*0.D9 
OiFLOATClD 

C 
C SMFAST and SCMITT c a l c u l a t e the I n t e g r a l * f o r the raat and 
C a low I o n s . SUHELE c a l c u l a t e a the c o n t r i b u t i o n f o r e l e c t r o n * . 
C 
C Add Faat loaa 
C 

JST=M»M*2-M V 
1F( INFS.E0..0) GO TO 599 
CALL SMFASTISUMFST.O, JST,MM.m>,'!Z,H.EFAST, IGHAPE) 
SUHFST=SUMFST/(3. D0*S0JIT( 2 . DO) ) 
S»HSAV=SUMFST 
ASO-O.D8 

C 
C Add e l e c t r o n c o n t r i b u t i o n 
C 
599 IFCEPR.EQ.O.) GO TO 600 

CALL SUMELE(SUM.Q,JST,imri,TO,TZ.H.ASO.VBAR,KPHlT,RVqSC,EPK) 
ASO=O.D0 

C 
600 CALL SUHINT(SDn.O.,JST.lDDI.VD,TZ,E.ASO.VBAR. ISHAPE) 
C 

VTHP=Q*e*B*B 
C BHEE=Y(Wm>*( l.DO •EXP(VrHP)) 
C E l e c t r o n d e n s i t y d l B t r i b u t l o n I n c l u d i n g e f f e c t of p o t e n t i a l w e l l . 

RKEE» Y< MMM) *( 1. DO-1. DO ÊXPC RPH1T-VTMP) ) /•< EXP< VTMP) aRVTSC) 
C 
15000 YHEV=Y(MMM)*H«RODT 

YHW =1.25D0*Y(MMM)-.3125D0*Y(MHM-l)*.0625DO*Y(MrW-2) 
C YIP=(-I63.D0*y(JiM)O/6O.DO+S.D0*Y<(MM-l>-lC DO*Y<MMH-2)/'3.D0 + 
C 5.DO*Y(M?m-3)/4.De - .2D0*Y(MfIIl-4))/H 

Y1P=YP(HMM-1,H) 
C Y2PM-19 l.De*YCMjm> ^ 1 2 . 0 0 * 2 0 5 . D9*Y<MMTI-l>/-6.D0-85.D6*Y<Krltt-2> 
C . /-3.D8 • I2.25D0*Y(MMTf-3) -I3.D0*Y<HMM-4)^6.D©)y(H*B) 

Y2P=(-46.B44715DO *Y(MTOD • 3 . 0 0 + 1 9 0 . 3 2 9 7 7 0 0 »Y< MMM-1 > ^ 3 . 0 0 - 8 3 . 10B1 
• 7D0 *Y(MMM-2)/'3.DO+11.964595D0*Y<MHM-3)-6.3437DO *Y<HMM-4)/3.D0> 
.•<H«H> 

YAVE=.3125D0*H*ROOT+YHW 
CYAVE=BMSHP( YAVE, VD.TZ. ISHAPE) 
IFCCYAVE.GT. . 1 ) IFST=HMM 
CY=BMSHP< YHEW, WD, TZ, ISBAPE) 
SUMFL=9.D0 
IF(I<iF.'i.HE.O> 

. SUMFL= (ARSIll((YAVE/YBEW)*S0RT(EFAST/<EFAST+«-.25D0)) 
)/BALFPI-I.D0)^(5.D0*SQRT( EFAFT*2.D9)) 
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C 
C CCD'SUIMWEE + MBHE* YCWDD «CY + Y(MHN>* 6DHFST 

C ( l > ' 8 D n 
G C<2>»Y<1MD«(HALFP1-AS0> 

C<2>« HALFPI-ASO 
C C<3>«-H»R1IEE/Y<IBBD 

C<3>* RHEE/TrtlDM) - SUHFST 
C C(4)"fWB»E«B 

C(4)*MBHE 
C C ( S ) ' B * ( B A L F F l - A 8 0 ) / 2 . M 

C<S)*8*S0HFL 
C ( 6 > * 2 . M ' B 2 
Cl7>"EPR»C<2)»RltEE-"Y(HHH> 

C 
RlII»tS.873De*Y<HMK)-57.23De*Y(HnH-l)-'6.De+9.373fle*Y(Bm-2) 

. -4 .62SDe*ycmH-3> + ll .DB*Y(HHI(-4>^l2.]M>/B 
IF <ft.LT.2»> RIK'ROTT 
1FCRIH.LT.*.) RH1=-2.D0*RI". 
R i n ' R i i i * i . s m 
lF<H.rrr.ISBETH> RIHM.DO 

C GALL BVTHruROUT.RIS.CEPS.YirW.Ydmro.H.VD.TZ. ISHAPE) 
15005 CALL «VniF3(R0lrr,RI»,C.EPS.YirH.Y{HMM).YlP,Y2P,0,B.ia>.'IZ, ISHAPE) 
C CALL ITVniSDt ROUT. RIH.C, EPS) 

WUTEC8.*! C(1).C<2>.C<3>,R0UT 
KRITEC9,») C( 1) ,C(2) ,C<3) ,C(6) .YNN.YiKMD .YlP.Y2P,tt,R0DT,RIH 

C 
Y( BMHf I) » Y< HUM) +H*ROUT 
YAVE=Y< MHH) +B*R0inV2. DO 
CYDEN-BMSHPC YAVE, H>, TZ, ISBAPE) 
YDYDT* < Y( BMlt» 1 > -Y( BMM) ) *YAVE^H 

DENCBHB+ IPLOT*BLl)'PARAMSC !>*( 1.DO-1.DO-'EXP!RPHIT-VTMP)>•<EXP( VTMP 
)»RVTSC) 

DEHC MMM+I+BL+ 1PL0T*HL1) *PARAMSC 1) *( SUJr>YDYDT*( HALFPI-ASO) *« GYDEN 
.+EFR*DEllCMMJr>IPLOT*MLI>/PARASS< 1) ) >/Y(MMKH) 

CYDE»=BYDEH*YDYDT*H 
FLUX1 = ( VBAR+CYDEH) 'YC HUM* I > 
IFCIWS.HE.O) FLUXI=1.2*FLUXI 
VBAR=FLUXI/'DFJI( MMPM+ML+ IPLOT*MLl) 
IFCROUT.CT.RIN) VBARS=VBARxPARAHS(l) 

C 
C Various n s e f u l q u a n t l e * *nch • • p o t e n t i a l , e l e c t r i c f i e l d , and 
C e l e c t r o n and ion d e n s i t i e s are c a l c u l a t e d and put In r e a l 
C u n i t s . 
C 

T(MHK)=<aM.DO)*H 
VTi1P=T< BMH) *T( HMH) 
V(MMM> = VTMP*PARAnS<2> 
E( MMM) =< Vt (DOI) - V ( HMM-1))X( Y< MMM)-Y( MIff l -1))^RSCALE 

C W » 1 T E ( 6 . 5 1 3 > SUM.RNEE,R0UT,YCMMM+1).GYAVE.SUMFST,SUMFL,VBAR 
CRRC=DEN( MMM+ML+ IPLOT*HLl) -DEHC MMM+ IFLOTaHLI) 
CEHT= C CC1 > +CC 2 ) *ROUT+CC 3 ) *ROUT*ROUT> • < Y( MHH) *R0UT**3> 
»1FF=CENT-CHRG 

C WRITE! 6 . * ) D I F F . CENT. CHRC 
1 F I R 0 U T . L T . 9 . A R D . J P R M . N E . i l ) CO TO 1 1 1 1 
I F C R O U T . C T . 1 0 0 0 e . A N D . J P R n . N E . i l ) CO TO 1 1 1 1 

513 F0RMAT<7<3X.D9.4)) 
VRITECLP.501) M. YC MflM) , VC HUM) .SUM.RNEE 

501 FORMATC ' STEP'. 1 4 . ' IV ,T*.S,' V = ' , F 7 . 4 , ' I0H DENSITY'• 
. . E 9 . 3 . 1 ELECTRON DENSITY*'.E9.3) 

FLIKI=FLUXI/PARAMS(») 
FLUXE=31.3*DENCBMM+1PL0T*ML1)/'(SQRT(HALFPI)*PARAHSC I ) ) 
IF(FLUXE.GT.FLUXI) IWALL=MMM 

100 CONTINUE 

http://ARD.JPRM.NE.il
http://IFCROUT.CT.1000e.AND.JPRn.NE.il
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C Wext section pro-video antonatlc variation of paraaetera to 
C find nolntlon that axtanda to Infinity. 
C 

CO TO 1112 
1111 DEL«( rAHAItS(JPBM)-PnO)/2.D» 

IF( ABS(DEL> . « . . I S E P S ) GOTO 1114 
PARAJJSIJPRMJ-PtlO + DEL 
GO TO I M 2 

1114 PARAKS! JPHO «PHO 
CO TO I M 2 

1112 IF(JPBH.EO.l l ) GO TO 1113 
PHRsP/UUMS<JPRN> + <PASMB(JPRn>-P!X»S2.0e 
PHO'PAHAnSCJPRID 
I F ( A B S < P M B - P I X » . L T . . » 9 * E P S > G O T O 1113 
PAHABS<JPHM>=PHB 
CO TO 1 M 2 

C 
C113 CALL CHECK(HMM-BL+l,Mffll,B2,H> 
1113 II=1+ML1*IPL0T 

DO 1856 i> 1 1 , mm 
1850 YFLOT(I)=Y<I>*RSCALE 

IFUFLOT+1.EQ..BPLOT) CO TO 40 
HLl'HL 
IPU>T=IPL0T+1 
GO TO 181 

40 IF1BPL0T.EO. 1) HLl'HL 
730 BPLOT=ABS(llPL0T) 

CALL ERASE 
C Terminal d i s p l a y o f r e a u l t a 

CALL PLTALL<YPLOT,T,HLH-ML*IPLOT,I,l.MLl> 
KRIT£(6.x> B2.TZ.IUIBBE.I1SCALE 
WUTEI6.589) YPLOT< IVALL) ,V( IWAIX) ,DEB< IVALL) .VBAHS 

58» F0RMATC20X. • VALL POSITION IS ' . F 6 . 3 . / . 2 0 X . ' POTENTIAL IS ' . F 4 . 2 . X 
- 2 8 X . ' ELECTRON DEBSITY IS ' ,F4 .2 , /" ,28X. ' NORMALIZED I0H VELOCITY*" 
. , ' ' ,F5 .3 , / / / / f , ' BEV EHDP0IHT? ( I l l 1 3 ) ' ) 

READ(3,S10) NNL 
S10 FORMAT! 13) 

IF(HML.EO.O) CD TO 718 
IFINML.LE.ML) SO TO 781 

782 HST=ML 
HL2=2*HL 
DO 785 LM.ML 

785 DEN(BML+ML+1-L)=DEN!ML2+1-L> 
HL=BML 
CO TO 729 

781 MLI = RML 
WHTE<6,512> 

512 FORMAT! • FIX DEHSITY?') 
READ(3.5U> I DEN 

311 FORMAT! 11) 
IF! 1DEN.EQ..8) GO TO 730 
DO 786 L-l.KML 

786 DEN! BML+L)=DEB! ML+L) 
ML=BML 
GO TO 730 

7 1 0 CALL PLTALL(YPLOT,V,MLI+ML*IPLOT. 1.1,MLI) 
CALL PLTALL!YPL0T,E,MLI+BL*IPLOT, 1, I,MLI) 
DO 788 J=1,1PLOT 
DO 700 1=1,ML 
HH= ML* 1-1+< HPLOT- J) «ML 1 
MM-2*ML+1-I+(BPLOT-J)*ML1*2 
YPLOT! HM) =YPLOTi HN) 

780 YPLOT!MW-HD = YPLOT! IW) 
DO 699 M=I,HLI 



loe 

6»» Y P L O T ( ! H I I L 1 ) « Y M J O T ( » 
GALL P L T A L L ( V P I J O T , D E H , ( H L 1 + M L » 1 P L O D » 2 . 1 , I , M L 1 ) 

C CALL PLTALL(YPL0T.V,ML*2,1,1,HL> 
VR1TE(6.S13> PAIUJB 
VBITEC6,*) FARAMSCIPRM) 
VRITEC6,*) B,HL,EPS,HST 

READ:3,8II) 1H0LD 
C Permanent s t o r a g e o f g r a p h i c r a a u l t s 
797 WUTE<6.799) 
799 FORHATCOTO SAVE PLOT EHTER A SET # 'J 

READ(3,511) ISET 
IF< JSET.EQ..8) CO TO 7913 
LLL" (HL1+HL* IPLOT) »2 
«RITE(2*'ISET.ERR>99> <YPL0T< » . 1 - 1 , 1808) .CDEHC Jl , J » 1 , IMS) ,LLL 

798 HLI'HL 
662 WRITE<6.B»e> 
888 F0RMAT</-VA21X, 'ENTER HEW PARAMETER: HE.TE.PR.ltB.DV.EF.RV.WP.RI, • 

. . • £ ! • ) 
863 IS(JRE=e 

READO.Sei) HEVPH,VALUE 
IF< VALVE.GE. 189.AHD.HEVPM.HE. 1PABIK8)) VRITE(6,884> 

884 F0RMAT<" ABE YOB SURE?') 
IF (VALUE.CE. 109.AHD.HEWM.HE. IPAHM<8>> REA0(3,5I1> IS TOE 
IF<ISURE.NE.8> CO TO 803 

881 F0RMATCA2.F16.12) 
IFCIPAR)S(lI).EQ.NEtiFM) GOTO 1001 
DO 802 1 -1 .10 

802 IF( IPARffi D.EQ.BEWPM) PARAMSC I)=VALTJE 
BST-HUST 
PK0= PABAMS( JPRM) /2. 
IF(JPRM.EQ.3> PH0=PMO+?ARABS(JPHM) 

CO TO 1002 
99 «RITE(6.450> 
458 F0RHAT<,*»* DISK THAHSCRIPTION ERROR ***•) 

GO TO 797 
1808 ENDFILE LP 

STOP 
END 
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SBBBOUTIHE SUHIHTCSim.Q, I I , 12 , VD.TZ.H.ASO.TCCR, ISHAPE) 
BEAL»8 Y,8UM,a,WD,TZ.H,AS0,ASH,YAVE.CY,EBF,TCDR,YDYDT.BIBHP 

C 
conaan •iKr/ Y U M S ; 

c 
fti'i.M/e 
rai-t.D* 

G 
0 0 ! • K K ' I 1 , I 2 

c YAVE»cy(Ho+yt iac- i>)x2.De 
YAVE- . 3 7 5 D » * Y ( K ) + . 7 5 D e * Y ( n C - l J - . 125D»*Y(KK-2> 
IF<KK. EQ. I I ) YAVE<(Y(HO+Y(KK-I)>/^.IM 
CY'BMSBFI YAVE.KD.TZ. ISEAPE) 

C YDYDT*<Y<H0«*2.D«-Y<KK-l>»*2.De><'IH«2.I>»> 
YDYDT* YAVE*(Y(I0O-Y<iaC-tl)^ B 
TCUR=TCDK+CY»YOYDT«H 
pe i»PQi+ai 
ASR=ARSIH(PQI> 
SUM* STOW YDYDT*< ASH-ASO) *GY 

te ASO=ASN 
RETURN 
END 
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SUBMOTIJIE STOELECSlni.a, Il,I2,W>,TZ,H.A90,TCtm,IDT,KVT,EPIU 
DEAL'S Y.80M,O,M).TZ,H.AS0,AS]1,TAVE.Cy,EPH,TCini,YDYI>T,RPT.RVT 

C 
GOMDH •nnv r< I N * ) 

c 
Q I ' t . M / d 

C 
DO 1« K K < U . I 2 
p a i » p a i + a ; 

C rAVE«<r<KO+Y<IOC-l>>./2.]» 
YAVE- .375D»*Y(KK)+.75D«*Y(1CK-1)-. 123M*Y(KE-2> 
•F(KK. EQ. 11) YAVE'(Y(10O+Y(iaC-l))x2.I>9 
CY'SPB»Cl .D»/EW<(PttI -« l /2 .D«)*«J- l .De/E!<PCarT)>/ 'RVr 

C Y0YD'F>(Y«KK)**2.IW-r(KK-l)It«2.M>/-(H«2.IW> 
YDYDT* YAVBMYCHO-YdOC-l))' H 
TCUR»TCDR+CY»YBYDT»H 
ASH<ARSIHCPal> 
SUM=SUH+YDYDT»( A5K-ASOXGY 

1« ASO*ASH 
RETURH 
EKD 

SDBROUT1HE SHFAST(SOTl.a, U . I 2 , W D , T Z , E . E , ISHAPE) 
REAL»8 Y,SDB,0,W),TZ,B,E,T2,TPa.YAVE.GY,EHF,HAUPI,Y0.TEHP 

..BBSHP 
C 

COMMON • i m v Y(i«ee> 
c 

DATA HALFPI^l.';7e7»63267949D0^ 
T2=0*Q 
YO=a.DO*Y( I2)-Y< 12-1) 
RKK=-.5DO 
SUM=SUH+W> 

C 
DO 10 KK=11,12 
HKKil.DO+RKK 
TP2=RKK*RKK 
YAVE=.37SDe*Y(KK) + .75D8*Y<KK-1) - . 125D0*Y(KK-2) 
IF(KK. EO. II ) YAVE=(Y<KK)+Y(KK-I))X2.De 
GY=BKSHPCYAVE,W>.TZVISHAFE> 
TEMP=YAVE*SQRT< E <̂ E+T2-TP2)) 'Ytt 

C IF(ABS(TEHP).GT. 1.) VR1TE(6.*) YAVE.YP.E.T2.TP2,TEMP,SDH 
SUM=SUM+GY*(Y(KK)-Y<KK-1))»(ARS11I(TEMP)/HALFPI - l .DO) 

16 CONTWUE 
SUH=SUM/(SQRT(E)*H) 

RETURN 
END 



SGBnODTIHE ltKTHF3<B0OT.lUl<,C,EPS,Yl,Y2,YP,Y2P,«.H,TO,TZ, 18P> 
IMPLICIT DOUBLE ?RECISIOH(F) 
REAL*S C( 1) .B0UT.IUH.EPS..X0U),XKEV.Z.Zr.YI.Y2.H. VD.TZ. 

. BnSBP.DBHBHP.YF.YSP.a 
DIHEKSIOB IDFTC8) , IBUFC4*) 
F<Z)»(Z*(C(2>*BMSBP<Yi+.3123D*«B*Z,W>,TZ, ISP)+CC7>>»(Y1+.3123D»*B 

.*Z)AY2+B«Z> - C(3) • Z*C(S>*BBSBP<Y1+.3123I>«*H*Z,TO,TZ, ISP)+ 

.C(4)*BHSHP<Y2+B*Z,H>,TZ, ISP)+Ct l>/< Y2+E*Z> )*Z**3 
-C(6>*<0xB «Z*Z SCYS+BSZ) + 
Q*YP +<l.a«-0)»Z > 

FP<Z>»<(C<2>*BMSHP<Yl+.3123*B*Z.'fl>,TZ. ISP)+CCT)>*((Y1+.3125*B*Z> 
.•{Y2*B*Z> 
.*B*Z*(.3125D9*Y2-Y1).'((Y2+H*Z>»2.D«>>-B*C(1>/'<(Y2+B*Z>**2.D»; 
.+.31239«*B*ZXCC2>x 
.DBHSHP< Yl+.312SDe*H*Z. VD.TZ, ISF>+C<4>s9BMSBP< Y2+H«Z, VD.TZ, ISP)*H 
.+C(3>*<BMSHP<Yl+.3!25De*B*Z,W>,TZ. lSP)+Z*H*DBBSBP(Yl+.312=De*B*Z, 
.VD.TZ, ISP>*.3125D0))*Z*ZXZ 
.••CZ*<C<7>+C(2>*BMSHPCY1+.3I2SD9*H*Z,W),TZ, ISP) )* ( YI+.3125D*»B*Z> 
./"(Y2+B*Z) - C(3) + Z*C(5)*BMSHPtYl+.3123De*BsZ,HD.TZ. ISP) 
.+C(4)*BhSHi'(Y2+B*Z, VD.TZ, ISP) +CC 1>/-(Y2+B*Z)>S 
. 3.D8*Z*Z 
.-C<«i>*(0.*B*Z*«2.De-Z*B/'(Y2+H*Z>»/(Y2-»B«Z> +<I.De-Q>> 
CALL IKTLE1K.FALSE.) 
K=e 
CALL BLDUFT<IUFT,K,«3,4ZE899> 
CALL READ4(IUFT.IBUF,84,.FALSE.) 

XO'.D=KIR 
XHKK-XOLD- F<JB>LD> • FPtXOLD) 
IF'.ABS(lfflEW-XOLD) .LT. EPS) GO TO 2 

[/( lAHDt IUFT< 1 ) . 1) .BE. 1) CO TO 2 
W>LD=XHEW 
CO TO 1 
RO«T=lfllEW 
CALL TRMIIW IUFT) 

HETU7UJ 
END 
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8U3ROOTIRE HVril3D<B0OT,Rnt,C,EP8> 
IMPLICIT DOUBLE PFECISIOH(F) 
REAL'S C(l>.ROUT.RIK.EPS,XOLD.XHEV.Z.ZP 

DIHEHSIOB IUFT<8>,IBUF<4«> 
f<Z><C(4>*Z**3.D9+C(3)*Z«2.De+CC2>*Z+C<1) 
FP(Z)«3.D»*C(4>*Z**2.D»+2.B«*C<3>*Z+C<2> 

CALL MTLEIK. FALSE.) 
K«e 
CALL BLDUFT(IVrr.K,«3> 
CALL READ4C IUFT, ISUF.SO, .FALSE.> 

XOLD'RIK 
1 M1EW=XOLD-FCXOLD)/FP(XOLD) 

IF(ABS(XN£>f-XOLD> .LT. EPS> GO TO 2 
I F ( I A K D C I U F T ( l ) , n . H E . l ) GO TO 2 
XOLD-XKEH 
CO TO 1 

2 ROCT*XHEW 
CALL TRHIK8( 1UFT) 

RETURH 
END 
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DOUBLE PRECISION FUNCTION BISHP(Y,VD,TZ, I SPARE) 
C FOR ISPARE«4.5,« BEAM SHAPE IS CONSTANT, CAUSS IAN. OR DIFFERERCE 
C OF ERROR FUNCTIONS. FOR ISPARE 1,2.3 THE SHAPE FACTOR IS REVER 
C LESS THAU .«4. 

REALX8 V.WD.TZ.ERF.DUH.ARG 
CO TO ( 1 0 , 2 0 , 3 t , i e . 2 » , 3 » , * e , 3 » > , I S P A R E 

10 BHSHPM.De 
GO T O ( i a e , i » e , i e e > , I S P A R E 

RETURN 
20 BHSHP* I . W/-EXP( Y* Y/< VD*WD> > 

co TO (iee.ieo.iee>, ISPARE 
RETURN 

30 BaSHP»<EBf<<Y+TO>^TZ,DUJ»-ERF(ty-W»y'TZ,DUH)>/'2.De 
co TO ciee.iee.iee>, ISPARE 

RETURN 
lee BMSBP-BHSHP+. 13DOXEXP( YKY'C 25. De*TZ*nE> ) 

RETURN 
40 BMSHPM.D«-Y<'(2.D0*TO) 

IFtBMSHF.LT.e.) BMSHP=6. 
RETURN 

50 BHSHP= 1.5*C0S<3. 14*< Y - . 3 7 * W » / « 1 .5*W»>«»2*( 1 . - Y A 2 . * W » ) w * 
IFfBHSHF. L T . e . ) BnSEP=e.DO 
RETURN 

END 

DOUBLE PRECISION FUNCTION DBIGHPtY.KD.TZ, ISPABE) 
C DERIVIT1VE OF BBSHP VRT V 
C FOR ISPAHE=4,5.6 BEAN SHAPE IS CONSTANT. CAUSSI AN. OR DIFFERERCE 
C OF ERROR FUNCTIONS. FOR ISPARE 1,2.3 THE SBAPE FACTOR IS NEVER 
C LESS THAN .04. 

REAL*B Y.W>,TZ.ERF,DUM 
CO TO <18,26.38,16,29.3«,49,50,66),ISPARE 

i e DBHSHF=e.De 
CO TO ( 1 9 6 , 1 0 0 , 1 0 9 ) , ISPARE 

RETURN 
2 0 DBKSHP=-y«2.De^(EXP(Y*Y-'(VD*WD))*W)*W))" 

GO TO ( 1 0 0 , 1 0 9 . 1 O 0 ) . ISPARE 
RETURN 

38 DBMSHP* (EKP<-( (Y+TO) /TZ)**2 ) -EXP( - ( (Y-W»/TZ)**2 ) ) / i2.DOxTZ) 
CO TO ( 1 0 0 , 1 0 0 , 1 0 0 ) . ISPARE 

RETURN 
i e e I F I D B H S H P . L T . . e 4 > DBnsBP-e.Do 

RETURN 
48 DBMSHP= -l.D8/(2.D0*WD) 

IFCDBMSHP.LT.O.) DBMSHP=e.D8 
RETURN 

58 DBflSHP* 1. 5*C0S< 3 . 1 4 * ( Y- . 37*WD) /K 1. 5*W» ) M2*C 1. -Y/(. 2 . *W» ) **2 
IFCDBMSHP.LT.e.) DBMSHP=0. 
RETURN 

60 DBnSHP=-Y*2.D0s( l .DOA 1.859D0*«D*KD«EXPC Y*YA 1.69D0*WD*W» > > + 
. I.DOA . 116D0*KD*VD*EXP(Y*Y^( .04*WD*VD>>) > 

RETURN 
END 

http://iee.ieo.iee
http://ciee.iee.iee
http://ifidbhshp.lt



