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A particle within an ion beam is subjected to positive and negative cur

rents. These currents deposit a net charge on the particle which interacts with 

the potential of the beam. A model is presented which describes this charging, 

the time required to attain an arbitrary charge, and the resulting coulomb force. 

Confinement by the beam is investigated through comparison of the electric force 

to the opposing force of gravity. To quantify this comparison, a normalized force is 

defined which, when negative, predicts those spatial regions where particle entrap

ment can occur. Utilizing a specially written VAX-Fortran program, the behavior 

of this force was characterized as a function of beam parameters. Regions were 

predicted in which particle confinement can arise and it was found that the mag

nitude of the trapping force varied significantly with those parameters that affect 

the beam-ion density. Moreover, calculations of the charging time revealed that 

the time to attain the minimum trapping charge was sufficiently short so as not to 

preclude entrapment. 
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As the minimum feature size of semiconductor devices and circuitry becomes 

smaller, so does the minimum size of a "killer" defect. Particulate contamination 

down to diameters of 0.3 fim is becoming unacceptable. 

Ion implantation, which plays an important role in semiconductor process

ing, is especially vulnerable to particulate contamination. A particle on the surface 

of a wafer can act as a mask, blocking the ions and preventing them from fully pen

etrating into the substrate. This results in an inactive or underactive region in the 

device or circuit and can render an entire die useless. Recently, there is reason 

to suspect that the beam itself may be a source of contamination. Process tech

nicians, operating high-energy, high-current oxygen beams have reported seeing 

"fire-flies" travelling down the beamline. Speculation has since arisen that partic

ulate contamination, dislodged from apertures or chamber walls, is being confined 

and transported by the beam, occasionally becoming visible due to thermal energy 

transfer and oxidation. The physics involved in charging and entrapment are iden

tical for all beams of similar geometry, regardless of the ion species. Therefore, 

glowing, visible contamination in an oxygen beam strongly suggests the presence 

of particulate matter in other, less energetic or less oxidizing beams. 

Sources of particulate contamination due to mechanical motion, wafer han-

dling, and processing are under continuous investigation; however, the possibility 

of an ion beam entrapping and transporting a particle has heretofore remained 

unexamined. 

In the development that follows, a mathematical model of an intense cylin

drical ion beam will be presented. This model, developed by Holmes [1], will form 

the foundation of the beam physics from which the electric currents can be identi

fied, and a particle-charging and trapping theory derived. The charging theory will 

rely heavily on the Maxwell-Boltzmann Distribution function. Therefore, under

standing of the physical interpretations of this distribution is essential. To this end, 

Chapter 2 presents some background on the development of this function and the 
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conceptualizations encapsulated within it. The Boltzmann equation for the total 

time derivative of a phase-space distribution function is introduced and the thermal 

equilibrium solution, the Maxwell-Boltzmann Distribution function presented. Af

ter the introductory material, of Section 2.1, a new distribution function describing 

the velocities of electrons trapped within a cylindrical ion beam is derived. This 

velocity distribution function is critical in predicting the negative electric current 

intercepted by a particle inside of the beam. In Chapter 3, all charged components 

of the beam are considered and a particle charging model developed. This leads to 

an expression for the net charge possessed by the particle at two moments in time. 

First, the particle's charge after steady-state conditions have been established is 

considered. Then, the minimum charge necessary for entrapment is found. With 

the particle's charge known, the net coulomb force acting on the particle can be 

calculated. Effects of the electric field are, of course, countered to some degree by 

the force due to gravity. Chapter 4 examines the net forces acting on the particle 

and quantifies this by defining a normalized force which is taken to be the ratio 

of the difference between the coulomb and gravitational forces to the gravitational 

force alone. In Chapter 5, the behavior of this normalized force with respect to sev

eral beam parameters is analyzed. Conclusions and suggestions for further research 

appear in Chapter 6. 

The material appearing after Section 2.1 is new and unique. Prior to this 

investigation, the currents impinging on a particle were neither identified nor quan

tified and the charge and forces were not known. The new model is limited, how

ever, by a key assumption. Charge neutrality is assumed along the axis of the 

beam. This is not to imply that the beam-ions are neutralized, but rather that the 

plasma condition applies, requiring equal positive and negative axial charge densi

ties. As Holmes has shown, this is valid for beamline chamber pressures between 

about 10-8 to 10~5 Torr, well within the working range of typical ion implanta

tion equipment. Further, it is assumed that all charges incident on the particle 

adhere. This property is commonly employed in aerosol science investigations of 

particle charging in the atmosphere, and appears well founded [2] - [6]. Finally, 

secondary electron emission by the particle due to ion bombardment is considered 
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negligible. At this point, it is not completely clear to what extent this assumption 

is valid; however, given the quantity of electrons surrounding the beam, it seems 

reasonable that secondary emission would be more than off-set by the availability 

of replacement negative charges. 
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ION BEAM MODEL 

The physics within the beam are complex. There is a continuous process of ion pro

duction, ion and electron emission, and energy loss by the beam. Moving charges 

are distributed throughout the spatial extent of the beam diameter in accordance 

with Poisson's equation and the laws of electrodynamics. A thorough understand

ing of these processes is essential for the development of a particle charging and 

entrapment model. 

Physical processes transpiring within the beam will first be described qual

itatively. A set of equations will then be derived which model the collective effects 

of these processes and the salient characteristics of the beam. The development will 

closely follow that of Holmes [1]. However, the scope will ultimately be narrowed to 

the particular properties and application parameters of a typical ion-implant beam-

line. The model is well accepted. It has been tested experimentally by Holmes and 

independently verified by Klabunde and Schoenlein [7]. 

1.1 Physical Processes 
Emerging from the source, the collimated high-energy ions begin to diffuse radi

ally outward under the effects of their own coulomb forces. Left unabated, this 

expansion would continue indefinitely. The beam would lose definition and stall. 

To prevent this, residual gas is left in the chamber at a density sufficiently low to 

ensure a long mean free path for proper beam propagation, but also high enough 

to permit the continuous ionization of residual gas molecules. This ionization is 

necessary to produce a cloud of electrons which engulfs the beam and neutralizes 

its space-charge effects. A proper electron balance is essential. If the density of 

electrons is too high, the beam ions themselves become neutralized, too low, and 

the beam will be overly divergent. Typical pressures within an ion implantation 

beamline are of the order of 10-8 to 10-5 Torr. 
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This space-charge neutralization process results in a beam plasma comprised 

of the beam ions and three additional components: slow, positively charged residual 

gas ions, electrons trapped by the beam's potential, and high-energy electrons 

which continuously escape the attractive field of the beam. These components all 

contribute to the mass and energy balance of the beam. 

The beam plasma is formed by inelastic collisions between beam ions and 

residual gas molecules. For an ion-implant beamline, the beam ions are assumed to 

be positively charged and these collisions take-on two forms: ionization and charge 

exchange. In the case of ionization, an electron is liberated and the reaction can 

be described symbolically by 

Abeam + K** —" AfLm + At«* + e~ (ionization) 

During a charge exchange reaction, the beam ion strips an electron from the residual 

gas molecule and continues down the beamline as a neutral atom. Such interactions 

are characterized by the equation 

Ateam '+ " A6eam + Atas (charge exchange) 

While both types of collision yield a slow-ion, free electrons axe produced only by 

ionization. It is, therefore, evident that the creation rate of slow-ions exceeds that 

of the electrons. The disparity between these rates is determined by the cross-

section for each interaction. 

Although the electron cloud screens the inter-ion coulomb repulsion, the 

neutralization of space-charge effects is incomplete. The beam retains a net positive 

core. This core produces an electric field which repels the slow-ions and expels 

them radially from the beam. Ions comprising the beam experience this field as 

well. However, the screening reduces the radial acceleration such that the radial 

transit time becomes small in comparison with the time required to traverse the 

length of the beamline. 
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In the analysis that follows, the beam is assumed to be axially and az-

imuthally symmetric. Furthermore, the discussion is restricted to the case of lam

inar beam trajectories very close to parallel with the beam axis, traversed at non-

relativistic velocities. (This last assumption is necessary to ensure that escaping 

ions and electrons are not diverted back into the beam by the Lorentz force.) Math

ematically, the goal is to determine the spatial density distribution of the charge 

components in terms of known or specifiable implant operating parameters. 

1.2 Beam Ion Density 
An ion beam begins as a neutral plasma in a source chamber, where ion veloci

ties are low and randomly directed. Raising this chamber to a potential several 

thousand volts above the grounded beamline produces a strong electric field which 

extracts the positively charged ions and accelerates them to the beam velocity. 

Streaming from the source they enter the electron swarm and propagate toward 

the target. 

Space-charge neutralization diminishes the coulomb force divergence of the 

beam; however, the beam ions do not retain a uniform spatial distribution. As 

they accelerate from the source and enter the beamline, they still retain some 

radial components of their random thermal velocities. The distribution of these 

velocities is virtually Maxwellian. It was first shown by Cutler and Hines [8], that 

these velocities result in a radial Gaussian distribution of the beam ions about the 

central axis. Kirstein [9] and [10], later confirmed these results more rigorously. 

In Holmes' development, he assumes this property a priori. Although the thermal 

velocities contribute to the redistribution of the beam ions after exiting from the 

source, they do not lead to significant beam divergence and the assumption of a 

paraxial, laminar beam is still valid. 

If the number of beam ions per unit volume along the axis is nj0, then the 

radial dependence of the beam ion density is given by 

nb(r) = nboe (1.2.1) 
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where ra is a characteristic dimension of the beam and defined to be the beam 

radius. 

1.3 Slow-Ion Density and the Beam Potential 
Although the slow-ion density will be shown later to have little impact on contam

inant charging and entrapment, the development of the equation governing this 

density is important as it determines the form of the radial function describing the 

beam potential. 

1.3.1 Slow-Ion Density 

Slow-ions are produced from residual gas molecules through electron removing col

lisions with high-energy beam ions. These interactions display a cross-section dom

inated by forward scattering [11]. Intuitively, this may be understood by examining 

the relative velocities of the colliding entities. Typically, the beam ion velocity is 

of the order of 10s m/s, while room temperature air (a common residual gas) has 

an average velocity of the order of 102 m/s. The masses of the incident and target 

molecules (or atoms) seldom vary by more than an order of magnitude. Thus, 

the dominant component of momentum prior to collision is parallel to the beam 

axis. Momentum conservation then induces a preferential probability for forward 

scattering. Moreover, the cross-section for slow-ion production diminishes rapidly 

as a function of transferred energy [11]. That is, the average energy lost by the 

beam ions through charge altering collisions is comparable to the binding energy 

of an electron attached to a residual gas molecule. In Holmes work, he assumes 

that slow-ions and free electrons are born with no initial velocity. Experimental 

measurements by Rudd and Jorgensen [12], and theoretical studies by Gryzinski 

[13], have determined the velocity distribution of newly created free electrons. The 

average initial velpcity is non-zero, but is small as compared to the average velocity 

of the electron swarm. 

J 
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Figure 1.3.1 Slow-ions created at a radius p contribute to the density 

of slow-ions at r. 

Consider a differential element of volume defined by a radius p, thickness dp, 

and length dz. The situation is depicted in Fig. 1.3.1. Let nsf(r, t) be the volume 

density of slow-ions at r and time t. The total time derivative of the slow-ion 

density is then given by 

dnai{r,t) „ . dr dnai(r,t) 
— Vn,i(r, ()••£ + — 

where r is the radial position vector with respect to a cylindrical coordinate system. 

Evaluating this derivative at p, the first term on the right represents the diffusion 

of slow-ions from other radii into the differential volume as shown, while the partial 

derivative expresses the slow-ion creation rate. Using this partial derivative, the 

number of slow-ions created at p per unit time is 

dna i(r, t)  
dt  

(2irp) dp dz (1.3.1) 

Under steady-state conditions, the density of slow-ions at p is constant. The created 

electrons are then expelled radially outward under the effects of the beam's electric 
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field. Let d3N be the number of slow-ions produced in the volume at p in a time 

dt. Then 

d 3 N _  dn3 i(r, t)  
(2irp)dpdzdt (1.3.2) 

p dt 

At a distance r > p, these ions add a density contribution dn„i(r) such that 

(27rp)dpdz dt (1.3.3) d3N = 2irr dr dz dnai(r) = ̂ na,(r ,  

dt 

Dividing this equation by dt, and noting that dr/dt = v(p,r) is the radial velocity 

of ions at r which were created at p, it is possible to solve for dn3i(r). Integrating 

the resulting equation yields the slow-ion density at r, due to collisions at all radii 

p <r. 

n, i(r) — — / A„ (1.3.4) 
r  J 0  d t  v( p ,  r )  

Further evaluation of the integrand is possible. The partial derivative rep

resents the creation rate of slow-ions. This rate is dependent on the residual gas 

density n, the ion beam density nj(r), the beam velocity v^, and the total cross-

section for ion producing beam-gas collisions or. Within a differential element of 

volume dV, there are ndV residual gas molecules. These molecules present an 

effective target area no dV. Into this volume flow nj(r)uj beam ions per unit area 

per unit time. The number of slow-ion generating interactions per unit time per 

unit volume is then equal to ncrvi,nb(r). Equating this term with expression 1.3.1, 

yields 

dn3 i(r,  t )  
dt  

= navbrib(p) (1.3.5) 

Now, the radial velocity v(p, r), can be related to the beam potential by considering 

the change in kinetic energy of the ion in travelling from p to r. For a singly 

charged slow-ion (the assumption of single charge is reasonable as the cross-section 
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for multiple charge exchange ionization is orders of magnitude smaller than for 

a single-charge producing event), this energy change is given by 

where q = 1.6 X 10~19 C is the elementary electric charge. This last equation may 

be rearranged to yield the radial velocity 

Finally, substituting for the partial derivative and radial velocity in the integrand 

of equation 1.3.4, the final expression for the slow-ion density is obtained. 

1.3.2 Beam Potential 

Equation 1.3.7 is the basis for determining the form of the potential function $(r). 

For a physically realizable system in which the coulomb potential is continuous with 

continuous derivatives everywhere in the domain of r, the function $(r) is expand

able in a Maclaurin series about the beam axis. Holmes performed a numerical 

investigation of the behavior of n3l(r) for various power series. He determined 

that the only series yielding finite, physically acceptable results could be closely 

approximated by the closed form expression 

(1/2) mai  v2(p, r)-q (-$(r) + $(,£>)) 

(1.3.6) 

nb(p)pdp V&7N7 msi (1.3.7) 

$(r) = -$w(l -e~^(^)2) (1.3.8) 

where /3 is a parameter to be determined, and is the coulomb potential at the 

edge of the beam, and referred to as the beam potential. 
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1.4 Electron Density 
Electrons axe continuously produced throughout the beam at a rate dependent 

on the beam ion density at the point of creation. Following the development of 

section 1.3, these electrons are assumed to be born with zero velocity. Once free, 

however, the electrons quickly thermalize through coulomb interactions. That is, 

the slow moving electrons diffuse through velocity-space until the escape velocity 

is attained. Finding the electron density thus becomes a matter of solving the 

diffusion equation in terms of velocity-space coordinates. 

Expression 1.4.1, is the generalized diffusion equation in three dimensions 

where Dv is the velocity-space diffusion constant, and n„(v, t) is the density of elec

trons at time t with velocities between v and v + dv. As a first step toward solving 

this equation and determining the configuration space volume density function, it 

is necessary to determine the relationship between the electron density in velocity-

space and the density in configuration space. To do this, an appropriate frame of 

reference must be selected, and the symmetry of the beam invoked. 

All velocity-space coordinates are coupled to configuration-space via the 

conservative potential field of the beam. Thus, it is possible to establish a one-to-

one correspondence between the two coordinate systems. In Fig. 1.4.1, a reference 

system is chosen such that ur —• 0 as r —• oo. Here, vr is the increment of velocity 

needed by an electron at r to escape the attractive potential of the beam. Now, 

since every velocity vr is associated with a unique radial component r, there exists 

a velocity-space density function nv(vr,t) such that the number of electrons at a 

time t, in an element of volume between vr and vr + dvr is equal to the number of 

electrons bounded by r and r + dr. This is equivalent to saying that for a given 

function ne(r) there exists a function nv(vr) such that 

V-(DvVnv(v,t))= (1.4.1) 

2ir nv(vr, t) vr  dvr  = 2ir ne(r, t) r dr (1.4.2) 



21 

/ /* 

vr  = 0 

r —* oo 

// 
r 

Figure 1.4.1 A frame of reference is chosen which establishes a one-

to-one correspondence between a radial position r, and a velocity 

component vr. 

Dividing equation 1.4.2 by dvr, the derivative dr/dvr  is obtained. Due to the 

orientation of the respective coordinate systems, r decreases monotonically as vr  

increases. Therefore, this derivative is intrinsically negative. Inserting a minus sign 

into the equation, it is possible to solve for nv(vr,t). 

The partial derivative of the velocity-space density function may now be expressed 

in terms of configuration-space parameters. 

(1.4.3) 

(1.4.4) 
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Following the development leading to equation 1.3.5, the partial derivative of 

ne(r,t) with respect to time is merely the electron creation rate per unit volume 

at r. Recalling that nj(r) = nj0exp[—(r/r0)2], equation 1.4.4 assumes the form 

dnv(vr,t) r ( dr\ ^ 
—^ = Je <-.) (1.4.5) 

where cr,- is the scattering cross-section for ionization. Combining equations 1.4.1 

and 1.4.5 yields 

V • (DvVnv(vr)) = —n vb <r,- nb0^~ e_( * (1.4.6) 

where the explicit time dependence has vanished and steady-state conditions have 

tacitly appeared. Invoking the axial and azimuthal symmetry of the beam, this 

differential equation may be simply expressed in cylindrical coordinates. 

1 d ( n dnv(vr)\ r dr 
— —(urI?„— ) = -nnbo(TiVb—j~e (1-4.7) 
vr  dvr  \ dvr  J vr  dvr  

Multiplying by dvr, the diffusion equation has now been reduced to a form which 

is directly integrable. Performing this integration yields 

„ dnv(vr) nnbo<TiVbr2
0 A a\ 

vrDv  
v  = -  -e +ci (1.4.8) 

uDf & 

By examining the velocity-space dispersion relations for an electron gas, Spitzer 

[14], has derived a value for the diffusion coefficient Dv. This coefficient, which 

varies with the electron temperature and configuration-space density, is expressed 

_ /.97g4lnA I me  \ , s  /„ .  
v  

~ (  V 2 iT/ n  r  

The term A, is a characteristic value of the beam plasma and is defined as the 

ratio of the Debye length to the classical two-body impact parameter. Recalling 

the transformation of equation 1.4.3, it is possible to eliminate Dv from equation 
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1.4.8. Denoting the terms in parenthesis by c and inverting equation 1.4.3, the 

expression for the diffusion coefficient becomes 

t lAM> 

Under the specified coordinate system, the velocity vr  tends to zero as r increases 

without bound. Substituting equation 1.4.10 into equation 1.4.8 and taking the 

limit as r goes to infinity, all terms vanish except for the constant term. So, c\ = 0 

and equation 1.4.8 may be rewritten as 

2 f dvr\ f dnv(vr)\ nnboffiVbrl 

J ( rsr)=—2— r e  •  ( 1-4-n )  

Before the integration can proceed, the transformation between velocity-

space coordinates and configuration-space must be determined. The two orthogonal 

spaces are coupled through the beam potential. Since vr is the velocity necessary 

for an electron at r to escape from the beam, the coupling equation is determined 

from energy conservation. Equating the kinetic energy required for escape to the 

change in potential energy leads to the needed transformation. 

(l/2)meUr = + $(r)) 

Replacing $(r) with the functional value of equation 1.3.8, the energy equation 

leads directly to an expression for in terms of the position coordinate r. 

v, = (1.4.12) 
TTle 

Replacing the velocity term in equation 1.4.11 with the value above and rearranging 

the differentials, produces an integrable form of the equation. 

(1.4.13) 
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Performing the integration yields an expression in n\. 

n! 1 (1.4.14) 
c4q$w\ (1-p2) J 

Again, it must be true that nv —* 0 as r —• oo. So, it may be concluded that 

0 < /?2 < 1 and C2 = 0. 

The derivation of the electron configuration-space density may now be com

pleted. Using equation 1.4.12, it is found that 

-lil = (1.4.15) 
vr  dvr  2q$w/32 

and the velocity dependence as well as the derivative may be eliminated from 1.4.3 

yielding 

n«(r) = ne(r) £2 (1.4.16) 

Substituting the right-hand side of 1.4.15 for n„ in 1.4.14, and using the value of c 

from equation 1.4.9, the final form of the electron density is obtained. 

ne(r) = neoe~*(1+P (1.4.17a) 

where 

7l*o — 

'2nl3 i$welnnbocriVbme  jlkT 

V "  0.97 g3 (1 — /32)lnA V m 
(1.4.17b) 

1.5 Energy Balance and the Value of (32 

Propagating down the beamline, the beam ions carry kinetic energy into every 

volumetric element inside the beam. A portion of this energy is continuously im

parted to the swarming electrons. Primarily, this occurs through ionizing collisions 

with the residual gas molecules and by direct coulomb interaction with the nega

tively charged cloud. As the free electrons are excited to higher energy states, a 
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small fraction of them attain a sufficiently high velocity to escape. These escaping 

electrons carry essentially no kinetic energy out of the beam, for they escape just 

as they have achieved the escape velocity. The energy lost by the beam to these 

electrons is completely describable in terms of the energy expended as they drift 

against the attractive electric field generated by the positively charged beam ions. 

In this process, energy is irreversibly extracted from the ion beam. The balance be

tween energy lost by the beam and the energy expended by the electrons provides 

a relationship from which the value of /? may be determined. 

Consider an annular differential element of volume coaxial with the beam, 

as in Fig. 1.3.1. Beam ions entering this volume transfer energy to the confined 

electrons. If this energy is uniformly distributed among these electrons, then it is 

possible to find the fraction of the total energy transferred that is ultimately lost 

by the beam-electron cloud system. Let a be this fraction, and let the annulus be 

located at a radius r with thickness dr and length dz. Then the kinetic energy of 

the beam in this volume is 

(l/2)mt,v%(2irrdrdz)ni,(r) (1.5.1) 

The energy imparted to the electrons is a times this energy. 

a(l/2)mbv%(2nrdr dz)rib{r) (1.5.2) 

This energy becomes the thermalization energy with which the electrons maintain 

their steady-state temperature. Electrons accelerated by collisions with the beam 

combine in a random process of electron-electron, electron-beam interactions to 

produce a few high-energy electrons with sufficient energy to escape from the beam. 

The escaping electrons surrender their kinetic energy to the conservative field of 

the beam and decelerate to zero velocity at an infinite distance from the axis. The 

contribution of the annulus to the kinetic energy of the electron cloud is precisely 

the value of equation 1.5.2. Therefore, if Ee is the electron kinetic energy flux 

through an arbitrary surface near the edge of the beam, and if rc is the characteristic 
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radius at the edge of the beam, the energy from the annulus flowing through that 

surface is given by 

2irrc  dEe  dz = a(l/2)mbv^(2irr dr dz)nb(r) (1.5.3) 

from which it may be written 

dEe  * r , „ ,  
-j- = ambvb—nh(r) (1.5.4) 

Equation 1.5.4 describes the energy per unit volume imparted by the beam to the 

electron distribution at a point r, and contributing to the energy flux at rc. 

Under steady-state conditions, the rate at which new electrons enter the 

cloud must equal the rate at which they escape from the beam. Moreover, the 

total energy of the electron swarm must similarly remain constant with time. Since 

the energy imparted by the beam to the swarm is carried out of the beam by the 

energetic escaping electrons, the fraction a is the ratio of the number of electrons 

created at r to the total number of electrons at r. This ratio is related to the 

creation rate by 

da n<TiVbnb(r) 

It = n«(r) (1'5'5) 

Thus, letting We  = dEe/dr, the power per unit volume supplied by the beam to 

the electron cloud is 

dWe  _ naimbvlr[nb(r)]2 

dt 2rcne(r) 

From equations 1.2.1 and 1.4.17a, the radial dependence of the beam and electron 

densities is known. Substituting these functions into expression 1.5.6 yields 

dWe  

dt 
= (l/2)ffim

b
vbnbo(^~^ '(3 /j2)(r'°)2 (1.5.7) 
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This energy transfer rate is equal to the time rate of change of potential 

energy of the escaping electrons. Let Ue(r) be the potential energy of one electron 

at a distance r from the axis. The potential energy per unit volume at r is the 

product of the electron density and the energy per electron. Taking the time 

derivative of Ue and invoking the steady-state condition dne/dt = 0, this last 

statement may be expressed mathematically as 

"e(r) ~ -9 n*(r) ̂  [-'M1 ~ e~^(^)S)] (1.5.8) 

Performing the differentiation, equation 1.5.8 becomes 

ne(r) dUf̂  = 2q $w02ne(r)^ (1.5.9) 

In this case, the time derivative of the radial component dr/dt is the drift velocity 

of the electrons travelling against the electric field. Drifting electrons are accel

erated to the escape velocity by a random collision process. Consequently, the 

drift velocity is not simply yf{2q/me)(<&w + $(r)), and must be determined from 

the time required for an electron to escape from a given point in the beam. The 

characteristic transit time for escaping electrons is the reciprocal of the creation 

rate. Moreover, the characteristic distance traversed is the beam radius r0. Holmes 

asserts that the drift velocity will scale with the characteristic velocity vc, where 

n aiVbrib(r) 
vc  — . . r0 

ne(r) 

Substituting this value of vc  for the drift velocity in equation 1.5.9, the potential 

energy power function is known within a scaling factor. 

ne(r) = 2q$w<TiVbP2n nj0 (1.5.10) 

Conservation of energy then requires that 
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(1.5.11) 

Inspection of equations 1.5.7 and 1.5.10 reveals that if relation 1.5.11 is to be valid 

the exponential terms in the two expressions must be equal. Thus, 

which is the sought relationship. 

1.6 Electron Temperature 
Within the beam, the electrons display a Maxwellian velocity distribution. In 

particular, in the region around the center of the beam, where the potential energy 

is zero, the probability that an electron has a velocity between vr and vr + dvr is 

given by the Maxwell-Boltzmann distribution function. This function has the form 

If vr  is again taken to be the velocity increment required for an electron 

at r to escape, then neo f(vr) is the velocity-space density of electrons at vr, in 

terms of the configuration space density along the axis. The exponent in equation 

1.6.1 is then the kinetic energy needed to escape. This may be related to the beam 

potential by energy conservation. 

—(l/2)(3 — fi2) = —(1 + /32) 

and it is immediately seen that 

(1.5.12) 

f(vr) = Ce~*&v* (1.6.1) 

(1/2 )mevl = q($w + $(r)) 

Here, r is the position at which vr  is determined. Using this last expression and de

noting neo f(vr) by nv(vr), the velocity-space density function becomes a function 

of r. 
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nv(r) = neoCe~*^+ib{r)) (1.6.2) 

With respect to this same reference system, an expression for nv  was previously 

derived and appears in equation 1.4.14. Thus, along the axis, the two expressions 

must be equal and, therefore, so must be the exponentials. Equating exponents 

and noting that is a constant yields 

The function $(r) was found in section 1.3.2 and is given by $(r) = —<5^(1 — 

exp(—/?2(r/r0)2). Choosing a point near the axis where r/r0 «C 1, this potential 

function may be expanded in a Maclaurin series and the terms third order and 

higher in r/r„ neglected. 

(I-/?2) 

2 

Solving equation 1.6.4 for kT, the electron temperature is obtained. 

kT = 4^- (1.6.5) 
W ~1 

As was shown in section 1.5, the value of /32 is 1/3. Thus, for a cylindrical ion beam 

with axial and azimuthal symmetry, the characteristic kinetic energy of an electron 

along the axis is equal to the potential energy of an electron at the outermost 

boundary of the beam. 

kT = q$w (1.6.6) 
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1.7 Axial Beam Density 
The beam ion density along the axis is a very important parameter as it appears 

in many of the equations which have been derived. Moreover, it gains additional 

usefulness as it is expressible in terms of a known or specified operating parameter 

of the beam, namely the beam current 

The current density of the beam ions parallel to the axis is the usual relation 

(1.7.1) 

In terms of the radial position component r, an element of area pierced by this 

current density is 2nr dr. The beam current at a point along the beamline is the 

integral of J& over the entire cross-sectional area of the beam. 

J
t°° 2 f  r e ~ d r  ( 1 . 7 . 2 )  
o 

If U is the extraction potential of the beam in volts, then the beam velocity u;, may 

be expressed as y/2qU/m,b where is the mass of a beam ion. The beam density 

along the axis is then found by integrating 1.7.2 and rearranging terms. 

1.8 The Beam Potential $w 

A key assumption in the derivation of an expression for the beam potential is 

charge neutrality along the axis. Over the pressure region of interest, this assump

tion is valid. However, at very low pressures (below say 10-8 Torr) the positive 

beam ions dominate and the net charge density is positive at the center of the beam. 

For high pressures (above 10-4 Torr), the electron density increases dramatically 

and the charge density becomes negative. This variation of charge density with 

Jb = qvbUb0e K r«' 
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pressure simply reflects the dependence of the ionization rate on residual gas den

sity. The expression describing charge neutrality along the axis is often called the 

plasma equation and is given by 

neo = ribo + Tlgio (1.8.1) 

where the subscript o indicates the density at r = 0. 

Both neo  and nslo may be expressed in terms of nbo. The former has already 

been found and is given by equation 1.4.17b, while the latter is determined by 

substituting 1.3.8 into 1.3.7, integrating, and talcing the limit as r tends to zero. 

The integration must be performed for a particular value of /?2, which when taken 

to be 1/3 produces the relation 

naio  = nnbo(rr0VbyJ^^* (1.8.2) 

Substituting 1.8.2 and 1.4.17b into 1.8.1, the plasma equation produces an 

expression from which may be determined. 

27r/34e2$ wnn bo<TiVbme 2kT /3 ms i  . 
„  f l , x ,  a  \  = nnb0crr0vbJ—— + n6o (1.8.3) 
0.97<?3(1 — /?2)ln A V rne  \ 2q&w 

From equation 1.8.3, it is seen that $«, may be readily determined for two limiting 

cases. For low pressures, where the residual gas density n is small, the beam density 

dominates the right hand side of 1.8.3 and the beam potential is found to be 

= 
0.97(1 — /?2) q3 In A /nbo\ I me  

2-Kj3ie\(TiVbme \ n ) V 2fcT 

while for high pressures, the slow-ion density dominates giving 

/0.97(l-/32)lnA^ ( ( m a i \  ( q 2 n n b o r 2
0 v b \  f m T  

* " = V 4^ ) UJ 1^7) I i ) V 2kf (1'8'4b) 
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The variation of $w with pressure is shown graphically in Fig. 1.8.1. At higher 

pressures, the beam density rcj0, and the residual gas density n, become inversely 

related. Over a narrow range, limited by high pressure beam stalling, the beam 

potential approaches a constant. 

Utilized in conjunction with implant beams, equation 1.8.4a is well within 

its limits of validity. Typical operating pressures are of the order of 10-7 to 10-5 

Torr. Within this range, a 10 mA beam will have an axis density of about 1013 m-3, 

while the slow-ion density is approximately 102 m-3. The right side of equation 

1.8.3 is then equal to the beam ion density and 1.8.4a applies. 
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Figure 1.8.1 Variation of the beam potential <f>w as a function of resid

ual gas pressure for a 20 keV, 10 mA, 1.4 mm He beam. As the 

pressure increases, the potential approaches a constant. Increasing it 

much further to the right of the graph would lead to beam stalling. 
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1.9 Summary: The Working Model 
Of the equations presented thus far, the ones of greatest significance are the re

lations for the densities and the radial potential function. They are summarized 

below. 

7ib(r) = nb0e~(^7 (beam-ion density) 

Tlai — 

V b n c  m a i  nh{p)pdp 

r V 21 Jo V -$(r) + *(/>) 
(slow-ion density) 

ne(r) = neoe~*(1+P (electron density) 

where nen  = 27rff4^u,t*nnt0<r iVbtne  /2kT 
0.97 q3  (l-/32)ln A V mc  

$(r) = — ^1 — e ^ 

with $w given by $w = (^) V f m* 
2kT 

(radial potential) 

These equations define the beam mathematically. At residual gas pressures 

within a typical ion implant beamline, it is possible to express this model in terms 

of beam parameters. Recall the relations kT = q$w and (i2 = 1/3. Inserting these 

values into the preceeding equations renders the working model of the beam. 

nb(r) = nboe (1.10.1) 

Tlbo — 
h I mb 

2nq r% y 2gZ7 

ne(r) = neoe 

(1.10.2) 

(1.10.3) 
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neo Si nho (1.10.4) 

$(r) = -$w (l - e-a(^>a) 

where $w may now be given by 

Ota. o3 in A 1 ® 
— n 

[MirelcriVi,(qme)2. 

The value of In A is tabulated in Spitzer [14], for varying values of electron tempera

ture and density. Typically, the numerical value of this parameter is approximately 

10 and it is customary to use this value in calculations [15]. In subsequent com

putational analysis, this convention will be adopted. Equation 1.10.4 is valid for 

beamline pressures between approximately 10~8 and 10-4 Torr. 

i BEAM POTENTIAL 

^Ro ELECTRONS 

J fc 

Vt5R0 BEAM IONS 

>1* "j» 
A 

"J* H** •f' I p -|» 

+  +  +  +  +  +  + +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  

Figure 1.10.1 For propagation through an electron cloud, the working 

model describes three characteristic radii within the beam: the beam 

radius r0, the trapped electron radius \/L5 r0, and the potential radius 

y/3 r0. 

(1.10.5) 

(1.10.6) 
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Physically, this model may be interpreted as defining three regions inside the 

beam. The beam itself, comprised of high-energy positively charged ions extending 

a distance r0 from the axis, is surrounded by an electron cloud of radius 

These components give rise to a net potential with a characteristic radius \/3 r0 
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TRAPPED-ELECTRON 
VELOCITY DISTRIBUTION 

Contributions to the net current by the beam-ions, slow-ions, and fast electrons 

are readily derivable from basic principles of physics. The current generated by the 

trapped electrons is, however, more difficult to define and requires an understanding 

of phase-space distribution functions. 

This chapter reviews some basic concepts from statistical mechanics. Phase-

space is defined and the generic properties of a distribution function presented. 

With this as background, the Boltzmann equation and its steady-state solution, 

the Maxwell^oltzmann distribution function, are then introduced. At the conclu

sion of the chapter, the velocity distribution function relevant to trapped-electron 

currents will be derived. 

2.1 Distribution Functions 
In the development which follows, an understanding of the physical interpretation 

of a distribution function is essential. This section will present the concepts and 

ideas necessary to grasp the subsequent manipulation of the Boltzmann distribution 

function. 

The trajectory of a particle at any point in space may be completely char

acterized by the forces acting on it and its position and momentum at a specific 

moment in time. This concept has lead to the adoption of a six-dimensional 

coordinate system called phase-space. Within this space, a state of the sys

tem is defined by combining of spatial and momentum vector components. A 

position within phase-space is denoted in terms of the time varying coordi

nates (xi(t),x2(t),x3(t),pi(t),p2(t),p3(t)). Phase-space possesses all the proper

ties of any orthogonal vector space and lends itself to analogous definitions. A 

differential element of phase-space volume is, for example, simply the product 

dxi dx2 dx3 dpi dp2 dp$, which is more conveniently denoted d3x d3p. 
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When the number of particles in a system becomes too large to handle 

each constituent discretely, the system is treated as a statistical ensemble. The 

position and momentum of a particular particle is then unknown and the system 

is described by the probability of finding some particle at a specific point in space 

with a specific momentum and at a specific time. The function that describes this 

probability is called the distribution function. Using the compact vector notation, 

this function is denoted by /(x,p,i). Multiplying this function by a differential 

element of phase-space volume yields 

and is the probability of finding a particle at a time t with phase-space coordinates 

between x and x + dx, and p and p + dp. 

Statistical analysis requires that a transformation be found which relates the 

finite number of elements in the ensemble to the infinite continuum of phase-space. 

This is accomplished by assigning one point in phase-space to each component of 

the system. The correspondence between particles and points is one-to-one, but 

the point is not unique. Rather, it is time dependent, being completely defined by 

the position and velocity components of the particle to which it is assigned. The 

probability of finding a particle with a given velocity at a given position is then 

describable in terms of the number of points per unit phase-space volume at the 

momentum and position of interest. To describe this mathematically, let N(x, p, t) 

be the number of points from the ensemble at the velocity-space coordinate (x, p), 

and at a time t. The distribution function then takes the form 

and it is seen that this function may be interpreted as a phase-space density func

tion. The factor Nt appearing in the denominator of 2.1.2 is the total number of 

discrete elements in the system. Its presence is necessary for proper normalization 

/(x,p,i)d3xd3p (2.1.1) 

1 d?N(x,p,t) 

Nt <Pxd3p 
(2.1.2) 
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of /. That is, since it represents a probability, the distribution function must be 

normalized such that 

when the integration is performed over all regions in the phase-space domain of 

the system. 

In the preceeding discussion, it was tacitly assumed that the system is homo

geneous and describable by a single distribution function. In general, the remarks 

remain valid for inhomogeneous systems. However, if the ensemble is comprised of 

more than one type of particle, then there must be a distribution function for each 

species and the interaction between the particles must be reflected in the form of 

each function. 

In the case of a homogeneous ensemble, the particles have identical masses. 

Thus, assuming that no mass is exchanged during collisions, the mass may be 

suppressed and the distribution function expressed in terms of velocity, rather than 

momentum. In inhomogeneous systems, suppressing the mass is not permitted for 

it leads to a nonunique transformation from momentum space to velocity space in 

which particles with different momenta are mapped to the same velocity coordinate. 

2.1.1 The Maxwell-Boltzmann Distribution Function 

In statistical mechanics, the problem of describing the system is generally a matter 

of finding the appropriate distribution function. Perhaps the most widely used 

distribution function is the one attributed to Maxwell and Boltzmann. Originally 

developed for the study of gases and kinetic theory, its basis lies in the Boltzmann 

equation. This equation describes the effects of inter-particle collisions on the time 

variation of the distribution function. Suppressing the argument (x, v, t) of the 

function /, the Boltzmann equation is given by 

(2.1.3) 

(2.1.4) 
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where F is the external force acting on the system and Nt is again the total number 

of particles in the ensemble. The function / is the distribution function and £+ and 

axe, respectively, the rates at which collisions send particles into and remove 

particles from a given element of phase-space. 

Under steady-state conditions, the right hand side of 2.1.4 vanishes. (In 

gases, this condition is referred to as thermal equilibrium.) A solution to the 

resulting homogeneous equation is the Maxwell-Boltzmann distribution function. 

e[~"5*V v2 
~ 

/(x,v) = T7-T (2.1.5) 
ffjfff kr 1 d3X (Pv 

Here, the function ^(x) is the potential energy of the system at x. The mass of 

an individual particle is denoted by m, and k is the Boltzmann constant. Solution 

2.1.5 is unique, but subject to the validity of five key assumptions: 

1. The molecular density is sufficiently high so as to validate statistical meth

ods. 

2. All collisions are binary and complete. Three particles may not simulta

neously be at the same position in configuration-space at the same time. 

This implies that all two-body interactions are instantaneous, at least with 

respect to the collision frequency. 

3. The distribution function varies slowly and continuously in space and time. 

4. Conditions of molecular chaos are assumed, indicating that no correlation 

exists between the states of randomly selected molecules. 

5. Quantum effects are negligible. 

As pertaining to an ion beam, none of these assumptions poses a particular 

dilemma. 

The distribution function 2.1.5, may be manipulated further. By integrating 

over the position coordinates, the distribution of velocities is obtained. 

e~?i??v2 fff d3x 

ffffff d3x d3v 
(2.1.6) 
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The limits of integration chosen in computing 2.1.6, define the interpretation of the 

resulting function. For example, if the numerator is confined to a specific region of 

configuration-space, while the denominator is integrated over the full domain of the 

system, then the distribution function describes the probability that a constituent 

of the ensemble has a velocity between v and v + dv and is located within the 

volume defined by the limits of integration imposed on the numerator. Integrating 

the numerator over the entire volume of the system yields the probability that 

a constituent has a velocity between v and v + dv without regard to position. 

Generally, as in the case to be developed here, the configuration-space limits of 

integration are the same in both the numerator and denominator. Cancellation 

occurs and the function becomes 

e— 

/(V) = Jfj(ye-2*r"2 d3v (2,1"7) 

Evaluating the denominator over infinite limits yields the familiar result 

2.2 Electron Distribution Function 
With the insight gleaned from the preceeding section, it is possible to derive a 

function describing the distribution of electron velocities inside an ion beam. 

Langmuir [16], was the first to show that the electrons in a plasma, under 

a wide set of conditions, display a Maxwellian distribution of velocities. More

over, the experimental work performed by Holmes, indicates that the Maxwell-

Boltzmann distribution function is an appropriate model for electrons in an ion 

beam. However, to be truly representative of the electron velocities within the 

beam, this function must be subjected to certain limitations. 

Free electrons are continuously being introduced into the beam by ionizing 

collisions between beam ions and residual gas molecules. As the cross-section for 

forward scattering dominates the collision process, these electrons are born with 
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essentially zero velocity. This produces a perturbing peak near the origin of the ve

locity distribution. The newly born electrons do, however, quickly thermalize and 

assimilate into the Maxwellian cloud. As they gain energy, a portion of these elec

trons attain sufficient velocity to escape from the beam, leading to the truncation 

of the high-energy tail. 

Figure 2.2.1 For trapped-electrons, the radial velocity distribution dis

plays a perturbed Maxwellian profile. Newly freed electrons produce 

a low velocity peak. Escaping fast electrons lead to a truncation of 

the high-energy tail. 

These perturbations pose no troublesome difficulties. Proper normalization 

compensates for the loss of the high-energy tail. Moreover, since the low-velocity 

electrons do not contribute to the current arriving at a particle in the beam, they 

may be neglected in this investigation. 

So, talcing the velocity distribution function 2.1.7, as a starting point, the 

principle concern becomes one of normalization. The integration must be per

formed in such a way that all axial velocities axe allowed, while constraining the 

two other orthogonal components to radial kinetic energies less than the escape 

Perturbation 
Distribution 

Cut-OfF Velocity 

Maxwellian 
Distribution 

Radial Velocity 
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energy q$w- In a Cartesian reference frame, choosing the z axis parallel to the 

beam, the equation of constraint is expressed 

(2.2.1) 
77ig 

Thus, the denominator of 2.1.7 assumes the form 

m« 

V me x  

e 2*T (u®+uJ) 
")dv 'Lc 

dv, (2.2.2) 

Integration along the beam axis is straight forward. However, the remaining double 

integral is most readily evaluated by a change of coordinates. The rectangular 

velocity components axe transformed into polar form by the following equations 

vx  = v cos 0 vy  = v sin 6 (2.2.3) 

from which it is readily seen that v\ + v* = v2. The integral over the vx  and vy  

components is then transformed as 

jI e~™(v*+v^ dvxdvy  = J J e^v7\j\dvdO (2.2.4) 

where J is the Jacobian determinant of the transformation, given by 

(2.2.5) 7 = 
dv* dv* 
dv d9 
dvv  dvv  

dv de 

cos 9 —v sin 9 
sin 0 v cos 0 

The value of the Jacobian is immediately seen to be J = v, and the right hand side 

of equation 2.2.5 becomes 

J J e 2*/ " vdvdO 

Inserting the appropriate limits and performing the integration, one obtains 
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e^v \dvde = 2Tr—(l-e- s^L)  (2.2.6)  
me V / 

Next, evaluating the z component of velocity in equation 2.2.2 yields 

(2.2.7) 

The denominator of the electron distribution function is now obtained from the 

product of equations 2.2.6 and 2.2.7. Inserting this product into 2.1.7 and denot

ing the electron distribution function by /e, the normalized velocity distribution 

function for trapped electrons within the beam is found to be 

2.3 Trapped-Electron Velocity Distribution 
Ultimately, the current to a particle in a beam is determined by the normal flux 

of charge carriers incident on the particle's surface. For a particle inside of a 

cylindrical ion beam, a major component of this flux will arise from electrons 

emanating from the center of the beam. Therefore, it is of interest to find the 

distribution of electron velocities parallel to any radial line. 

Consider the geometry of Fig. 2.3.1. The probability of finding an electron 

with a component of velocity in the positive a:-axis and possessing a magnitude 

between vx and vx + dvx can be obtained from equation 2.2.8, by integrating over 

all possible velocities v = vx + vy + vz such that vx is confined to the desired 

range. This probability, which is denoted fe(vx), is functionally independent of the 

y and z velocity components. All axial velocities axe allowed; so, the z component 

is integrated over infinite limits. The x and y components are, however, again 

constrained by the finite radial potential of the beam. From expression 2.2.1, 

the equation of constraint is v\ + v* < (2q$w/me). The extremal values of the 

allowed velocities in the y direction are then vy = ±-\/(2q<&w/me) — v*. Using 

(2.2.8) 
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IONS y 

Figure 2.3.1 Coordinate system used for determining the distribution 

of velocities parallel to a radial line. The resulting flux is normal 

through the plane at the point r. 

these extrema as the limits of integration for the y components, the function for 

vx can be expressed 

Both integrands are symmetric with respect to the origin. In the case of the 

vg integration, the form of this integral may be slightly simplified by setting the 

lower limit to zero and doubling the value of the resulting integral. Moreover, it is 

convenient to express the integrand in terms of dimensionless variables. Letting u = 

y/(me/2kT)vy, and using the known value of the vz integral from 2.2.7, expression 

2.3.1 becomes 

z (2.3.1) 

/.(„,) = (l - e'V) e I «- A- (2-3.2) 
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The last integral is a Gaussian and cannot be expressed in terms of elementary 

functions. Thus, equation 2.3.2 represents the final form for the distribution of 

velocities parallel to the x-axis. This distribution represents the probability that 

for any allowed velocity in the y and z directions, the velocity along the x-axis is 

between vx and vx + dvx. 

If the equation of constraint 2.2.1 were not invoked, the resulting distribution 

function would be simpler in form. 

(safe)* (2-3-3) 

Later, it will be seen that utilization of this distribution produces results in rea

sonable agreement with the more rigorous model. 
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ELECTRICAL CURRENTS 
AND 

PARTICLE CHARGING 

The continuous motion of electrons and ions within the beam leads to a superposi

tion of currents at any point in space. A particle placed in the beam will intercept 

a portion of these currents and acquire a net charge. In turn, this charge perturbs 

the surrounding fields and alters the currents in the region surrounding the par

ticle. Whether a particle will become trapped is dependent on the net current to 

the particle, the beam potential at the position of the particle, and the effects of 

external forces such as gravity. The net current to the particle is a function of the 

behavior of the charge elements operating inside the beam. 

As developed in Chapter 1, there are four classifications of charge carriers 

within the beam: beam ions, slow-ions, trapped electrons, and high-energy escap

ing electrons. By describing the rate at which each of these elements flows per unit 

area per unit time through a specific point in space, the net current density at that 

point can be determined. Any charge delivered to the particle by this current will 

manifest a localized potential in excess of the beam potential at that point. Con

sideration of this "floating" potential will lead to an expression for the steady-state 

charge on the particle and the minimum charge necessary for particle entrapment. 

3.1 Beam Ion Current Density 
It will be assumed that the velocity of the beam ions is uniform and determined by 

the extraction potential. Deceleration effects induced by collisions with apertures 

or the positive space-charge of the beam will be neglected. In this case, the current 

density of the beam is constant with respect to axial position, varying only radially 

as a function of the beam-ion density. It is given by 
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(3.1.1) 

where ez  is a unit vector in the positive z direction. Denoting U as the extraction 

potential, the beam velocity is found from energy conservation, vj = y/2qU/mb. 

3.2 Slow-Ion Current Density 
Slow-ions are continuously produced through charge exchanging and ionizing inter

actions between beam ions and residual gas molecules. These new ions axe created 

with essentially no radial velocity, but are immediately influenced by the radial 

electric field which expels them from the beam. In the steady-state, the slow-ion 

density is constant everywhere with respect to time. Thus, the rate of creation 

must equal the rate of emission and may, therefore, be used to find the radial 

slow-ion current density. Consider the situation depicted in Fig. 3.2.1. 

BEAM IONS 

Figure 3.2.1 Charge altering collisions between residual-gas molecules 

and beam-ions in a differential element of volume at p, contribute to 

the radial slow-ion emission flux at r. The beam atom continues down 

the beamline ELS either an ion or charge neutral. 

t —(-M Ji = qnboVbe y*o> ez  
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Following the development of equation 1.3.5, in an element of volume at 

radius p with thickness dp and length dz, there axe 

n a Vb nb(p) (2ir p dp dz) (3.2.1) 

slow-ions produced per unit time. These ions accelerate radially outward and 

contribute to the flux, or particle current density, of slow-ions through a surface 

at r. Let <fF(r) be the differential radial component of flux at r due to the ions 

created at p. Then it follows that 

(27r r dz) dF(r) = n a vj, ni,(p) {2ir p dp dz) (3.2.2) 

and it may be immediately written 

p(r) = r d/> ^ (s 2 3) 

r  JO 

where er is a unit vector in the radial direction oriented towards the point r. Per

forming the integration and recognizing that the electric current density is simply 

the particle current density F multiplied by the elementary charge, the relation for 

the slow-ions is obtained 

J., = «"""J'"*(1-«-,*>') er (3.2.4) 

3.3 Fast-Electron Current Density 
In a completely analogous situation, the rate at which new free electrons enter the 

electron swarm must, in the steady-state, equal the rate at which fast electrons are 

escaping. Thus, the number of electrons passing through a surface at r per unit 

area per unit time "is given by an expression identical in form with 3.2.4, the only 

difference being the substitution of athe cross-section for ionization, for <7, the 

total cross-section for the production of slow-ions. Thus, the fast electron current 

density is found to be 
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Jee = -gnny<Ptr2 ^ _ e_(^ ̂  ^ 

3.4 Trapped-Electron Current Density 
In Section 1.4, the introduction of free electrons into the negative cloud surrounding 

the beam was discussed. The electrons were assumed to be born with zero velocity. 

Once inside the beam, however, they quickly thermalize through coulomb interac

tions and adopt a Maxwellian velocity distribution, at least in regions adjacent to 

the beam axis. Existence of a radial electric field establishes a preferred direction 

of electron motion toward the center of the beam, and all electrons have radial 

velocity components. Although the beam model assumes that the electrons are 

created with zero velocity and are subject to no net angular excitations, there is a 

narrow low-velocity distribution of initial electron kinetic energies [12]. Therefore, 

the trapped electrons traverse the the beam along asymmetric helical trajectories. 

Projecting one of these trajectories onto a plane perpendicular to the beam axis 

produces an ellipse with a narrow semi-minor axis. Further projection of this el

lipse onto a plane passing through the foci and perpendicular to the semi-minor axis 

yields a line. In this way, complicated trajectories are reduced to one-dimensional 

motion about the beam axis. The physical situation is displayed in Fig. 3.4.1. In 

this sense, the beam axis becomes a source of radially directed electrons. 

The normal flux of electrons penetrating a plane perpendicular to a radial 

line through a point at r, is dependent on the number of electrons with velocity 

components normal to and directed towards the plane. From equation 2.3.2, the 

probability of finding an electron with a specific velocity component in a direction 

normal to the plane is known. The electron current is then determined from flux of 

electrons emanating from a plane through the beam axis and parallel to the plane 

at r, as shown in Fig. 3.4.2. 
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Radial 
Turning-Point 

SEMI-MINOR 
AXIS Projection 

o e-

o e-

First Projection 
Produces an Ellipse 

Second Projection 
is a Linear Path 

Figure 3.4.1 Orbits of trapped-electrons are reduced to oscillations in 

one-dimension across the axis. The center of the beam may effectively 

be considered a source of negative current. 

Consider the electrons in an element of volume at the point r'. The spatial 

volume density of these electrons is neoexp[—1(1 + /?2)(r'/r0)2]. Replacing vx in 

2.3.2 by v, the number of electrons per unit volume, per unit velocity at r' with 

velocities between v and v + dv, where v is the component of the electron velocity 

normal to the plane at r, is given by 

„ e-i(W)(£)2 
e=̂ - 2 

N.(y, r') = ̂  , ijgLf / c-'A, (3.4.1) 
(1 — e I? J Jo 

At points near the axis, r'/r0 <C 1 and the first factor in 3.4.1 is approximately 

unity. In this case, the electron flux is defined by a thin sheet centered along the 

axis. The normal current density at r due to these electrons is obtained from 3.4.1 

by multiplication with — q and (v • dv)er. 
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Incidence 

- * 

Figure 3.4.2 Coordinate system, plane of emission and plane of inci

dence. An element of volume at r' contains electrons with velocity 

components normal to the surface at r. The distribution of these 

components is given by equation 2.3.2 

dJe = 1 neo 

(l-e^) 

•Ur
du v dv er (3.4.2) 

Only those electrons at the origin with kinetic energies greater than q$(r) will 

reach the plane at r. Thus, to find the total electron flow within the sheet and 

through this plane, equation 3.4.2 must be integrated over those electrons with 

sufficient energy to overcome the beam potential at the plane. This places the 

lower limit of integration at \/—2q<f?(r)/me, while the upper limit is set by the 

maximum velocity of trapped electrons. Using these limits, the current density of 

trapped-electrons is found to be radially directed and given by 
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/IT> /2m/. \ *2 r \/ 2 J = -«"" fV1#* , yv - e^a¥it) (3 4 3) 

(l-e^) /> A/SHEr 

This last expression may be integrated by parts to yield 

Jt = jm+*-\-sdz 
1 _ eHhr^ \ir2meJ y J0 

"\/jW;($(r) + $U,)}er (3'4'4) 

Equation 3.4.4 has a clear physical interpretation. It is the current density at 

r due to electrons crossing the beam axis with sufficient kinetic energy to overcome 

the beam potential at r. Simultaneously, these electrons axe constrained to radial 

speeds that are less than y/2q$w/me. 

3.5 Net Current Density 
The net current density at r is the vector sum of the individual contributions of the 

four charged beam elements. These contributions have been resolved into radial 

and axial vector components. The net radial component is 

Jr = Jai "I" ^ee "H Je 

while there is only one contribution to the axial component, 

Jz = J b 

Using equations 3.1.1, 3.2.4, 3.3.1, and 3.4.4, these densities take the forms: 
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, qnnhovhr20 f e~̂  { 2kT \* 
J' = 2r (* - *) (1 - e. < '• > ) - «»"—EjgF J 

{ ry/l^rl^ (r)+4 id) , l~"7, ") 
edr(#(r)+»«) j e-z dz _ ^_L.(3(r) + *w) | er (3.5.1a) 

for the radial component and 

(3.5.1b) 

for the axial term. 

The limit as r tends to zero of the first term in 3.5.1a, can be found from 

1 Hopital's rule to be zero. Moreover, from the existing literature [11] - [13], [15], 

the typical values for a and <7,- are of the order of 10-21 to 10-20 meters squared. 

Computations of the first and second terms for typical beam parameters reveal 

that the second term in 3.5.1a is four to five orders of magnitude greater than the 

first for values of r within about five beam radii r0. Thus, the equation may be 

simplified by ignoring the term arising from the slow-ions and escaping electrons. 

The net current density may then be expressed 

J = n». gn.. t je^>+*-> 

x jf (3.5.2) 

3.6 Particle Charging 
Consider the situation diagrammed in Fig. 3.6.1. A spherical conducting particle 

of diameter d0 a distance r from the beam axis projects a target area 7rc^/4 in 

all directions. Thus, the cross-sectional area presented to the beam is the same as 

/ r \ 2 
3 Z  =  q n b 0 V f , e  K r » >  e z  
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the area intercepting the normal flux of electrons. It is, therefore, convenient to 

discard the vector notation normally associated with current densities and adopt 

the convention of a scaler current density Js, defined as the signed scaler sum of 

all components of the vector density. In terms of this quantity, the net current to 

the particle is given by 

(3.6.1) I ( r )  =  ̂ f J s ( r )  

BEAM IONS 
.+ FAST ELECTRONS 

+ SLOW-IONS 

TRAPPED 

ELECTRONS. 
Target Cross-Section 

is Circular in 
All Directions 

BEAM IONS 

Figure 3.6.1 Current intercepted by a spherical particle of diameter 

d0 at a distance r from the beam axis. 

As the particle accumulates charge, it develops an electric field which per

turbs the trajectories of surrounding charges. The ion current is, however, dom

inated by the beam ions which are of sufficiently high energy so as to remain 

undisturbed by the presence of the charged conductor. Unlike the positive current, 

the trapped electrons, which dominate the negative current, are comprised of some 
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low energy electrons that can be deflected by a secondary field. As the potential on 

the particle rises, so does the minimum kinetic energy required to travel the region 

between the axis and the particle. This minimum energy is the beam potential 

at the point of the particle plus the floating potential of the particle. K V is this 

floating potential, then the necessary energy is given by y/—(2q/me)($(r) + V). 

Using this relation in conjunction with 3.5.2, yields the net current to the particle. 

rV v ^ ' •» I n 
•&W+*»+V) J  e -z  d z  _ yx  ( $ ( r )  +  $w  +  v )  

(3.6.2) 

Negative electric current will flow to the particle until a sufficient charge has 

been deposited to repel all incoming electrons. When this occurs, a slight excess of 

positive beam current will again decreEise the magnitude of the floating potential 

of the particle and reestablish a negative current. This in turn leads to a particle 

charge that repels the electrons. In this way, a balance is attained and steady-state 

conditions appear. The net current to the particle is effectively zero, and the right 

hand side of equation 3.6.2 vanishes. Equating the electron term to the beam-ion 

term, it is possible to obtain an expression from which the floating potential V 

may be extracted. 

F(r) = In 
1 _ e \ / tt2me \ * / nb0 \ 

J \ 2kT ) \ne 
_a±1L i i i i )u»e (^ 

e ~ k r  J  \  M l  J  \ n e o  J  

r\AfrWr)+<fr u,+V) 

+ Vi^($(r) + $u' + y) "ln/0 
e"' dz~lkmr) + *w )\ 

(3.6.3) 

From elementary electrostatics the charge on a sphere with a surface poten

tial V, is known to be 
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Q = 2ze0d0V (3.6.4) 

Consequently, equation 3.6.2 may be iterated to obtain the potential and the result 

used to compute the charge Q. 

Equation 3.6.3 provides the steady-state floating potential of the particle. 

To determine the minimum potential necessary for entrapment, the gravitational 

and coulomb forces are equated and the particle's charge determined. Utilizing 

3.6.4, the floating potential may then be calculated. If p is the mass density of the 

material comprising the particle, the gravitational force is given by 

Fg = \rd\pg (3.6.5) 

while the coulomb force is expressed 

Fc = 2Q$wp2^e~l}1W (3.6.6) 

Off-setting the forces requires 

±nd3
0pg = -2 (3.6.7) 

b r% 

Solving for Q yields 

(3'6'8) 

Equation 3.6.8 represents the minimum charge that a particle must possess if en

trapment is to occur. From 3.6.4, the corresponding particle potential is 

W D — 5 < 3 - 6 - 9 '  

Before concluding this section, it should be noted that the particle cannot 

attain an infinite charge. Moreover, consideration of the beam physics requires the 
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upper limit on the magnitude of the floating potential to be found in the steady-

state. Equation 3.6.3 thus provides the maximum particle potential allowed by 

the beam. There is, however, also an electrostatic charge limit determined by 

the particle's diameter. For a sphere, spontaneous emission of electrons occurs 

when the field reaches a strength of approximately 109 V/m, [17]. The maximum 

electrostatic charge is then determined by 

Qmaz =7T6 o<£109 (3.6.10) 

and the corresponding potential becomes 

v™, = |^ = fl°9 (3.6.11) 

Thus, a 1 fj, particle can sustain a potential of 500 V and, as the electron tem

perature is typically below 100 eV, it is clear that the particle charge is beam 

limited. 

3.7 Charging Time 
Particle entrapment cannot occtir if gravity removes the particle before sufficient 

time has elapsed to effect the coulomb force. Therefore, it is of interest to find 

the time required to charge a particle from a potential Pi to a second potential 

V2. From the current of equation 3.6.2, the charge deposition rate at a point r is 

known. This charging time may be found as a function of potential with the aid of 

3.6.4. Expressing the current in terms of a time derivative gives 

(3.7.1) 

From equation 3.6.4, it is possible to write 

dV(r,t) = 1 dQ(r,t) = 1 ,3 . 
dt 2ire0d0 dt 2ire0d0 



58 

Now, assume that r and t are not both simultaneously changing. That is, consider 

the particle to be fixed at the point r, such that r does not change with time. 

Then, the partial derivatives in equations 3.7.1, and 3.7.2 may be replaced by the 

total derivative. 

Before continuing, it is convenient to transform V to a function of dimen-

sionless variables. Let x = (<z/&T)($(r) + + V), then 

dx _ J_dV 
dt kT dt 

In terms of the current, the derivative of x becomes 

dx _ ql 
dt 2ire0d0kT 

so that 

(3.7.3) 

(3.7.4a) 

it = (3.7.4b) 
9 1 

Using the expression for I from equation 3.6.1 yields the relationship for the charg

ing time. 

t = 8e0kT /•*' dx 

(3.7.5) 

Once the potential V is known, the limits of integration are determined and the 

time to charge to that potential may be found by numerical evaluation of 3.7.5. 

3.8 Simplifications 
Computation of the particle potential and charging time may be simplified by 

utilization of the relations from Sections 1.5 and 1.6: kT = q$w, f32 = 1/3, and 

invoking beam neutrality ne0 = rib0. From 3.6.3, the self-potential at the surface 

of the particle becomes 
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V(r) = *„{ In [ (jgfc) ' <* c-W + v/e-5W+£ 

_ / Jo 
~*2 dz — e ) 

e-^ _ e-» 
where A = 6 *gL = jt^r = -582. 

l-e"w 

Similarly, the expression for the charging time is written 

(3.8.1) 

t = 8e0 $w f x 2  

Q Tlfto d{ JfX ' .  

XI  

dx 

vbe (^)2 - A (SStj) 2 [c* /* e~*2 dz - y/x] 

(3.8.2) 

Here, xi = $u;(e + ^) and *2 = $„,(e =('^) + ^). 

In terms of the simplified distribution function of equation 2.3.3, the ap

proach presented here in Chapter 3 produces a particle potential of the form 

V ( r )  =  $ w  In 
( 2irme ) Vb i | e

v* Xr«' ' + 1 
\ 

— e 3Vr° 
4(^)2 

(3.8.3) 

Finally, the minimum potential necessary for entrapment takes the form 

V • (r) = —L^llEle^)2 

VmtnKr) 8e0 *w r 6 
(3.8.4) 
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NORMALIZED 
FORCE 

If a particle is to be confined within the beam, the net force acting on the par

ticle must be directed towards the central axis. In the region of the beam under 

investigation, two forces may be identified: the central force of the electric field, 

and the global force due to gravity. There is also a third force due to momentum 

transfer from the beam-ions to the particle. However, this force is perpendicular 

to the coulomb attraction and so, has no primary effect on trapping. 

4.1 Electric Force 
Erom the development of Chapter 3, the net charge Q, on the particle is known as 

a function of position. The electric force acting on this particle is found from the 

gradient of the electric potential by 

Fe = -<?V$(r) (4.1.1) 

Recalling from equation 1.3.8 that the potential is given by $(r)(l — e ^ ' r° ^ ) 

the gradient is written 

V$(r) = -2^w/32^e~02(^)2 

ri O 
(4.1.2) 

Combining equations 4.1.2, 3.6.4, and 3.6.3, the coulomb force acting on a particle 

at a distance r from the beam axis can be shown to be 
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Fa COS 6 

Figure 4.3.1 The trapping force is defined by Ft = Fc + Fg cos 0. 

Gravity provides the greatest opposition to this force at 6 — 0. 

47r02$weodokT _a2(-£-)2 
~ \ r« ' 

qrl 
re 

I IV e kT J \ &K-L J \7leO / 

+ ^(*(r) + *w + Vr) -InJ 

( f * t u  f  \ 
e *r J \ 

u, + V) 

u&e * rQ ' 

e - z 2 d z - - j L { $ { r )  +  $ w)  

(4.1.3) 

4.2 Gravitational Force 
The force due to gravity is dependent on the mass of the particle, which for a given 

diameter is directly proportional to the mass density of the material comprising 

the particle. In terms of these parameters, the gravitational force is given by 

jp 9̂ j3 
Fg — g pd0 (4.2.1) 

4.3 Normalized Force 
In general, depending on the angular position of the particle in the beam, the 

coulomb and gravitational forces are not directly opposing. 
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To assess the trapping ability of the positive field, the focus will be narrowed to 

the case of a particle situated at the bottom of the beam where the principle forces 

axe maximally opposing. The net force acting on the particle is then Fc + Fg. For a 

particle initially at rest, entrapment will occur whenever \FC\ > l-FJ. Under actual 

operating conditions, the particle entering the beam will normally have some non

zero velocity. The probability of particle entrapment then depends on the greatness 

of the inequality. To quantify this, the concept of a normalized force is useful. Let 

Fn be this normalized force defined by 

_ Fa + Fc „ Fc FN = = 1 + (4.3.1) 

When the value of 4.3.1 is negative, the coulomb force exceeds the gravitational 

force, and a trapping force exists. The relative strength of the central net force 

is observable from Fn as multiples of the gravitational force. Using 4.1.3, this 

normalized force is expressed 

6 \ ( 7r"me 
2 kT e kT 

-In J 
J o 

/ "to 

\rieo 
^ vbe~{'°)2 + y^(<£(r) + + V) 

e-z,dz--jLmr) + $w)\ + l (4.3.2) 

As in previous chapters, for specific applications, it is possible to simplify 

4.3.2 through the relations: kT = q<f>w, (32 — 1/3, and neo = rej0. Expressed with 

these parameters, the normalized force becomes 
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=77 (zk) r e " 4 < " ) '  { t a  [ ( i S t ) ' + +  _lC-n.12 V 
$ * Tl 

— In I e * dz — e 
Jo 

(4.3.3) 

where, as in equation 3.8.1, A = .582. 

Completing the development requires inclusion of the normalized force deriv

able from the simplified distribution function 2.3.3. The procedure leading to this 

expression is identical to the derivation of 4.3.3. This simplified force is given by 

fn
- 
w=1+HtO Gfe) {in [•* (^) =d-(^)2) + i 

— if-C--)2 

—e ro (4.3.4) 
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PREDICTIONS 
AND 

ANALYSIS 

The principle results of the preceeding analysis can be summarized in terms of five 

equations. From Chapter 3, the minimum floating potential required for entrap

ment Vmin(r), the steady-state floating potential V(r), and the charging time to 

attain an arbitrary charge on the particle were found to be 

v~w--«(&) (£) 7^ 

V ( r )  = $ J In 

-in J 
Jo 

f 7r2me \ 

V2A?S,J 
V b e  

- ( - r - )2  ,  I  ,  V r o  - { - A l e  3 { - r o '  -f- —— 
V 

; z dz — e (3.8.1) 

, = ifl*- fX1 & (3.8.2) 
« »>„ d. Jn _ A ̂  , [eX jx 

and in Chapter 4, two expressions for the normalized force were derived. The 

first followed a rigorous renormalization of the Maxwell-Boltzmann distribution 

function while the second was a simplified model that included electron velocities 

that actually were not allowed. The rigorous model is given by 
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F"(r) = ~pg i^k) re'i ( ( i x f e )  *  < r < * ) ' +  +  
V_ 
$ * ID 

~ l n  /  Jo 

4̂  ̂_ dz-e-a^ ^+1 (4.3.3) 

while the simplified model has no explicit dependence on V. 

+ 1 

(4.3.4) 

To evaluate the behavior of these equations with respect to various beam 

parameters, a Fortran program was written which numerically integrated the Gaus

sian factor in 3.8.1, and an iterative process to determine the value of V at specific 

radial positions r, within the beam was performed. Numerical integration was ac

complished using Simpson's rule. For smooth functions such as a Gaussian, this 

technique provides excellent precision with relative ease of implementation. Con

vergence of the integral was obtained to seven significant figures while the iterative 

process for the potential was halted when agreement to at least the second digit 

was attained. For each resulting value of V, the coulomb and gravitational forces 

were obtained from equations 4.1.1 and 4.2.1. 

With the aid of this program, the trapping characteristics of several beams 

were simulated and seven distinct analyses performed. The results are presented in 

graphs and tables on the following pages. Most of the numerical values used in the 

computer calculations have been discussed in previous chapters. Consistent with 

^ ( p ) - i  +  KtX&) \ln U6 (^) eVi"Vr°';-D(i-(^)2) 

j 
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convention, In A was taken to be 10 [15]. Typical values for the scattering cross-

sections are of the order of 10-20 m2 [11] - [13]. Settling on a particular value was 

problematic. The literature did not include data for the particular species under 

investigation. However, for energies in the range of 10 - 200 keV, the listed data 

consistently showed the total cross-section to be about twice that for ionization; 

so, the computational values were taken to be a = 2 x 10~20 m2 for the total cross-

section, and <7j = 10-20 m2 for ionizing events. It is not intended that computations 

of this chapter render values of absolute accuracy, but rather that they should be 

correct to within a factor of order unity. 

5.1 Beam-Ion Species 
Figure 5.1.1 illustrates the variation of the normalized force with increasing beam-

ion mass. As can be clearly seen, the coulomb force depends strongly on the mass 

of the ions comprising the beam. For a fixed extraction energy, heavier, more 

massive ions travel at lower velocities, obeying the equation uj = y{2qU/mi,). 

Additionally, when the current is maintained constant, the axial inter-ion spacing 

is reduced. This increases the ion density throughout the beam. In response to 

this, charge neutrality along the beam axis requires a corresponding increase in the 

electron density. 

To assess the effects of these changes in density, consider the expression for 

in equation 1.10.6. Substituting relation 1.10.2 for n\,0 in the numerator and 

replacing vt, by y/(2qU/mj) in the denominator, the beam potential is given by 

= 

•347T <7; (gme)2 
(5.1.1) 

For a specific current at a constant energy, varies with the beam-ion mass 

as m^3. Moreover, from equation 4.1.2, the electric field is proportional to $w 

and so contains an identical dependence on beam-ion mass. Now, recalling that 

the electron temperature is directly proportional to the beam potential, it becomes 

evident that the negative current to the particle is strengthened by both an increase 
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Figure 5.1.1. Variation of the maximum magnitude of the trapping 

force with beam-ion species for a 100 keV, 10 mA, 3-cm-diameter 

beam. As the ion mass increases, the charge density increases leading 

to ail enhancement of the coulomb force acting on the particle. 

in the available electrons and by an increase in their average velocity. Thus, the 

greater trapping force is seen to arise from a more negative net current (the positive 

beam current is held constant) and an enhanced electric field. 

Table 5.1.1 contains a tabulation of $w for four current-energy combinations. 

In accordance with equation 5.1.1, the beam potential is seen to increase as the 

mass increases. A similar effect is also apparent with changes in energy; where for 

a fixed current, <frw is reduced at larger energies. This too, reflects a dependence on 

beam-ion density. Higher energies imply greater velocities. Therefore, for the same 

current, the inter-ion spacing increases and produces a reduction in the density. 

The table also elucidates the constancy of with respect to the current 

to extraction-energy ratio Ib/U. That is, the beam potential is invariant under 

alterations to the beam-current and energy which leave the ratio Ib/U unchanged. 

Inspection of equation 5.1.1 reveals this to be an expected result precisely predicted 

by the beam model. 
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$U> (volts) 

5 mA 10 mA 
SPECIES 50 keV 100 keV 50 keV 100 keV 

B+ 11.59 7.30 18.39 11.59 
P+ 23.38 14.73 37.11 23.38 

BF2+ 31.65 19.94 50.25 31.65 
As+ 42.12 26.53 66.86 42.12 

Table 5.1.1 Values of the beam potential $w, for various current-

energy combinations. The variation of $w with the tabulated param

eters result from changes in the beam-ion density. 

COULOMB CHARGING KINETIC 
FORCE T1 ME ENERGY 
F c  (N) t  (ms) tmin (A 1  s)  (eV) 

B+ -1.21 x 10~14 1.75 OO -

P+ -1.30 x 10~13 0.63 0.29 3.61 x 10~7 

BF2+ -3.48 x 10"13 0.52 0.078 2.57 x 10~9 

As+ -8.39 x 10-13 0.44 0.024 2.51 x 10_1° 

Table 5.1.2 Charging and trapping parameters for a 1/um A1 particle in a 100 

keV, 10 mA, 3-cm-diameter ion beam. The tabulated data are for points 

r/ra at which the trapping force is maximal. A boron beam of this current, 

energy, and diameter cannot confine the given particle. 

Table 5.1.2 displays several additional trapping parameters. Of particular 

interest are the charging times and the free-fall kinetic energy. tmin is the time 

required for the particle to develop a sufficient charge to become entrapped within 

the beam. This occurs when the coulomb attraction is exactly equal in magnitude 

to the opposing force due to gravity. The charging time t, is the period of current 

flow during which the particle rises from a zero floating potential to the steady-state 

value. The kinetic energy column of Table 5.1.2 lists the kinetic energy acquired 

by a freely-falling uncharged particle, initially at rest, during a time interval of 

duration im;„. That is, if an uncharged 1 //m A1 particle were placed inside the 

beam, at a point of maximal trapping, with no initial velocity, it would possess this 
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kinetic energy when the coulomb force identically countered the gravitational force. 

Since, the values in the table axe very small in comparison to the beam potential 

it is concluded that gravity cannot extract this particle from the beam before it 

attains the minimum charge of confinement. Stated another way, the charging time 

tmin is sufficiently low so as not to preclude entrapment. This result was observed 

in all regions where Fn < 0 and for all of the beams which were examined. 

5.2 Beam Energy 
As expected from the preceeding discussion is Section 5.1, Fig. 5.2.1 shows a 

monotonically decreasing magnitude of the normalized force with increasing beam 

energy. 

In the figure, the maximum trapping force of a 3-cm-diameter, 10 mA, BF2 + 

beam is simulated over a 100 keV range of energies. Since the mass of the beam 

ions is fixed, an increase in energy corresponds directly to a greater velocity. Once 

again, for a set current, a higher velocity implies a larger inter-ion spacing and a 

smaller coulomb force. 

In the remaining figures, trapping parameters of a 10 mA, 3-cm-diameter, 

BF2+ beam are characterized with respect to beam energy. Figure 5.2.2 illustrates 

the strong variation of $>w with changes in extraction energy as computed from 

equation 5.1.1. Again, this result reflects a diminished beam-ion intensity. Figures 

5.2.3a and 5.2.3b display the time scale for a particle to attain the minimum trap

ping, and steady-state floating potentials. The free-fall kinetic energy is depicted 

in Fig. 5.2.4. This parameter is useful in predicting particle entrapment for if it 

exceeds the beam potential the particle will not be confined. The plot in the 

figure represents the free-fall energy along the line Fn = 0. That is, the compu

tations were taken along the points of minimum, non-zero trapping. As is clearly 

seen from the graph, for this particular beam, the particle's kinetic energy is well 

below the beam potential and confinement can be expected. (The non-monotonic 

curve displayed by the plot arises from the method of computation, rather than 

physical phenomena. Calculations were made at discrete intervals of r/r0. Actual 

points of minimum trapping, therefore, did not necessarily correspond identically 
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with those point used in the calculations. Oscillations of the curve reflect the vari

ations in closeness of the computational points to the actual position of minimum 

trapping.) 

Figure 5.2.1 Variation of the maximum trapping force with beam en

ergy for a 3-cm-diameter, 10 mA BF2+ ion beam. The force decreases 

monotonically with increasing energy. At higher energies, the beam-

ion density is diminished. 

Finally, as the positive ion density within the beam becomes smaller, so does 

the enclosed charge inside a cylinder of fixed diameter. Gauss' Law then predicts 

a weakened electric field. The force model of Chapter 4 is consistent with this 

prediction. In Fig. 5.2.5, the point of maximum trapping is plotted as a function 

of beam energy. From the graph it can be seen that the maximum trapping force 

occurs at ever increasing radii. With increasing energy, the ion density decreases 

and the cylinder must expand to maintain the same force. For a particle of constant 

mass, the force of gravity does not vary and so it is evident that as the positive 

charge density is reduced, a larger cylinder becomes necessary to produce a coulomb 

attraction that will off-set the gravitational force. 
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Figure 5.2.2 $w as a function of beam energy. As shown in equation 

5.1.1, the beam potential varies inversely as the two-thirds power of 

the beam-ion extraction potential. 

5.3 Beam Current 
Figures 5.3.1 and 5.3.2 show the relative impact of the beam current on the par

ticle's floating potential and on the normalized force. At 100 keV, a fifty percent 

reduction in the current of BF2+ ions produces approximately a three-fold decrease 

in the normalized force while diminishing the floating potential by about one-half. 

Again, this clearly reflects a reduction in the beam-ion density and is traceable to 

the beam-current dependence of as given in equation 5.1.1. 

5.4 Beam Radius 
Varying the beam intensity by altering the radius at a fixed current and energy 

substantially affects the normalized force. As demonstrated in Fig. 5.4.1, the 

coulomb force acting on a 1 pm Al particle in a 100 keV, 10 mA BF2+ beam 

changes by orders of magnitude as the radius is scaled by factors of order unity. 
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Figure 5.2.3a Dependence of the steady-state charging time on the 

beam energy. The time is fairly stable and varies by a factor of order 

unity as the energy ranges over two orders of magnitude. 
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Figure 5.2.3b Time required to acquire the minimum charge necessary 

for entrapment imin, at maximum trapping. At no time during this 

investigation was a situation uncovered in which tmin was found to 

be sufficiently large to prevent entrapment. 
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Figure 5.2.4 The kinetic energy acquired by a particle, initially at 

rest, freely falling under the influence of gravity for a time <min, never 

becomes comparable to the beam potential. (The line joining the 

points is to guide the eye, and contains no physical significance.) 
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Figure 5.2.5 The radius at which maximum trapping occurs moves 

outward at higher beam energies. This is in agreement with Gauss' 

Law. 
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Figure 5.3.1 Plots of equations 3.8.1 and 4.3.3 for a 3-cm-diameter beam. From 

Fig. 5.3.2, doubling the current produces a three-fold increase in the normalized 

force and a two-fold increase in the particle's floating potential. 



75 

< 

o 
BF2+ 
100 KeV, 10 mA 
•w s 31.65 V 
5.0E-6 Torr 
lum AI 

0.0 2.0 3.0 4.0 9.0 

NORMAUZEO RADIUS R/Ro 

o «-

O 

ac 
BF2+ 
100 KoV, 10 mA 

31.65 V 
5.0E-6 Torr 
1 um AI 

o.o 2.0 3.0 

NORMAUZEO RADIUS R/Ro 
4.0 5.0 

Figure 5.3.2 Plots of equations 3.8.1 and 4.3.3 for a 3-cm-diameter beam. From 

Fig. 5.3.1, doubling the current produces a three-fold increase in the normalized 

force and a two-fold increase in the particle's floating potential. 
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Figure 5.4.1 Maximum trapping force as a function of the beam radius. 

The force is seen to vary by orders of magnitude as the radius is scaled 

by factors of order unity. 

Review of equations 4.1.3 and 5.1.1 reveals the basis of this strong func

tional dependence. The coulomb force varies explicitly as the inverse square of 

the beam radius r0. Further, the beam potential is proportional to r^4/3*. 

Consequently, since the electric force goes as {§w/r0)2, the overall dependence of 

this force on the beam radius is r~(14/3\ 

5.5 Residual Gas Pressure 
Equation 4.3.3 describing the normalized force contains the assumption of axial 

charge neutrality nt,0 = ne0. Strictly speaking, this is valid only for room tem

perature gases at a pressure between approximately 10-8 to 10-4 Torr. From Fig. 

5.5.1, it is seen that the coulomb force is greatest at low pressures. In particular, for 

a 100 keV, 10 mA, BF2+ beam, increasing the pressure from 5 x 10-6 to 5 x 10-5 

Torr diminishes \Fn\ (the absolute value of the normalized force at its minimum 

or, equivalently, at maximum trapping) by three orders of magnitude. 



77 

o 
~cT 

10^ 

103-d 

102-d 

\oU 

10 
-7 

BF2+ 
100 KeV, 10 mA 
1 urn Al 

,-6 ,-5 10 " 10"" 10 
Beamline Pressure (Torr) 

-4 10 -3 

Figure 5.5.1 Variation of the magnitude of the normalized force at 

maximum trapping with residual gas pressure. The model is valid 

over the range from approximately 10-8 to 10-4 Torr. Within these 

limits, the coulomb force increases rapidly with decreasing pressure. 

Mathematically, Fig. 5.5.1 is explained with the aid of equation 5.1.1. From 

this expression, the beam potential $w, varies as the minus two-thirds power of the 

residual gas density. Since the normalized force of equation 4.3.3 depends explicitly 

on the square of the beam potential, this force varies implicitly as n~(4/3\ Using 

the Ideal Gas Law p = nkT, the pressure dependence of is determined to be 

fkT\° 
(5.5.1) 

which varies strongly as the inverse power of p. 

Physically, the result of Fig. 5.5.1 stems from the enhanced screening of the 

positive ions by the greater number of free-electrons available at higher pressures. 

As the residual gas pressure increases, so does the number of target molecules. 

Consequently, ion-gas collisions become more frequent and the production rate of 
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free-electron is accelerated. These shielding electrons create a drop in the beam 

potential which reduces the electric field as well as the electron temperature. This 

lower temperature implies a lower average electron velocity and, although the elec

tron density is higher along the axis, may lead to fewer trapped-electrons reaching 

the particle. Since the beam current remains unaltered, the net current to the 

particle becomes more positive. Therefore, at lower pressures, the coulomb force 

acting on the particle is smaller due to both a weakened field, and lower negative 

current. 

5.6 Particle Size 
The range of diameters for particles which may become confined within the beam 

is of major interest. As microelectronic technology drives the minimum feature 

size below one micron, so too is the size of a "killer" defect reduced. During this 

investigation, an attempt was made to determine a lower limit on the trappable size 

of a particle. Figure 5.6.1 shows the normalized force acting on a .01 fim tungsten 

particle in a 100 keV, 5 mA, 3-cm-diameter B+ beam. This beam was chosen 

for its comparatively low trapping potential, which is desirable when investigating 

particles falling from the beam. As is clear from the figure, the trapping force 

is very strong. In view of the inverse square dependence of Fn on the particle 

diameter, this is certainly expected. However, the charging time is also inversely 

proportional to the diameter of the particle. It may, therefore, be anticipated that 

there is a size below which the charging time is sufficiently long such that gravity 

can remove the particle before a trapping charge is established. From Fig. 5.6.2, 

the charging time tmin, is of the order of microseconds, and the free-fall kinetic 

energy has a maximum at 10-7 eV. Thus, it appears probable that no minimum 

trappable-particle size exists. 

As shown in Fig. 5.1.1, the normalized force associated with arsenic is 

comparatively strong with respect to the lighter ions. Thus, it is reasonable to 

characterize the upper limit of trappable-particle size using an arsenic beam. 
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Figure 5.6.1 Particle floating potential and normalized force acting on a .01 fim 

tungsten particle in a 100 keV, 5 mA, 3-cm-diameter, B+ beam. No minimum 

particle size was found below which confinement could not occur. 
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Figure 5.6.2 Charging time to the minimum trapping potential and the free-fall 

kinetic energy of a .01 fim tungsten particle in a 100 keV, 5 mA, 3-cm-diameter 

B+ beam. The kinetic energy and Tmtn indicate that trapping may occur. 
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Figure 5.6.3 illustrates the normalized force experienced by aluminum particles of 

various diameters within an 80 keV, 10 mA, 3-cm-diameter As+ beam. At Fm = 0, 

the opposing coulomb and gravitational forces are equal in magnitude. If this value 

of Fn corresponds to the steady-state maximum, as in Fig. 5.5.1, then the particle 

is unstable and would likely fall from the beam. Using instability as the defining 

criterion for entrapment, those points near the line Fn — 0 in the figure represent 

untrapped particles. Thus, it is anticipated that this beam will not confine particles 

larger than about 10 (jlxo. in diameter. As this particular beam possesses stronger 

than average trapping forces, and as the normalized force is strongest for light 

particles, 10 fim represent a reasonable characteristic upper limit on particle size 

for beams of this size and shape. 
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Figure 5.6.3 The upper limit of trappable-particle size is characterized 

using an A1 particle in an 80 keV, 10 mA, 3-cm-diameter As+ beam. 

Points near the Fn = 0 line represent unstable particles and are 

assumed not to be confined. 
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5.7 Particle Density 
This section is primarily intended to serve as a comparison of the simplified model 

of the normalized force Fn, , which requires no numerical integration or iteration, 

to the rigorous model used in this chapter up to now. 

It is intuitively clear that the gravitational force acting on in opposition 

to the electric field increases as the density of a particle of fixed size increases. 

Therefore, a diminished magnitude of Fm at its most negative value is anticipated 

for denser particles. This is demonstrated graphically in Figs. 5.7.1, 5.7.2, and 

5.7.3, where the former figure was generated by hand calculations utilizing equation 

4.3.4. 

Comparison of the figures reveals satisfactory agreement between the simpli

fied and rigorous models. The exact values of Ffj differ slightly, but are of identical 

orders of magnitude. 
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Figure 5.7.1 Normalized force acting on three 1 /im particles of differ

ing densities in the beam of Figs. 5.7.2 and 5.7.3, as computed from 

equation 4.3.4. Comparison to the following figures reveals satisfac

tory agreement between the rigorous and simplified models. 
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Figure 5.7.2 Particle floating potential of a 1 fim particle in an 80 keV, 10 mA, 3-

cm-diameter, P+ beam and the predicted normalized force acting on an AI particle 

of the same dimension. Comparison with Fig. 5.7.3 shows the expected variation 

of Fn with particle density. 
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Figure 5.7.3 Normalized force acting on 1 fim paxticles of molybdenum and tungsten 

in an 80 keV, 10 mA, 3-cm-diameter, P+ beam. Comparison with Fig. 5.7.2 shows 

the expected variation of Fjy with particle density. 
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5.8 Summary 
The preceeding analysis has characterized the beam with respect to several oper

ating parameters. It was found that all variations were traceable to changes in the 

beam-ion density. Most notable among the observed behaviors were the strong de

pendencies on beam diameter and residual gas pressure. It was also shown that 

is a function of the current-to-energy ratio of the beam Ib/U. Thus, the beam po

tential is invariant with respect to changes in the current and extraction energy that 

leave this ratio constant. In contrast, the presence of the term Vb = \j2qU /m^ in 

equation 4.1.3, prevents the coulomb force from possessing similar invariance with 

respect to this ratio. However, appears as a factor in the argument of a loga

rithmic function. Therefore, the dependence of Fn on Vf, is expected to be weak. 

This is displayed in Figs. 5.8.1 and 5.8.2. 

Oxygen beams were not formally addressed in this chapter as their atomic 

masses, 16 amu of 0 and 32 amu for O2, are intermediate between boron and 

phosphorous. From the calculations presented here, it is a simple matter to estimate 

the trapping properties of similar oxygen beams. 

Finally, the computer-aided model, although more rigorous, is not neces

sarily needed to estimate the likelihood of entrapment. The simplified model was 

found to be in reasonable agreement with the more sophisticated treatment. 
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Figure 5.8.1 Particle floating potential and normalized force for a 1 /im Al particle 

in a 100 keV, 10 mA, BF2+ beam. Comparison to the 50 keV, 5 mA beam of Fig. 

5.8.2 reveals the constancy of these parameters with respect to the ratio I&/U. 
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Figure 5.8.2 Particle floating potential and normalized force for a 1 /im Al particle 

in a 50 keV, 5 mA, BF2+ beam. Comparison to the 100 keV, 10 mA beam of Fig. 

5.8.1 reveals the constancy of these parameters with respect to the ratio h/U. 
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EPILOG 

6.1 Conclusion 
Beginning with the model for an intense ion beam developed by Holmes [1], four 

classifications of electric currents were identified. Two of them, the slow-ion and 

fast-electron currents were found to be of negligible influence. The trapped-electron 

current, which was the dominant source of negative charge, was determined by 

reducing the electrons' motion to one-dimensional oscillations about the beam axis 

and utilizing a velocity distribution derived from the Maxwell-Boltzmann relation 

for an ideal gas. The principle positive current was simply the charge flow due 

to the beam-ions themselves. Introducing a spherical conducting particle into an 

arbitrary point inside the beam, the effects of the trapped-electron and beam-

ion fluxes normally incident on the particle were combined with the perturbing 

influence of the particle's floating potential to find the net charge residing on the 

particle. Prom this charge, the coulomb attraction was calculated and compared 

to the opposing force due to gravity. The relative strengths of these forces was 

quantified by defining a normalized force given by Fn = 1 + Fc/Fg. A Fortran 

program was written to compute this normalized force, the floating potential of 

the particle, the charging time, and several other parameters. Employing this 

program, the behavior of Fn as a function of beam species, beam energy, beam 

current, beam radius, beamline chamber pressure, particle size and particle density 

was analyzed. The variations of the trapping force with each of these parameters 

were traceable to changes in the beam-ion density. This density must, therefore, 

be considered the principle parameter of the trapping force. 

6.2 Suggestions for Further Research 
Although conditions may exist within a beam that lead to the entrapment of par

ticulate contamination, actual entrapment will be strongly dependent on initial 

conditions. Consider a freely-falling particle entering the beam. If the particle falls 
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from the top of the chamber and passes through a chord of the beam, confinement 

of the particle will depend on the height from which it fell and the electric field 

at the point at which it enters the beam. Furthermore, a particle entrapped by 

the beam is subject to axial as well as radial forces. Momentum transfer from the 

beam to the particle may produce a significant acceleration. Axial particle veloc

ities could influence the charging, and ultimately the trappability, of the particle. 

For these reasons, the next approach to this problem should include an analysis 

of the equations of motion, particle trajectories, and their influence on particle 

charging . 

Another effect neglected in this investigation is secondary electron emission 

by the particle in response to ion bombardment. This emission produces a negative 

outward charge flow that could partially off-set the current of incoming electrons. 

It is anticipated that this effect should be small, but further analysis is warranted. 

Finally, as with any theoretical work, it should be verified experimentally. 

One approach is to construct an apparatus that injects particles in a controlled 

manner. It is essential that the initial conditions be tightly regulated. A system of 

laser detectors might then be used to track the particle's position and velocity as 

it traverses the beamline. Constructing such equipment is not a trivial task. The 

beam chamber contains copius electron and electromagnetic fluxes that provide 

an environment hostile to electronic monitoring. Special care must be taken to 

properly shield and ground test equipment. Moreover, current particle injection 

techniques are crude. Typically, they introduce a shower of particles of unknown di

mensions and velocities into unknown positions inside the beam. Particle levitation 

techniques have been developed [18], and may prove promising for this application. 
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PROGRAM PARTICLE 
C DOUGLAS A. BROWN 
C MAY 2, 1990 
C COPYRIGHT 1990 

**********DECLARE V PARAMETERS********** 
INTEGER J, K, VIT 
DOUBLE PRECISION I, R, E, E3f V, V0, VI, X, RM 
DOUBLE PRECISION GTINC, LTINC, TOL, PTS 
DOUBLE PRECISION W(100) , POT (100), ROVERRO(IOO) 
DOUBLE PRECISION VMINdOO) 

**********DECLARE TIME PARAMETERS********** 
INTEGER TJ, TIT, TI 
DOUBLE PRECISION Tl, T2, TA, TB, TH, TN, TZ 
DOUBLE PRECISION TTOL, INT, GAUSS, ASCALE 
DOUBLE PRECISION TDELTAZ, TSUMODD, TSUMEVE 
DOUBLE PRECISION TT(100), T(100), TTMIN(IOO), TMIN(IOO) 
DOUBLE PRECISION MARKl(100), MARK2(100), MARK3 

**********DECLARE BEAM INPUT PARAMETERS********** 
DOUBLE PRECISION P, U, MB, RHO, DO 
DOUBLE PRECISION RO, IB 

**********DECLARE COMPUTED BEAM PARAMETERS********** 
DOUBLE PRECISION N, VB, NBO, PHIW, UOUT, R00 
DOUBLE PRECISION JB(IOO) 

**********DECLARE FORCE PARAMETERS********** 
DOUBLE PRECISION FC(IOO), FN(100) 
DOUBLE PRECISION FG 

**********DECLARE ENERGY PARAMETERS********** 
DOUBLE PRECISION Y(100), KE(IOO) 
DOUBLE PRECISION MP 

********* *DECLARE PARAMETERS FOR FUNCTION GAUSS********** 
INTEGER GIT 
DOUBLE PRECISION GTOL 
DOUBLE PRECISION A, B 

**********DECLARE CHARACTER VARIABLES********** 
CHARACTER *1 REPLY 
CHARACTER *30 FILENAME, FILENAME1, FILENAME2 
CHARACTER *55 TITLE 

******** * *DECLARE PARAMETER VALUES********** 
PARAMETER (TO = 4.427D8) 
PARAMETER (ALPHA = 1.0979D5) 
PARAMETER (BETA = 5.563D-11) 
PARAMETER (PI = 3.141593D0) 
PARAMETER (G = 9.8D0) 
PARAMETER (Q = 1.60D-19) 

**********DECLARE FUNCTION STATEMENT FOR TIME INTEGRAL******** 
F (X) = 1.0D0/(VB*E - APHIW*(DEXP(X)*INT - DSQRT(X))) 

**********BEGIN PROGRAM********** 
10 PRINT *, 'ENTER TITLE FOR OUTPUT DOCUMENT (55 CHAR MAX)' 

READ '(A)', TITLE 

******«***READ DATA FILE IF ONE EXISTS********** 
11 PRINT *, 'DOES AN INPUT DATA FILE EXIST ? (Y,N)' 

READ '(A)', REPLY 
IF (REPLY .EQ. 'Y') THEN 
GOTO 15 
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END IF 
IF (REPLY .NE. 'N') THEN 
GOTO 11 
END IF 

**********INTERACTIVELY ENTER COMPUTATION PARAMETERS********** 
PRINT *, '(DP) = "DOUBLE PRECISION" FORMAT' 
PRINT *, ' (INT) = "INTEGER" FORMAT' 

12 PRINT *, 'ENTER THE NUMBER OF DATA POINTS > l.ODO (DP)' 
READ *, PTS 
IF (PTS .LE. l.ODO) THEN 
PRINT *, 'THE NUMBER OF DATA POINTS MUST BE > l.ODO' 
GOTO 12 
END IF 
PRINT *, 'ENTER THE MAXIMUM NUMBER OF V ITERATIONS (INT)' 
READ *, VIT 
PRINT *, 'ENTER THE TOLERANCE OF V ITERATION (DP)' 
READ *, TOL 
PRINT *, 'ENTER INCREMENT IF V - VI > 0 (DP)' 
READ *, GTINC 
PRINT *, 'ENTER INCREMENT IF V - VI < 0 (DP)' 
READ *, LTINC 
PRINT *, 'ENTER THE MAXIMUM NUMBER OF T ITERATIONS (INT)' 
READ *, TIT 
PRINT *, 'ENTER THE TOLERANCE OF T ITERATION (DP)' 
READ *, TTOL 

**********ENTER THE BEAM INPUT PARAMETERS********** 
PRINT *, 'ENTER THE BEAM RADIUS Ro IN METERS (DP)' 
READ *, RO 
PRINT *, 'ENTER THE MAXIMUM RADIUS FOR COMPUTATION IN METERS (DP)' 
READ *, RM 
PRINT *, 'ENTER THE BEAMLINE PRESSURE IN TORR (DP)' 
READ *, P 
PRINT *, 'ENTER THE EXTRACTION ENERGY IN KeV (DP)' 
READ *, U 
PRINT *, 'ENTER MASS OF BEAM ION IN KG (DP)' 
READ *, MB 
PRINT *, 'ENTER MASS DENSITY OF PARTICLE IN KG/METER CUBED (DP)' 
READ *, RHO 
PRINT *, 'ENTER DIAMETER OF PARTICLE IN METERS (DP)' 
READ *, DO 
PRINT *, 'ENTER THE INITIAL PARTICLE POTENTIAL IN VOLTS (DP)' 
READ *, VO 
PRINT *, 'ENTER BEAM CURRENT IN AMPS (DP)' 
READ *, IB 

**********CR£ATE AN INPUT DATA FILE ?********** 
14 PRINT *, 'CREATE AN INPUT FILE ? (Y,N)' 

READ ' (A) ' , REPLY 
IF (REPLY .EQ. 'Y') THEN 
PRINT *, 'ENTER INPUT FILENAME' 
READ '(A)', FILENAME 
OPEN (4, FILE = FILENAME, STATUS = 'NEW') 
WRITE (4,*) PTS, VIT, TOL, GTINC, LTINC, TIT, TTOL, RO, 

* RM, P, U, MB, RHO, DO, VO, IB 
ENDFILE(4) 
CLOSE(4) 
GOTO 18 
END IF 
IF (REPLY .NE. 'N') THEN 
GOTO 14 
END IF 
GOTO 18 

******»***READ INPUT DATA FILE FROM LINE 10********** 
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15 PRINT *, 'ENTER INPUT DATA FILE NAME' 
READ '(A)', FILENAME 
OPEN (4, FILE = FILENAME, STATUS = 'OLD') 
READ (4,*,END=16) PTS, VIT, TOL, GTINC, LTINC, TIT, TTOL, 

* RO, RM, P, U, MB, RHO, DO, VO, IB 
16 CLOSE(4) 

********* *pERFORM PRELIMINARY CALCULATIONS********** 
18 U = 1.0D3*U 

N = 3.2194D22*P 
VB = 5.6569D-10*DSQRT(U/MB) 
NBO = 1.9894D18*IB/(R0*R0*VB) 
A - 2.0D0/3.0D0 
PHIW = 2.54D7*((NBO/(N*VB) ) **A) 
C = VB/(ALPHA*DSQRT(PHIW) ) 
APHIW - ALPHA*DSQRT(PHIW) 
MP = (1.ODO/6. 0D0)*PI*RHO*DO*DO*DO 
FG = MP*G 
PRINT *, 'PHIW =', PHIW, 'VOLTS ',' VB = ',VB, 'M/S' 
PRINT *, 'FG = ', FG, ' NEWTONS' 
PRINT *, 'PRESS RETURN TO CONTINUE' 
READ '(A)', REPLY 

**********PERFORM THE COMPUTATIONS FOR PTS POINTS********** 
MARK3 =» O.ODO 

20 DO 80 I = l.ODO, PTS 
R = (RM/RO) * (I - 1. ODO) / (PTS - l.ODO) 
ROVERR0(I) = R 
E = DEXP(-(R*R)) 
E3 = DEXP(-(R*R) /3.ODO) 
TB = E3 + VO/PHIW 
IF (R .EQ. O.ODO) THEN 
VMIN(I) = -99.99999D1 
GOTO 25 
END IF 
VMIN(I) = -3.0D0*FG/(2.ODO*BETA*DO*PHIW*(R/RO)*E3) 

25 V = O.ODO 
VI = -5.0D1 
J = 1 

********* *C0MPUTE V BY ITERATION********** 
DO WHILE ((ABS(V - VI) ,GT. TOL) .AND. (J .LE. VIT)) 

X = V 
IF ((V - VI) .GT. O.ODO) THEN 
X = X - GTINC 
ELSE IF ((V - VI) .LT. O.ODO) THEN 
X = X + LTINC 
END IF 
VI = V 
B = DSQRT(E3 + X/PHIW) 
INT = GAUSS(0.ODO, B) 
V = PHIW*(DLOG(C*E + DSQRT(E3 + X/PHIW)) - DLOG(INT) - E3) 
W(J) =• V 
J = J + 1 

END DO 
**********CHECK FOR CONVERGENCE********** 

IF (J .GT. VIT) THEN 
PRINT *, 'V IS NOT CONVERGING' 
DO 30 K = 1, VIT 
PRINT *, W(K) 

30 CONTINUE 
PRINT *, 'THE NUMBER OF POINTS COMPUTED IS', I 
PRINT *, 'ALTER THE INPUT PARAMETERS ? (Y, N) ' 
READ '(A)', REPLY 
IF (REPLY .EQ. 'Y') THEN 
PRINT *, 'ENTER THE NEW NUMBER OF ITERATIONS (INT)' 
PRINT *, 'THE PREVIOUS VALUE WAS ', VIT 
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READ *, VIT 
PRINT *, 'ENTER THE NEW ITERATION TOLERANCE (DP)' 
PRINT *, 'THE PREVIOUS VALUE WAS ', TOL 
READ *, TOL 
GOTO 25 

END IF 
END IF 

POT (I) - V 

********* »COMPUTE THE CHARGING TIME USING THIS LAST VALUE OF v********** 
MARKl(I) = O.ODO 

40 TN = 2.0DO 
TJ = 1 
T1 = 1.0D1 
T2 = 5.0D0 
TA = E3 + V/PHIW 
IF (TA .LT. 0.DO) THEN 
T1 = O.ODO 
JB(I) = O.ODO 
GOTO 79 
END IF 
IF (((TB - TA) .LT. O.ODO) .AND. (V .LE. 0.0D0)) THEN 
TB = E3 
MARKl(I) = 1.0D0 
MARK3 = 1.0D0 
END IF 
DO WHILE ((ABS(T1 - T2) .GT. TTOL) .AND. (TJ .LE. TIT)) 
T2 = T1 
TH = (TB - TA)/TN 
TDELTAZ = 2.0D0*TH 
TSUMODD = O.ODO 
TZ = TA + TH 
DO 50 TI = 1, TN, 2 
B = DSQRT(TZ) 
INT = GAUSS(O.ODO,B ) 
TSUMODD = TSUMODD + F(TZ) 
TZ =• TZ + TDELTAZ 

50 CONTINUE 
TSUMEVE = O.ODO 
TZ = TA + TDELTAZ 
DO 60 TI = 1, TN - 2, 2 
B = DSQRT(TZ) 
INT = GAUSS(O.ODO,B) 
TSUMEVE = TSUMEVE + F(TZ) 
TZ = TZ + TDELTAZ 

60 CONTINUE 
TI = -(F(TA) + F(TB) + 4.ODO*TSUMODD + 2.0D0*TSUMEVE)*(TH/3.0D0) 

TT (TJ) = TI 
TJ - TJ + 1 
TN = 2.0D0*TN 
END DO 

********* *CHECK FOR CONVERGENCE* * ******** 
IF ((TJ .GT. TIT) .OR. (TI .LT. 0.0D0)) THEN 
PRINT *, 'TIME IS NOT CONVERGING' 
DO 70 TI = 1, TIT 
PRINT *, TT (TI) 

70 CONTINUE 
PRINT *, 'THE NUMBER OF POINTS COMPUTED IS', I 
PRINT *, 'ALTER THE ITERATION PARAMETERS ? (Y, N) ' 
READ '(A)', REPLY 
IF (REPLY .EQ. 'Y') THEN 
PRINT », 'ENTER THE NEW NUMBER OF ITERATIONS (INT)' 
PRINT *, 'THE PREVIOUS VALUE WAS ', TIT 
READ *, TIT 
PRINT *, 'ENTER THE NEW ITERATION TOLERANCE (DP)' 
PRINT *, 'THE PREVIOUS VALUE WAS ', TTOL 
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READ *, TTOL 
GOTO 40 
END IF 
END IF 

******** *'COMPUTE FINAL TIME, FORCE AND CURRENT VALUES FOR Ith POINT* * * * 
B = DSQRT(E3) 
INT = GAUSS(O.ODO,B) 
JB (I) = Q*NB0/F(E3) 

79 T (I) = TO*T1*(PHIW/(NBO*DO)) 
FC(I) = (2.0D0/3.0D0)*D0*BETA*V*PHIW*(R/RO)*E3 
FN (I) = (FG + FC(I))/FG 

80 CONTINUE 
*********«LOOP COMPLETE********** 

********** SEND THE RESULTS TO THE SCREEN********** 
PRINT 85 

85 FORMAT(/4X,'R/Ro',5X,'J (A/M**2)',4X,'POTENTIAL',3X,'TIME (sec)', 
* 4X,'FC(NEWTONS)',9X,'FN') 
PRINT 86 

86 FORMAT(28X,'(volts)') 
DO 90 K = 1, PTS/2 
IF (MARKl(K) .EQ. O.ODO) THEN 
PRINT 100, ROVERRO (K), JB(K), POT(K), T(K), FC(K), FN (K) 
GOTO 90 
END IF 
PRINT 101, ROVERRO (K), JB(K), POT(K), T (K) , FC (K) , FN (K) 

90 CONTINUE 
100 FORMAT(4X,F5.3,3X,F10.5,4X,F9.4,4X,F11.8,3X,D11.4,2X,F11.3) 
101 FORMAT (4X, F5.3, 3X,F10 .5, 4X, F9.4, 4X,Fll. 8, IX, ' *' , 2X, D1X . 4, 2X, 

* Fll.3) 
PRINT *, 'PRESS RETURN TO CONTINUE' 
READ '(A)', REPLY 
DO 120 K = PTS/2.ODO, PTS 
IF (MARKKK) .EQ. O.ODO) THEN 
PRINT 100, ROVERRO (K), JB(K), POT(K), T(K), FC(K), FN (K) 
GOTO 120 
END IF 
PRINT 101, ROVERRO (K), JB(K), POT(K), T (K) , FC (K) , FN (K) 

120 CONTINUE 
PRINT *, 'V REQUIRED ', J ,' ITERATIONS TO CONVERGE' 
PRINT *, 'T REQUIRED ', TJ, ' ITERATIONS TO CONVERGE' 
PRINT 121, V0 

121 FORMAT (//4X,'THE INITIAL PARTICLE POTENTIAL WAS V0 = ',IX, 
* F7.3,IX,'VOLTS') 
IF (MARK3 .EQ. 1.0D0) THEN 
PRINT 122 
END IF 

122 FORMAT <//4X,'* V0 < V < 0, TIME COMPUTED WITH V0 = 0') 

**********CREATE A DATA FILE ?********** 
PRINT *, 'WRITE THESE VALUES TO A DATA FILE ? (Y,N)' 
READ ' (A) ', REPLY 
IF (REPLY .EQ. 'Y') THEN 
PRINT *, 'A DOCUMENT FILE AND A DATA FILE WILL BE CREATED' 
PRINT *, 'ENTER DOCUMENT FILENAME' 
READ '(A)', FILENAME 
OPEN (4,FILE = FILENAME, STATUS = 'NEW') 
WRITE (4,*) 'FILENAME: ', FILENAME 
WRITE (4,*) TITLE 
WRITE (4,127) 'PTS = ', PTS, 'V-TOL =', TOL, 'T-TOL =', TTOL 

127 FORMAT (/IX,A5,IX,F4.1,4X,A7,IX,E8.2,4X,A7,IX,E8.2) 
WRITE (4,128) 'GT INC =', GTINC, 'LT INC =', LTINC, 

* 'BEAMLINE PRESSURE =', P, ' TORR' 
128 FORMAT (/IX, A8, IX,E8.2,4X,A8,IX,E8.2, 4X, A19,IX,E8.2,IX,A4) 

WRITE (4,129) 'RESIDUAL GAS DENSITY =',N,'1/M**3', 
* 'AXIAL BEAM DENSITY =', NB0, '1/M**3' 
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129 FORMAT (IX, A22, IX, E8 .2, IX, A6, 4X, A20, IX, E8 .2, IX, A6) 
UOUT = (J/1.0D3 

WRITE (4,130) 'ION MASS = ', MB, 'KG','BEAM CURRENT =',IB, 
« 'A', 'BEAM ENERGY =',UOUT, 'KeV' 

130 FORMAT (/IX, A10, IX, E8 .2, IX, A2, 2X, A14, IX, F5 .3, IX, Al, 2X, A13, 
* IX, F7.2,IX,A3) 

R00 = 200.0D0*R0 
WRITE (4,131) 'BEAM VELOCITY =', VB, 'M/S','BEAM DIAMETER =', 

* R00, 'CM','PHIW =', PHIW, 'V' 
131 FORMAT (1X,A15, IX, E8 .2, IX, A3, 4X, A15, IX, F7 .4, IX, A2, 3X, A6, 

* 1X,F6.2, IX, Al) 
WRITE(4,132) 'PARTICLE DIA =',DO, 'M',' DENSITY =',RHO, 

* 'KG/M**3' 
132 FORMAT (/IX, A14, IX,E8.2,IX,Al,4X,A9,IX,F9.2,IX,A7/) 

WRITE (4,*) 'V REQUIRED ', J, ' ITERATIONS TO CONVERGE' 
WRITE (4,*) 'T REQUIRED ', TJ,' ITERATIONS TO CONVERGE' 
WRITE (4,85) 
WRITE (4,86) 
DO 140 K = 1, PTS 
IF (MARKl(K) .EQ. 0.0D0) THEN 
WRITE (4,100) ROVERRO (K) , JB(K), POT (K) , T (K) , FC(K), FN (K) 
GOTO 140 
END IF 
WRITE (4,101) ROVERRO (K), JB (K), POT (K), T (K) , FC (K) , FN (K) 

140 CONTINUE 
WRITE (4,121) VO 
IF (MARK3 .EQ. 1.0D0) THEN 
WRITE (4,122) 
END IF 
ENDFILE(4) 
CLOSE(4) 
PRINT *, 'ENTER DATA FILENAME' 
READ ' (A) ', FILENAME 
OPEN (5, FILE = FILENAME, STATUS = 'NEW') 
WRITE (5,*) FILENAME 
WRITE (5,*) TITLE 
DO 150 K = 1, PTS 

WRITE (5,100) ROVERRO (K), JB (K) , POT(K), T (K) , FC(K), FN (K) 
150 CONTINUE 

ENDFILE(5) 
CLOSE(5) 

END IF 

*********»COMPUTE THE TIME REQUIRED TO CHARGE TO VMIN ?********** 
PRINT *, 'COMPUTE THE TIME REQUIRED TO CHARGE TO VMIN ? (Y,N)' 
READ ' (A) ' , REPLY 
IF (REPLY .EQ. 'Y') THEN 
GOTO 199 
END IF 

**********PERFORM ANOTHER COMPUTATION ?********** 
170 PRINT *, 'COMPUTE ANOTHER SET OF VALUES ? (Y,N)' 

READ '(A)', REPLY 
IF (REPLY .EQ. 'Y') THEN 
GOTO 10 
END IF 
IF (REPLY .NE. 'N') THEN 
GOTO 170 
END IF 
GOTO 4 60 

**********C0MPUTE THE TIME REQUIRED TO CHARGE TO VMIN*"******* 
199 TTOL = TTOLA.OD4 

MARK3 = 0.0D0 
200 DO 300 I = 1.0D0, PTS 

IF (VMIN(I) .LT. -9.0D1) THEN 
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TMIN(I) = O.ODO 
Y (I) = O.ODO 
KE(I) = O.ODO 
GOTO 300 
END IF 
IF (VMIN(I) .LT. POT (I)) THEN 
T1 = O.ODO 
GOTO 299 
END IF 

MARK2(I) = O.ODO 
R = ROVERRO(I) 
E = DEXP (- (R*R) ) 
E3 = DEXP(-(R*R)/3.0D0) 
TA = E3 + (VMIN(I))/PHIW 
IF (TA .LT. O.ODO) THEN 
T1 = O.ODO 
GOTO 299 
END IF 

TB = E3 + VO/PHIW 
IF ((TB - TA) .LT. O.ODO) THEN 
TB = E3 
MARK2 (I) = 1.0D0 
MARK3 = 1.0D0 
END IF 

220 TN = 2.0D0 
TJ = 1 
T1 = 1.0D1 
T2 = 5.0D0 
DO WHILE ( (ABS(T1 - T2) .GT. TTOL) .AND. (TJ .LE. TIT)) 
T2 = T1 
TH = (TB - TAJ/TN 
TDELTAZ = 2.ODO*TH 
TSUMODD = O.ODO 
TZ = TA + TH 
DO 240 TI = 1, TN, 2 
B = DSQRT(TZ) 
INT = GAUSS(O.ODO,B) 
TSUMODD = TSUMODD + F(TZ) 
TZ = TZ + TDELTAZ 

240 CONTINUE 
TSUMEVE = O.ODO 
TZ = TA + TDELTAZ 
DO 260 TI = 1, TN - 2, 2 

B = DSQRT(TZ) 
INT = GAUSS(0.0D0,B) 
TSUMEVE = TSUMEVE + F(TZ) 
TZ = TZ + TDELTAZ 

260 CONTINUE 
TI = -(F(TA) + F(TB) + 4.ODO*TSUMODD + 2 . ODO*TSUMEVE)*(TH/3.0D0) 

TTMIN(TJ) = TI 
TJ = TJ + 1 
TN = 2 . 0D0*TN 
END DO 

**********CHECK FOR CONVERGENCE********** 
IF ((TJ .GT. TIT) .OR. (TI .LT. O.ODO)) THEN 
PRINT *, 'TMIN IS NOT CONVERGING' 
DO 280 TI = 1, TIT 
PRINT *, TTMIN(TI) 

280 CONTINUE 
PRINT *, 'THE NUMBER OF POINTS 'COMPUTED IS', I 
PRINT *, 'ALTER THE ITERATION PARAMETERS ? (Y,N)' 
READ ' (A)' , REPLY 
IF (REPLY .EQ. 'Y') THEN 
PRINT *, 'ENTER THE NEW NUMBER OF ITERATIONS (INT)' 
PRINT *, 'THE PREVIOUS VALUE WAS ', TIT 
READ *, TIT 
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PRINT *, 'ENTER THE NEW ITERATION TOLERANCE (DP)' 
PRINT *, 'THE PREVIOUS VALUE WAS TTOL 
READ *, TTOL 
GOTO 220 
END IF 
END IF 

299 TMIN(I) = T1 
Y(I) = G*Tl*Tl/2.OD-6 
KE(I) = MP*G*G*T1*T1/(2.0D0*Q) 

300 CONTINUE 
*********«LOOP COMPLETE ********** 

********** SEND THE RESULTS TO THE SCREEN********** 
PRINT 318 

318 FORMAT (//42X,'DISTANCE', 7X, ' KINETIC') 
PRINT 319 

319 FORMAT (43X,'FALLEN',8X,'ENERGY') 
PRINT 320 

320 FORMAT (4X,'R/RO',6X,'VMIN (V) ', 4X,'TMIN (sec)',8X,' <uM)', 
* 10X,'(eV)') 

340 FORMAT (4X, F5.3,4X,F9.4, 3X, Fll.9,4X,Dll.5,4X,D10.4) 
341 FORMAT (4X,F5.3,4X,F9.4, IX, ' *',IX,Fll.9,4X,Dll.5,4X,D10.4) 

DO 360 K = 1, PTS/2 
IF (MARK2(K) .EQ. O.ODO) THEN 
PRINT 340, ROVERRO (K), VMIN (K) , TMIN(K), Y (K) , KE (K) 
GOTO 360 
END IF 
PRINT 341, ROVERRO (K), VMIN(K), TMIN(K), Y (K) , KE (K) 

360 CONTINUE 
PRINT *, 'PRESS RETURN TO CONTINUE' 
READ ' (A) ', REPLY 
DO 380 K = PTS/2, PTS 
PRINT 340, ROVERRO (K), VMIN(K), TMIN (K) , Y (K) , KE (K) 

380 CONTINUE 
IF (MARK3 .EQ. 1.0D0) THEN 
PRINT 421 
END IF 

**********CREATE A DATA FILE FOR TMIN ?********** 
PRINT *, 'WRITE THESE VALUES TO A DATA FILE ?' 
READ '(A)', REPLY 
IF (REPLY .EQ. 'Y') THEN 

PRINT *, 'A DOCUMENT FILE AND A DATA FILE WILL BE CREATED' 
PRINT *, 'ENTER DOCUMENT FILENAME' 
READ '(A)', FILENAME 
OPEN (4,FILE = FILENAME, STATUS = 'NEW') 
WRITE (4,*) 'FILENAME: ', FILENAME 
WRITE (4,*) TITLE 
WRITE (4,318) 
WRITE (4,319) 
WRITE (4,320) 
DO 420 K = 1, PTS 
IF (MARK2(K) .EQ. O.ODO) THEN 
WRITE (4,340) ROVERRO (K), VMIN(K), TMIN(K), Y (K) , KE(K) 
GOTO 420 
END IF 
WRITE (4,341) ROVERRO (K) , VMIN(K), TMIN(K), Y (K) , KE (K) 

420 CONTINUE 
IF (MARK3 .EQ. 1.0D0) THEN 
WRITE (4,421) 
END IF 

421 FORMAT (//4X,'* V0 < VMIN, THESE VALUES COMPUTED WITH V0 = 0') 
ENDFILE(4) 
CLOSE(4) 
PRINT *, 'ENTER DATA FILENAME' 
READ '(A)', FILENAME 
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OPEN (5, FILE = FILENAME, STATUS = 'NEW') 
WRITE (5,*) FILENAME 
WRITE (5,*) TITLE 
DO 440 K = 1, PTS 
WRITE (5,340) ROVERRO (K) , VMIN(K), TMIN(K), Y (K) , KE (K) 

440 CONTINUE 
ENDFILE(S) 
CLOSE (5) 

END IF 
GOTO 170 

460 STOP 
END 

**********FUNCTI0N GAUSS********** 
DOUBLE PRECISION FUNCTION GAUSS (A,B) 
INTEGER I, K, GIT 
DOUBLE PRECISION A, B, H, N, SI, S2, X 
DOUBLE PRECISION DELTAZ, SUMODD, SUMEVE, 
CHARACTER *1 REPLY 

G (X) = DEXP(-(X*X) ) 

Z, GTOL 

GIT = 12 
GTOL = 1.0D-8 

5 N = 2.0D0 
K = 1 
51 = 0.0D0 
52 = 50.0D0 
DO WHILE ((ABS(SI 
S2 = SI ' 
H = (B - A)/N 
DELTAZ = 2.0D0*H 
SUMODD = 0.0D0 
Z = A + H 
DO 10 I = 2, N, 
SUMODD = SUMODD 
Z = Z + DELTAZ 

10 CONTINUE 
SUMEVE = 0.0D0 
Z = A + DELTAZ 
DO 20 I = 2, N -
SUMEVE- = SUMEVE 
Z = Z + DELTAZ 

20 CONTINUE 
SI = (G (A) + G(B) 
N =» 2 . 0D0*N 
K = K + 1 
END DO 
IF (K .GE. 
PRINT *, 
PRINT *, 
PRINT *, 
PRINT *, 
READ ' (A) 

- S2) .GT. GTOL) .AND. (K .LE. GIT); 

G (Z) 

2, 2 
+ G (Z) 

+ 4.0D0*SUMODD + 2.0D0*SUMEVE)*(H/3.0D0) 

GIT) THEN 
'FUNCTION GAUSS IS NOT CONVERGING' 
' # ITERATIONS =', K, 'GAUSS = ', SI 
'CURRENT VALUES: GTOL = ', GTOL, 'GIT = ', GIT 
'ALTER THE ITERATION PARAMETERS ? (Y,N)' 
', REPLY 

IF (REPLY .EQ. 'Y') THEN 
PRINT *, 'ENTER NEW NUMBER OF ITERATIONS (INT)1 
READ *, GIT 
PRINT *, 'ENTER NEW ITERATION TOLERANCE (DP)' 
READ-*, GTOL — 
GOTO 5 
END IF 

END IF 
GAUSS = SI 

RETURN 
END 
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