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ABSTRACT "33

kelativistic neutral particle beams (NPBg) offer the

'R
potential for highly lethal space-based weapon systems and >
decoy discriminators. These uses of NPBs have motivated ""
extoensive theoretical and experimental studies of bpegative

)

ion sources. Negative ion sources are divided into two N
catesgories: surface sources - such as the Penning discharge, o
and volume sources - such as the magnetic multicusp o
NG

discharece, The negative ion beam required as input to a NPB ~
systoem should be of high current and low emittance. Surface I
o
=3

sources produce a high current, high emittance negative ion i
beam; whereas, volume sources produce a low current, low ‘
emittance beam. Due to the use of reactive elements, such as g
cesium, tn surface sources, they have a much shorter useful fa
Jifetime than volume sources. While current limitations may -
."\
gt
preclude the use of volume sources in NPB weapon systems, N
(4% 1
. . . . . . . o

they are excellent candidates for use in NPB discrimination :
<5

. . LY

systeoems, Thus, a typical volume source was chosen as the "

'd

o

Lopic of this thesis, g
ol

2

This study considers negative ion production in a

magne!ic multicusp ion source. A self-consistent model based o
on Ma.vellian moments of the Boltzmann equation is presented. e
.;:,

e . . . . o¥a
I'he departure of the electron cnergy distribution from a -
. . . . s \.-_
Maxwelblian is also discussed and incorporated. 'he results o
-

o

of thits model for discharge currents ranging from 1-100 A, »
for pressures randging ffrom 1-100 mTorr, and for voltages o
» W
rangine from 20-100 V are compared to previous studies and 3
o

.
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used to formulate scaling lawa. The 8caling laws predicted

for the negative ion density are seen to be supported by A N

Q previous experimental observations. Finally, the scaling e
laws are used to predict the optimum operating regime for a ﬁ'

s

magnetic multicusp ion Bource,

_\-"_‘-"-.“‘i :

=)
,ﬁ‘{

J
-l

P
R

%

s

(4
3 I"

.t
#I f'.l"

LIS J
rElSl
-"..“"n"-\ 4
\ A

.
s

A

5,},'. s

}"1'1'/,

. -‘v‘.a
'l:ﬁ Lo

E A4

h sn e B ]
’
he

’

o
vi

P A PP

RIS WY N



CHAPTER I - INTRODUCTION :

o
2
The use of neutral particle beams in heating of fusion g;
plasmas and in weapons research has motivated considerable E‘
interest in the study of sources that produce beams of o~
negative ions with high brightness and low emmitance. One %E
such source of interest is the magnetic multicusp ion source. E%
Many experimental and theoretical studies have been conducted F“
on this type of source in order to determine the processes E?T
involved in the volume production of negative hydrogen ions Eé'
and in order to optimize the ion production. Before these ??
studies are discussed, a typical magnetic multicusp ion E{
source will be described. ES
v
The Magnetic Multicusp Ion Source T
::‘.
The magnetic multicusp ion source (MMIS) was originally ?;
developed to improve the containment of a collisionless ;
quiescent plasma [1]. A source of this type consists of a éﬁ
metal container with some wire filaments on one wall (see EE
o
Fig. 1). The container is filled with low pressure H: gas N
(1-40 mTorr, typically) and a current is passed through the :ﬁ?
filaments causing thermionic emissicn of electrons. The i;
N
filaments (cathode) are typically biased negative with a:
respect to the chamber walls (anode) in order to accelerate E{
the emitted electrons through the hydrogen gas, creating a fE'
RN
plasma. :ﬁ
What makes a MMIS special is that the outer walls of the ?%
Page 1 :‘
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Fig. 1 - Diagram of a typical magnetic multicusp
ion source with tandem filter. [4:215]
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chamber are covered by a checkerboard array of permanent
magnets. Without the magnets the electrons are quickly

6 accelerated into the walls of the chamber and lost from the
plasma. This results in a low ionization efficiency for the
electrons. With the magnets in place, a complex multipole
(or multicusp - hence, the name) magnetic field exists at
the wall. This field tends to reflect the energetic
electrons back into the plasma [2:1822]. Thus the ionization
efficiency of the electrons is improved. This can be
verified by looking at the electron containment time; it is
found [3] that with the magnets in place the containment time
is much improved.

It has been proposed that negative hydrogen ions are

produced by these energetic electrons in a two-step process

fQﬂ (5:223). First, the energetic electrons (E > 20 eV) collide
with molecular hydrogen and electronically excite the
hydrogen. The excited hydrogen then undergoes an electronic-
vibrational transition, producing vibrationally excited
hydrogen. This vibrationally excited hydrogen then collides
with slow electrons (E ¢ 2 eV). The electrons undergo
dissociative attachment onto the hydrogen, producing H-.

Thus we have the two processes:

erase + Ha [X1Z'g(v=0)] + Ha [B13*y,CiMy,...,v'] + e
~ Ha [X12'g(Vv7™)] ¢+ e + hu (1)
€stow + Ha(v") = H- + H (2)
S The negative ions produced can be lost through several
e
Page 3
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processes which include detachment induced by energetic
q.; electrons and mutual neutralization with positive ions. In
i order to reduce losses caused by the energetic electrons, a
linear cusp of permanent magnets is added to the walls of the
chamber, as shown in Fig. 1. These magnets introduce a sheet
of magnetic field into the plasma separating the discharsge
region into two sections. The first is called the production

region and is adjacent to the filaments. In this region, the

energetic electrons produce the vibrationally excited H:.
The neutral species and the thermal electrons then drift
across the magnetic field into the extraction region. It is
here that the dissociative attachment occurs. The energetic
electrons are unable to pass through the magnetic field;

hence the naming of this field as the filter field. A MMIS

‘l
Wy

with such a filter field is often referred to as a tandem
discharge.

Further optimization of a MMIS is the subject of several
studies that have been performed [(2,6-91. In particular,
much work has been concentrated on consistently modeling the
plasma discharge. Bretagne, et &, [10] numerically solved
the Boltzmann equation to calculate the electron energy
distribution function in the H: discharge. This allowed them
to determine scaling laws for H- production in terms of
discharge current, discharge voltage, and neutral gas
pressure. These detailed calculations produced good
agreement with experimental data; however, they are very

e tedious to perform.
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Problem and Scope

The present study is concerned with a simplified
approach to modeling the magnetic multicusp His discharge
using Maxwellian moments of the Boltzmann equation. A
preliminary study of this approach [11] has yielded results
consistent with both experimental data and detailed
theoretical calculations. This thesis takes a more self-
consistent approach towards modeling a MMIS using moment
equations. This approach will make it easier to determine
scaling laws for H- production in terms of the plasma
parameters, thus allowing the optimum operating regime of the

MMIS to be determined.

Approach
ﬁi} This research began with a compilation of the cross-

section data for the relevant processes within the hydrogen

discharge. This data was then transformed into average

collision rates (<m?/sec) assuming a Maxwellian distribution.

Next, the density and energy moments of the Boltzmann

equation were developed with consideration to the plasma

chemistry. These time-dependent, coupled equations were then

solved numerically, yielding the time evolution of the

electron temperature and the densities of the electrons and

ions. The resulting data were compared to experimental and

theoretical data for verification of the model. Finally,

scaling laws with discharge parameters were determined.
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CHAPTER II - THE MOMENT APPROACH

-~

In this chapter, the reactive and non-reactive kinetics

- I

of the hydrogen discharge will be presented, Based on the Q;
identified processes, Maxwellian moments of the Boltzmann i;

equation will then be developed. Finally, the numerical A

solution of the moment equations will be examined. 3;

Processes Occurring in a Hydrogen Discharge ii

In considering the relevant reactions occurring in the ::
hydrogen discharge, it is necessary to look at production and :‘

loss mechanisms for all of the species being considered. In .:

&

this study these species were: electrons (e), negative i;

hydrogen ions (H-), positive hydrogen ions (both H:* and H'), :;

and vibrationally excited hydrogen molecules (Hz{(v)). In éﬁ

gﬁ? addition, the electron temperature was modeled. Sﬁ
All of the reactions will be characterized by a rate :&

-

coefficient, Ri (E) (in cm?/sec), that indicates the rate at -ﬂ
which the reaction proceeds for an interaction energy E. :1
Reaction rates are given by the expression ;q

2

Ri (E) = 6i (E) v(E) (3) ~

where Ri is the reaction rate for process i, 0; is the cross- ‘é

section for an interaction energy E for process i, and v is x

the relative velocity of interaction written in terms of E

4
energy. Since the reactions dealt with here are between ia
electrons and heavier particles, it is assumed that the ;f

ror interaction energy is simply the electron energy. E
P, ",
Pl T
Page 6 N
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In using Maxwellian moments of the Boltzmann equation, by

X

)

it will be necessary to use an average value for the reaction "ﬂ
‘&‘ rates, <(Ri>. This averaging is done over a Maxwell-Boltzmann fﬁ
distribution: o~
£

<Ri > = [ 06, (E) v(E) fyp(E) dE (4)

Ne re

!

N 2

with N
=

[

fus (E) = 2//M ne (Te)-3/2 JE e-8/Te (5) t;f'
1]
o~

where Te is the electron temperature (in eV) and ne is the N
ol
electron density (in cm-3), s
p,

The cross-section data used for most of the reactions ~ﬁ_

"v
)

considered in this paper are experimental. This prevented N

L}
>

the need to make complex theoretical calculations for this

3

N '
e moment approach. References to the source of cross-section \)
<

data is given in the form [data-XX:XXX] after the reaction is e
introduced. For those cases that pre-calculated reaction -

9

rate data is used, the reference is in the form [rate- t:

“~

.

XX :XXX]). o

N

Production and loss of H- :;

"

It has been indicated [6:1247] that the primary produc- F;

tion mechanism for H- in a MMIS is through dissociative !
attachment of low energy electrons onto vibrationally excited ::

N

4‘.\

H2 . Another contributing process [12:L22] is the dissocia- ‘ﬂ.

P ]
tive recombination of an electron onto Hp* (in this study -

o, :'.
A <)
L4 ‘{‘ )
Page 7 *
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mechanisms for H-

this will be called polarized dissociation to differentiate

it from dissociative recombination resulting in neutral

products). These two reactions can be written as:

Dissociative Attachment (att) [rate-13:918]

e + Hz(v) » H + H- (6)

Polarized Dissociation (pdiss) (data-14:1572]

e + Hz* + H* + H- (7)

Four loss mechanisms of H- are considered. The first
three are collisional detachment processes [15:73). These
are detachment by an electron, associative detachment with
atomic hydrogen, and detachment by atomic hydrogen. The
fourth process is mutual neutralization with H*. These

reactions can be written as:

Electron Detachment (edet) [data-16:1347]

e + H- 2 H + 2e (8)

Associative Detachment (adet) [rate-17:231]

H + H- » e + H; (9)

Hydrogen Detachment (hdet) [rate-17:232]

H + H- 4+ 2H + e (10)

Mutual Neutralization (mneut) [data-18:437,19:L370]

H* + H- » H + H (11)

These six reactions constitute the production and loss

Page 8
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The cross-sections for Eqns. 7, 8, and 11 are shown in Fig. '

QES Production and loss of electrons ~

Looking at the electron energy distribution function

'
(EEDF) for a typical MMIS, shown in Fig. 3 (from Bretagne, &t =
r
4l ), it is seen that there are two distinct regions to the ’
7
distribution. For low energies, the distribution is charac- -

teristic of a Maxwellian distribution of electrons. For

higher energies, the distribution becomes non-Maxwellian.

This indicates that electrons in the discharge can be divided

o St IS ISR

into two species: fast electrons (E > 10 eV) and slow

electrons (E < 10 eV). 1In this study, the slow electrons ‘

(which are dominant) are the species primarily considered.

The fast electrons are treated as a production mechanism for

Y
‘i: the slow electrons, for vibrationally excited hydrogen, and :
for positive hydrogen ions. Handling the electrons in this E
manner makes it possible to use Maxwellian moments of the 9
Boltzmann equation and get good results, even with the E
distribution being non-Maxwellian. The fast electrons will E
be treated in a later section. This section will deal with .
the slow electrons only. E
Slow electrons are produced through five reactions. The %
first three are the detachment processes listed in the .
previous section (Eqns. 8-10). The other two are ionization .
1
9
*
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reactions:

q' H2 Ionization (h2ion) (data-20:1471]

Hz + e » Ha* + 2e (12)

H Ionization (hion) [data-21:1948]

H+ e + H + 2e (13)

In addition to these reactions, slow electrons are
produced when the fast electrons undergo ionizing collisions.
This production term will be considered when the fast
electrons are studied.

Electrons are lost through five processes also. These
are dissociative attachment (Eqn. 6), polarized dissociation
(Eqn. 7), three-body recombination of both H* and H:*, and

dissociative recombination. These last three reactions are

-
e .
e written:
H2* Recombination (h2rec)
Hz2* 4+ 2e 9 H2 + e (14)
H* Recombination (hrec)
H* + 2 = H + e {15)
Dissociative Recombination (drec) [data-22:241]
Hat ¢+ e v H + H (16)
For the three-body recombination rates, the equation
given by Golant, et al, [23:68) was used. This equation is
(Rrec> = a et® ng % 8.75 x 10-27 Te-4:3% ne (17)
..:‘_‘ iMe Tet:3
\_.'I
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where a4 is a coefficient of the order of unity, e is the
electron charge, and me is the electron mass.

“ The cross-sections for 7gns. 12, 13, and 16 are shown in

Fig. 4.

Production and loss of H:*

Positive hydrogen ions are produced through two ioniza- K

~
tion processes. The first is through ionization (Eqn. 12) by ? 
the slow electrons. The second is through ionization caused ;
by the fast electrons. This second process will be consid- E'
ered in the section where fast electrons are dealt with. ?'

~s

The loss processes considered for H:* are dissociative

-

recombination (Eqn. 16), polarized dissociation (Egqn. 7), and ;

J
three-body recombination (Egqn. 14). tz

¢s: Production and loss of H* ti
o
Positive ions of atomic hydrogen are produced through E‘
the processes of ionization (Eqn. 13) and polarized dissocia- .-
tion (Eqn. 7). They are lost through three-body recombina- }“

s

s
tion (Eqn. 15) and mutual neutralization (Eqn. 11). ;;
Production and loss of vibrationally excited H: :ﬁ

NS

o

Vibrationally excited hydrogen molecules are produced R
through E-V processes, as was indicated in Chapter I. It has ;‘
N
been determined through isotope studies [6:1247] that vibra- ]

‘o,

tional levels with 6 < v > 10 are the primary contributors %
to the production of H- through dissociative attachment in a .

»

N N
nf‘:ti’ & )
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MMIS. These levels are populated by fast electrons electroni-
cally exciting H: and then the hydrogen undergoing radiative
relaxation into a vibrationally excited state (Eqn. 1)
[24:51). A typical vibrational distribution is shown in Fig.
5. It is seen that these levels lie along a plateau of the
distribution, indicating that the vibrational densities for
levels 6 to 10 are approximately equal. If the average
reaction rates for dissociative attachment are now looked at
({see Fig. 6), it is seen that the reaction rate increases for
increasing vibrational level. Combining a knowledge of the
vibrational distribution with the average reaction rates for
dissociative attachment it is apparent that only the vibra-
tional levels between 6 and 10 should contribute, as was
indicated.

For this work a representative population Hz(v), which
represents an average value for the vibrational densities
between vz6 and v=10, is used. In addition, for the average
reaction rate for dissociative attachment, the average for
the reaction rates between v=6 and vz10 is used.

The electronic excitations used to populate this average

vibrational level are:

e + H2(X) - e 4+ Hz2(B’13+,) [data-25:1511] (18)

e + Ha(X) - e ¢ H2(B"13+,) [daia-25:1511] (19)

e + Ha(X) 2 e + H2(D!Ty) [data-25:1511] (20)

e + Ha(X) 2 e + H2(D'1Ty) [data-25:1511] (21)

e + Ha(X) - e + Ha(E-F!13¢¢) [data-25:1511] (22)
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e + Hy(X) + e + Ha(ad2%y) [data~26:1886] (23)
e + Ha(X) * e + H2(DIZ*,) ([data-26:1886] (24)

e + Ha (X) - e + Ha (M) [data~26:1886] (25)

It is assumed in this work that each of these excitations
will proceed to relax into a vibrational state, producing
Hz (v). The cross-sections for these reactions are given in
Fig. 7. The choice of which electronic excitations .o use
was guided by the work of Bretagne, et al [10:814].
Vibrationally excited hydrogen is considered to be lost
through three processes in this study. It is lost through
dissociative attachment, through wall collisions, and through
vibrational-translational (V-T) relaxation.

V-T relaxation is given by the reaction [27:4)]

Ha(v) +#+ H » Hz(v=0) + H (26)

e The rate coefficient for the v=1 - 1:z0 reaction 1s given by

[27:4]

<Rvt> ¥ 1.5 x 10-10 e-.1603:T¢ cm3 /sec (27)

where T¢ is the gas temperature in eV. Gorse, et al, say

that the rate coefficients for higher vibrational levels have
a v3 dependence at low gas temperature, and are linear with v
at high gas temperature. In this study, a gas temperature of
about 450 K was used, thus the linear dependence of <Rvr> was
assumed. Since levels between 6 and 10 are considered, <Rvre>
given in Eqn. 27 was multiplied by the average value of v,

i.e.- by a factor of 8.

-------------------------
-----------------
--------
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Ry,

For wall losses of Hi(v), it was assumed that 10 -

e
C' 4
collisions with the walls were necessary to bring the excited ﬁa

i

hydrogen back to the v=0 state. The frequency of wall e

Q collisions can be written (assuming free-flight to the wall) )
.‘- }
as the ratio of H: velocity to the average distance to the §'

Pd

by
wall, or, in terms of the gas temperature, :;.

Vvibwall = 1.56 x 10¢ JTy/2 {28) N

L I
oo

N

where L is the average distance to the walls of the A
discharge. Thus the frequency of loss of vibrationally &J
N
. Pt

excited hydrogen to the walls i8 vvibwat 1 /10. -

-

The fast electrons :'
) !

u
It has already been indicated that the electron distri- S

b 3

bution can be divided into two distinct portions. The low e,

‘ "9
SASA energy part of the distribution can be approximated by a o
Maxwellian distribution of electrons. 1In this part of the 33
distribution, the electrons are dominated by electron-elec- =

tron collisions and a thermal distribution exists. The high 'f

energy portion of the distribution is where electron-neutral E
collisions dominate. N

The problem is in how to approximate the high energy EE

tail of the distribution. These high energy electrons are 5;

produced by electrons being thermionically emitted from the f'
filaments in the discharge. These emitted electrons then :?

\",-

undergo ionizing collisions in the plasma producing high :{

-"{
energy, or secondary, electrons, and positive hydrogen ions. \f

I.\i
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The strength of the source (number of secondary electrons

produced per second per unit volume) is given by

e Vg 2 Ei

where I is the discharge current, V,, is the plasma volume, V
is the discharge voltage, and E; is the ionization energy for
Hz (in Volts). It is assumed that each emitted electron will
have an ionizing collision with H:, producing H;* and a
secondary electron. With this assumption, the classical
Thomson theory of ionization is used to determine the
distribution of secondary electrons. According to this
theory (see Appendix A) the secondary electron distribution
is given by

finom(E) = Ef (1 4+ E{/V) 0 CE <V (30)
(E + E; )2

To determine the actual tail of the EEDF, a balance between
the source production and collisional and wall losses is
considered. If fiaii1 (E) is the distribution of fast elec-
trons, vce11 (E) is the rate of electron impact collision, and
vwat1 (E) is the rate of ioss of electrons to the walls, then

we have the balance

So finrnom(E) ¢ W' (E) = {31)

veott (E) ftlil(E) + vwat1 (E) feai1 (E)

or

ftail (E)

Se fevow(E) + W (E) 0 < E < V-E; (32)
Ucoll(E) + vwai11 (E)
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A
with -
-
‘:i vcot1 (E) = no i {6 (E) V(E)] , (33) ]
i ']
T'(E) = no % [0 (E+Ei ) V(E+E; ) feai1 (B+Ei )] (34) $
[
)
and [10:813] Vi
A
)
vwalt (E}) = Vv(E)} A/Ver (1 - Vp/E)/4 (35) :
;
]
where no is the neutral number density, the summation is over M
all of the electron collisional processes, Vv(E) is the :
~J
electron velocity in terms of energy, Ei is the threshold A
¢
’
energy for process i, W' represents the production of a fast A
electron at an energy of E due to losses from the distribu- i
tion at higher energies, A is the effective wall loss area of
the MMIS chamber (which takes into account the magnetic
gﬁb shielding of the walls), and V, is the plasma potential. §
> g
This is the distribution that will be used in this study for by
N
the tail of the EEDF. -3
If the probability of an electron not undergoing a wall f
collision before it has the chance to undergo any other type f
“»
of collision is given by [11:22] >
P(E) = 1 - vwai1 (E) (36) o
veoltl (E) 4+ vwat1 (E) -
then the tail distribution can be written &
feai1 (E) = So P(E) finom(E) + P(E) W' (E) (37) "
vcotl (E) ;
-
.~ The total EEDF is assumed to be the superposition of the ;7
w
,'::.i :
<
)

R N R ORI T ORI




Maxwellian distribution and the modified Thomson distribu-

tion. This superposition comes from being able to consider
the electrons as composing two distinct species. In addi-
tion, since number density distributions and not probability
distributions are being used, the algebraic addition of the

two distributions will give us the total distribution:
f(E) = fus(E) + ftai1 (E) (38)

This distribution is graphed in Fig. 8 (same conditions as in
Fig 3). On comparison to Fig. 3, it is seen that approxi-
mating the tail of the distribution as a modified Thomson
distribution does a good job of representing the EEDF.

For most of the calculations (e.g., the rate coeffi-
cients), only the Maxwellian portion of the distribution will
be considered. As can be seen from Fig. 8, the tail of the
distribution is several orders of magnitude lower than the
Maxwellian portion. The tail of the distribution becomes
important for the E-V processes that produce H:(v), since it
is the high energy electrons that need to be considered.
Thus, for the electronic excitations producing H: (v) we have

CRetec> = [ G (E) V(E) f1a2i) (E) dE (39}
[ fivai1 (E) dE

We have now dealt with the production and loss of all of
the species that are relevant to this study. In addition, we
have considered how the fast electrons will enter into the
calculations. At this point we will discuss the moment

equations that describe a MMIS.
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The Maxwellian Moments of the Boltzmann Equation

'E; In this study we are concerned with modeling the
electron density, the ionic densities, and the electron

temperature. To do this, the density moments for the

R PR

electrons and ions and the energy moment for the electrons
will be needed. First we start with the basic moment

equations of the Boltzmann equation: 2

Density Moment (Continuity Equation) ([31:28]

8N + 8 (N vi) = Scol1 (40) ,

at axi .

Energy Moment {31:42]) A

8 (1/2 Nmuv; v;) + 8 (1/2 Nm <wj wy>) = :

at at .

-8 (1/2 Nmwvi <wjy w;>) - 8 (1/2 N m vi v; vs) >

dk ax; axi e
L .
- 9 (1/2 Nm <wij wy w;>) - 8 (NM <wij wy> vy) .

ax; ax; i

+ N <CFi ui> + Ecol1 (41) ?

where N is the species density, vi is the average directed .

velocity of the species, m is the mass of the species, wi is ;
the thermal velocity of the species, ui = vi + wi , Fi is f
the external force acting on the species, Scoi1 and Ecol1

represent the change in density and energy, respectively, due :
to collisions, angled brackets represent an average over the

distribution, and summation over repeated indices is assumed.

For this work a Maxwellian distribution is assumed. The ;
densities are assumed to be uniform and isotropic over the i
Page 24 A
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plasma volume. For a MMIS this uniformity is achieved by the :“
N

magnets shielding the walls. It is also assumed that Fi = 0. y
0‘? We are considering the source electrons to be part of Scoil .
o §

and Eco11 instead of producing an electric field. Also, the .
o'

magnetic field on the walls is considered to only effect the r’
area of possible wall loss of electrons. B,
LY

- ]

Consider first the continuity equation. For an iso- :,
tropic distribution v; = 0. Therefore the continuity N
equation becomes Eh
I'

T

AN = Scot1 (42) ::

.

at ¢

)

Sco11 for the various species is all that needs to be N
determined for the density moments. The continuity equations f
for all of the species in the plasma can now be written: ?
- ~
8n- = Scotli,m- (43) -J
8t o~

8ng = Scoli,e (44) P

at

ans = Scotl,nz (45) -_-
at NS

Gng.. = Scoll,ms (46) Py

at :
dny = Scott,v2(v) (47) ‘-'

at N

Y

where n- is the H- density, ne is the H:;* density, nse+ is the L;
H* density, and ne 18 the Hz{(v) density. :
‘e

Since the distribution of slow electrons is Maxwellian, s

the energy equation can also be much simplified. Note that

R
. -~
o ~
o
Y

’
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1/2 m <wi wi> = 3/2 Te. With this substitution Eqn. 41 can

be written (still noting that vi = 0)
8 (N 3/2 Te) = - 8 (1/2 N m <wi Wy w;j>) + Ecot (48)
ot at

To simplify the equation further the first term on the right

hand side needs to be looked at. This term is

<wi Wy wi> = 1/N J wi wy wy fus(uwi) du; (49)

fus(ui ) dui is an even function of w;, therefore the
integrand of Eqn. 49 is seen to be an odd function of wi and
Eqn. 49 is identically equal to zero for a Maxwellian

distribution. Finally, we have (letting <E> = 3/2 Te)

a_(ne (ES) = Ecoid (50)
at
-
v\-.‘
As in the density equation, only Ecet1 needs to be determined
in order to solve the energy equation.
The density equation collision terms
Looking at the plasma reactions involving H- we see that
the collision term for negative ions is given by (the angle
brackets on the rate coefficients are left off for ease of
expression)
Scoll,u- = NenvRatt + nensRpdiss - Na+N-Raneut
-~ NenN-Redetr - Nan-Radet - nNan-Rhager (51)
For electrons we have
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Scol1,e¢ = Se<P> + NnenoRnz2ies + NeNaRhien - NenvRat s
- -~ NeN¢Rpdiss - NsNeRn2rec - NenNs+Riurec
ﬁ + Nen-Redet + n-nNaRadet - NenN+Rarec + Nun-Rnder
(52)

Where <P> is the average probability of a fast electron not
undergoing a wall collision before it has a chance to undergo

any impact collision. It is defined by

<P> = [ P(E) finon(E) dE (53)

where AP(E) was defined in Eqn. 36, and finoa(E) was defined

in Eqn. 30.

The collision term for H:* is

Scol1,82¢+ = So<” + nenoRnzien - Nen+Rarec

L}
A
S
Sy,
L3

~ NenN+Rpdaiss - NentRparec (54)

The collision term for H* is

Scoll.lo = nensRnion + nenodeisa - ne+NeRnrec

- Na+N-Raneut (55)

The collision term for Hz(v) is

Scoll.uz(v) = ntho £ Reiec - NenvRatvt - nNvvvibwai1 /10

- ngnvRvr (56)
where Relec is given by Eqn. 39, and n¢ is given by

ne = [ fvaia (E) dE (57)
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and represents the total number of fast electrons.

The energy equation colligion term

]
The collision term of the energy equation must take into

account everything that will cause the slow electrons to gain
or lose energy. The only energy production mechanism in the
system is the source. Superelastic collisions were ignored
in this study since several sources [32:1203,11:22] indicated
that they have little effect on the average energy and
electron density. Energy is lost through electronic excita-
tions, through vibrational excitations, through ionization,
in recombination processes, in detachment processes, and
through momentum transfer. Thus the collision term in the

energy equation can be written as

3;'3- Ecoi11 = <Es>S06¢<¢P> - neno Z EelecReiec - NenoEvibRviow
-~ NenoEnzionRn2ion - NeNaEnionRhion
-~ nen: <E Rdrec(E)) - n.n;(E har.c(E))
- Nena+<E Ruarec(E)> - nenv<E Ratt (E)>
- Nen-<E Redet (E})> - n-ng<E Rpdet (E)>
- n-na<E Raget (E)> - 2(me /M)neno <E Rat (E)>
(58)
where <E;> is the average energy of the source and is defined
by
<Ee> = [ E P(E) finow(E) dE (59)
f P(E) fenom(E) dE
Ei is the threshold energy for process i and M is the mass of
o H2 . The subscript vib refers to the excitation of H: from
.':,
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the v=0 state to the v=1 state. The subscript mt refers to

TSN
A N 4

the momentum transfer reaction. For the energy equation,
‘li Relec is averaged over the Maxwell-Boltzmanﬁ distribution,
and not the modified Thomson distribution, since the slow

electrons are being considered.

SRR

It should be noted that in Eqn. 58 the recombination and

5
detachment terms are averages of the rate coefficients }'
multiplied by the electron energy. As a simplification for ;;
this model, this average will be approximated by the average ii
electron energy times the average reaction rate. This will g;
result in a slightly less accurate electron energy, but it §}
will reduce the computations needed. Thus the energy equa- ;ﬁ
tion collision term actually used in the calculations in this E;
study is :}

o 5
A Ecot1 = <Eg2So<P> - neno X EelecReiec - NenoEvibRvip s
- NeNoEnzionRbnzion - NenaEniocaRpion 52
- Nens <E><Rarec(E)> ~ nens<E><Rbhzrec (E)> ji
- Nenu+ <E><Riarec(E)> - nenv<E><Ratt (E)> t}
- Nen-<E><Redet (E)> - n-na<E><Rpdet (E)> Li
- n-ng<E><Radet (E)> - 2(me/M)neno <E>Rat (60) .'.
Solution of the Coupled Moment Equations Ei
Y
An analytic solution of the moment equations is not 5
~
possible due to the experimental nature of the cross-section EE
data. It was, therefore, necessary to solve the equations :ﬁ

numerically. A complete description of the numerical tech-
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niques used and a listing of the actual computer code are :
N
included in Appendix B. In this section only a brief summary :,
K

qr‘ of the solution process will be presented.
L ] 9
The equations are solved by using a Runge-Kutta-Fehlberg ti
)
method of orders 4 and 5 [29:129-147]). This is an adaptive N
<
routine and is stable for mildly stiff systems of differen-

tial equations. The average rate coefficients as a function ﬁ

of the average electron energy are stored in the program in 3

A

look-up tables. These tables were calculated using cross- !

o

section data and integrating (using an adaptive quadrature -

-
routine [30:174-175)) over either fus or fraii . 3

The program proceeds until a steady state i
(mathematically determined by the time derivatives in the :{

moment equations equaling zero) is determined to be achieved }

- or until a set time is reached (typically 20 msec), whichever [
s comes first. 3
o

In the next chapter the results of this model are o

~
compared to various experimental and theoretical calcula- @,

tions. ]

o

qw

<

L)

. ;
R %
-t ‘:{-
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CHAPTER III - RESULTS AND ANALYSIS

r In this chapter the results of the model presented in

‘Eé the previous chapter will be discussed and compared to other
experimental and theoretical work. Scaling laws with the
discharge parameters will then be presented. These laws will !

then be used to estimate the best operating conditions for a v
N

MMIS. ‘

Comparison of Model to Previous Work

For a preliminary consistency check of the moment model,
the output was compared to the theoretical calculations of
Bretagne, &t al, [10], and the experimental data of Péalat, -

et al, (33] for a pressure of 40 mTorr, a discharge voltage

of 90 V, a plasma potential of 2 V, and 56% dissociation of R
e H: into H. The discharge currents considered were 1-10 A.
Table I presents the results obtained. R
The electron temperature and electron density
calculations are very good for the current range considered. ;
In fact, they are generally better predictions of the
experimental data than Bretagne's work. The ratio of n-/ne,
on the other hand, is as much as an order of magnitude off
from the experimental data. This is probably due to my .
treatment of the vibrational population density. The use of

a representative population, instead of using the full set of

vibrational master equations, causes a loss of information.

This loss of information results in the negative jion density

calculation being an order of magnitude estimate.
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TABLE I
Comparison of Discharge Parameters

40 mTorr, 90 V, 56% dissociation, Vp = 2 V
T¢ = 450 K, Vo = 10 1, A = 700 cm?2, L = 14.3 cm

{a) Present work {b) Experiment [33] (c) Theory (10]

I(A) Te (V) ne (10ttcm-3) n-/ne (10-3)

1 .43%  ,43b ,32¢ 2.5 1.7 1.9¢ .65 7.0 7.0¢c

3 .50 .65 .42 4.1 5.7 3.8 1.8 4.0 4.1
10 .62 .85 .59 7.1 9.8 6.7 4.8 -——- 2.7
YO
e TABLE II
Comparison at Low Pressure
2 mTorr, 50 V, 5 A, .4% dissociation, Vp, = 1.15 V
T¢g = 450 K, Vo1 = 8.8 1, A = 830 cm?2, L = 14.3 cm
{a) Present work {b) Experiment [24] (c) Theory [24]
Nne (10'%cm-23) Te (V) n- (10%cm-3) n-/ne (10-3)
(a) 26.30 .748 20.12 76.52
(b) 1.1-3.4 .75 3.2 94.1-290.9
{c) 3.43 .40 2.3 67.1
o
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discrepancy can be partially accounted for by the fact that a E
dissociation of 56% was used at all currents. It will be 5.
A
shown later that the negative ion density is inversely t
proportional to the atomic hydrogen density. As the current :i
is increased, you have a larger electron density with which é-
H: can be dissociated. Therefore, at higher currents, the é'
dissociation should be larger and the total negative ion %_
density should decrease. For a fixed dissociation, however, E'
it will later be seen that the behavior this model predicts ;}
has been experimentally observed. i
The model was also compared to the work of Gorse, et al, k
r.
(24] at a pressure of 2 mTorr, a voltage of 50 V, a current ?'
SE} of 5 A, a plasma potential of 1.15 V, and a dissociation of §
.4%. The results of this comparison are presented in Table ;
II. >
The moment model has predicted the electron temperature ;
extremely well. The electron density and negative ion ;:
density calculations, however, are both off by an order of §
magnitude. The error in the electron density calculation is o
g
most likely due to the fact that wall-losses were ignored in %
the electron continuity equation. For the data in Table II, rl
a plasma potential of 1.15 V was used, compared to 2 V for E'
the data in Table I. At this lower plasma potential, more of EE
the slow electrons can overcome the potential barrier and be .?
. 7}
Page 33 i
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It is seen from Table I that the present model predicts
that the ratio of n./ne will increase with current, whereas

both Péalat and Bretagne show a decrease with current. This
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lost to the walls. This increased wall-loss could possibly
explain why the observed electron density is lower than
calculated by this model. The negative ion density being an
order of magnitude too high is then due diréctly to ne being
an order of magnitude too high, since n. @ ne.

With fairly good success of the model for various values
of the discharge parameters, the code was then run over the
pressure, voltage, and current parameter spaces. The results

of these runs were used to determine scaling laws.

Scaling Laws with Discharge Parameters

The scalings of the various particle species are
determined by looking at the steady state solutions of the
moment equations. These solutions are given by the following
coupled set of equations:

n. = NenNvRatt + NeneRpgjes (60)
Na+Raneut + NeRedet + Na(Radet + Rndet)

Ne = Se<” + n.ngRagey + n-ngRudet (61)
X
X = nvRatt + Nne{(Rpdiss + Ruzrec + Rarec) + na+Riorec \
- nNoRb2ios - NaRnion - N-Readet s
Ne = Se <A + nenQhajon (62)
Ne (Rarec * Rnacec + Rpdiss)
Ng+ = Ne(ngRnion + NiRpdiss) (63)
NeRhrec + N-Raseut
ny = ngne 2 Rejec (64)
neRatv + NaRvr + vvivwar 1 /10
By looking at the relative magnitudes of the various :

terms in the above equations it is possible to determine the
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dominant processes in the steady state. Using the data from

running the code between 20-100 V, 1-100 A, 1-100 mTorr, and

‘[’ 56X dissociation, it was found that the densities are given .
[ 8
by .
(]
h
n- = nenvRats P> 4 mT (65)
NeRadet
ne * n. :(s,<p>)uz (66) 9
n+Rarec ‘
Nge = Nen+Rpdisey (67) f
n-Raneut
nv = ngne 2 Reiec (68)
NeRatt + NaRvr + vvibwa11 /10
As indicated, Egn. 65 is only valid if the pressure, P, !
is greater than, or about, 4 mTorr. For pressures lower than .
this, Eqn. 65 will produce an answer with about 12% error. X
- To be more accurate, the polarized dissociation and mutual :
‘w:.
~ neutralization terms of Eqn. 60 must be retained. This
indicates that at lower pressures, polarized dissociation and t
mutual neutralization start becoming the dominant production b
and loss mechanisms for negative hydrogen ions. Thus we have A
A
n- = nen+Rpgigg P < 4 mT (69)
N+ Raneut
If the current is greater than 40 A and the pressure is .
P
less than 10 mTorr, then Eqn. 68 can be simplified to
\]
ny = ngne I Relec I > 40 A (70) .
NeRatt + vvibwar1 /10 P < 10 mT .
Using Eqns. 65-70 it will be possible to elucidate
oy -
&__J v
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scaling laws with respect to the discharge parameters.

Scaling with current

We will first determine how the electrén density scales
with current, using Eqn. 66. By refering to Eqns. 53, 36,
35, 33, and 30 it is seen that </ 1is independent of current.
Also, the rate of dissociative recombination is independent
of current if you assume that the electron temperature is
constant. Eqn. 29 shows that the source strength is directly

proportional to the current; therefore, we have
ne @« It/2 (71)

In Fig. 9, a graph of n. as a function of current is
given. From the graph it is obvious that the scaling given
by Eqn. 71 is valid for the model. This scaling was also
found by Bailey and Jones [11:21].

To determine the scaling of the vibrational population

with current we must first see how nf scales with current.

The fast electrons will scale the same as fitai1 with respect
to the discharge parameters (see Eqn. 57). Refering to Egn.
32 and ignoring the T’ term, it is seen that fiai1 1is

directly proportional to current. Likewise, nf will be
directly proportional to the current. Reiec and Rai: are
both independent of current; therefore, using Eqn. 70 and

ignoring the wall-loss term, we find

ny @ I1/2 (72)
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Fig. 9 - Electron density as a function of
discharge current for a 40 mTorr, 90 V, 56%
dissociation discharge.
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Fig. 10 - Vibrational population as a function of

discharge current for the same conditions as in
Fig. 9.
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Fig. 10 is a graph of ny as a function of current and shows
the dependence given by Eqn. 72.
With a knowledge of how ne and nvy scale with current it
GEQ is possible to determine how the negative ion density scales
with current. Again assuming that rates are constant and
assuming that ns+ is independent of current (we will show

this shortly), both Eqn. 65 and Eqn. 69 give
n- €I (73)

This scaling is seen to hold in Fig. 11, and is verified
experimentally by York, et al {35:682) and Bacal, et al
[36:23].

Using the scalings for the electron density and the

IS

negative ion density, Eqn. 67 indicates that ns. should be

-

constant with respect to current changes. Fig. 12 is a <
3;? graph of ng+ versus current; the density is fairly constant
for currents above 10 A. Below 10 A, the inconsistency is

due to the fact that the na. density had not reached a true

steady state when the code output the density. This will be

seen when the time evolution of the densities is considered

later. The rest of the calculations will not be affected by

this lack of steady state since none of the other densities

depend on ng. .

Using Eqns. 71 & 73 it is possible to find the scaling

for the ratio of negative ions to electrons. This ratio is

important in the extraction of negative ions since a large

population of electrons extracted with the negative ions

Page 38



\".;

ol

.

-‘,'_f,'(

AL

10— e e - et o e e - e e e

8- ve Currest. t0at. 98V 4% élas

10 1o L

csrrest
ia)

Fig. 11 - Negative ion density as a function of

discharge current for the same conditions as in
Fig. 9

10 T — e e ey

Whe ve Curreat 40aT,%0v. %4t diss

1
WA 10710 I
‘ra vy ‘

Curtent
B

I P N AN
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f ),

degrades the quality of the ion source output {34:56]. The

ratio scales as
l.:
n. @ It1/32 (74) -
\ n.

Q‘ Ne &
- ’
L d
-
A graph of this ratio is seen in Fig. 13, confirming the ;
‘"
given current scaling. 9
Next, the scaling of the densities with respect to ¥
pressure needs to be examined. ;:
\

Scaling with pressure

If it is assumed that <A and the rate coefficients are
independent of pressure, then Eqn. 66 indicates that the
electron density should be independent of pressure. Fig. 14,

which is a graph of ne as a function of pressure, shows that

l-"-'.‘-."a CPY) -,"rr ":ﬂ'\'ﬁ-ﬁ.‘ v

the electron density is basically independent of pressure.

> iy
AL

o0 The slight increase with pressure that is seen is due to the :'

“

fact that <P> is weakly dependent on pressure (see Fig. 15), N,

“

since vco11 is a function of pressure. @

In order to determine the pressure scaling of nv, we x

have to look at the scaling of nt+ with pressure. Eqn. 32 A
indicates that the tail of the distribution scales as

(P + k)-t, where k is a constant, and, thus, ng¢ scales the -3

W

same. Since noe is proportional to pressure, and assuming b

that ne is independent of pressure, we get @

h

ne @ P (75) :

P + k +

b

., _:
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Fig. 13 - The ratio n./n. as a function of
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Fig. 15 - <P as a function of gas pressure for the
same conditions as in Fig. 14.
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Thus for low pressures the vibrational density should be
roughly proportional to pressure and it should saturate at
higher pressures. The vibrational density versus pressure is
shown in Fig. 16 and it is seen to basically follow the
scaling of Egqn. 75.

With the pressure scalings for ne and ny it is now easy
to determine how the negative ions will scale with pressure

in this model. Since na € P we have, using Egqn. 65,

n- « 1 (76)

Fig. 17 demonstrates this scaling for the negative ions. For
high pressure the density is inversely proportional to P, and
for low pressures signs of saturation are evident. Actually,
the curve in Fig. 17 has a maximum at about 2 mTorr. This
maximum has been experimentally observed by Bacal, et al
[36:22]. The maximum appears to occur from the change in the
negative ion production and loss mechanisms. This is
represented mathematically by the change from Eqn. 65 to Eqn.

69 at these low pressures.

Using Eqns. 67 & 76 it appears that the H* density

should be given by

ngs T P (77)

Looking at Fig. 18, this scaling does not seem to hold.
However, as was mentioned earlier, the H* density had not
reached a steady state value at the time of output from the

code, so the above scaling should not be expected to hold for
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the data presented.

Finally, the ratio of negative ions to electrons is
expected to follow the same scaling as for n- (Eqn. 76).
This is confirmed in Fig. 19.

Next, we will determine the scaling with discharge

voltage.

Scaling with voltage

The electron number density voltage scaling is due to

the scaling of the source strength. From Eqn. 29, it is seen

that So is directly proportional to V. Thus we expect to

have

ne @ Vi’2 (78)

The electron density as a function of discharge voltage is
graphed in Fig. 20. The curve in this figure follows the
scaling of Eqn. 78 only approximately. Eqn. 78 should only
be used as an indication that the electron density is a
slowly increasing function of discharge voltage.

If we assume Eqn. 78 is valid in order to analyze the
voltage scaling of the rest of the species, then we need to
find the scaling of n¢ with voltage to see how the
vibrational population scales. From Eqn. 32, we find that
ftai1, and hence, n¢, is directly proportional to the

voltage. Combining this with Eqn. 78, we get that nv scales

as

ny @ vi-/2 (79)
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Fig. 21 shows nv versus voltage. This graph is roughly
represented by Eqn. 79.

} 453 Using Eqn. 65 and incorporating Eqns. 78 & 79, we find
that

n. €V (80) >

The actual scaling is shown in Fig. 22. This graph basically -3
validates Eqn. 80. The scaling given by this equation has
been experimentally shown to exist by Leung, et al [9:365].
In that study, it was found that the negative ion density was i
directly proportional to voltage up to around 120 V, at which
point it saturates. X

The scaling of the ratio n-/n. is found from Eqns. 78 &

80 to be "

‘,' ,
R n @ Vi (81) 3
Ne B

This ratio is graphed in Fig. 23. As with the rest of the b

voltage scalings, Eqn. 81 only approximately duplicates the t

behavior that the computer code indicates exists. Part of k3

the differences between these equations and what is

calculated is that <& is a slowly varying function of V (see

Egqns. 35 & 30).

- L,

e e ae -

From Eqn. 67, we see that the H* density should be

independent of the discharge voltage. Fig. 24 indicates that N

this is not the case. However, the fact that the curve in ::

]

Fig. 24 is dependent on the voltage is due to ns:+ not yet 1

Ko . L . -
Ny reaching a steady state, as indicated earlier. -
AN 3
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Up to this point, we have discussed the scalings of the
species densities with respect to the discharge parameters.
@ Next, we will determine how the electron temperature varies

with the discharge parameters.

Electron temperature scaling

Using the energy equation (Eqn. 60) in a steady state
and only considering the dominant terms, we find that the

electron temperature is given by the balance

<Es>S0<P> = nNenoEvibRyvib + nNens <E>Rarec (82)

AR

+ Z(Me /M)neno <E>Rat

l:"","". *

« s
» 5 R
.

The relative strengths of the terms on the right-hand

Fa o8 O 4
L

side of this equation vary depending upon the specific

sl
]

!l; current, pressure, and voltage range the source is being run
in. In general, for currents less than 10 A and pressures
greater than 10 mTorr, the momentum transfer term will
dominate over the recombination term. For higher currents
and lower pressures the reverse is true. For all values of
the discharge parameters, the vibrational term is the
largest, representing anywhere from 50% to 90% of the total
contribution from the right-hand side. Since this is true,
we will ignore both the momentum transfer term and the
recombination term in order to make it easier to see how the
electron temperature scales with the discharge parameters.

In this case, Eqn. 82 reduces to
:;: <E§>S0€<P> = nenoEvibRvind (83)
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We will now make the assumption that :
Ry

@. Rvib ® Roe-to/Te _ (84) -
This assumption should be valid since the electron :}
8,
temperature is in the neighborhood of Evibo. The constants Ro f’
and E, are determined by fitting Rvivo to Eqn. 84. Using Eqn. y
84 in Eqn. 83, we get N
4

1 = 1ln [(nenoEvibRg)/i(Eg )Sg(P))l (85) )

Te Eo 2
oy
I

We know how all of the terms in Eqn. 85 scale with the

discharge parameters, so we find that )

WAL LN

1 @ ln P (86) )

Te (I V)r/12 -

b

“ . ]
Vi Figs. 25-27 show the electron temperature data as functions s
AN ‘
of current, pressure, and voltage, respectively. It is seen i

"

that Eqn. 86 is a good representation for what is observed. A

-

Summary of Scaling Laws :

The scaling laws in terms of pressure, current, and F

voltage are given by ’;

n. © IV (87) :

P+ k i

ne @ (I V)i/2 (88) Ny

ne @ (I V)i/2 P (89) 3

P+ k ]

- ng+ C P (90) =

R i
".\_":. :‘.
e :
¢
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and

n. @ (I V)t/2 (100)
. .

where k is a constant that depends on the gas temperature,
the plasma volume, the effective wall loss area, the plasma
potential, and the reaction rates for the electronic
excitations. These proportionalities, in addition to Eqn.
86, give a means to optimize the production of negative

hydrogen ions in a MMIS, with respect to the discharge

parameters.

The Optimal Operating Regime for a MMIS

Using the scaling laws predicted by this model, it is
easy to determine for which values of the discharge
parameters the efficiency of a magnetic multicusp ion source
can be optimized. To maximize the production of negative
ions, the discharge parameters must be chosen so as to
maximize Eqn. 87. It is obvious that this will be for a high
current, high voltage, low pressure source. For voltage and
current, however, there are optimum values. As it was
mentioned earlier, the negative ion density actually
saturates for a voltage around 120 V. This then represents
the voltage limit for efficient operation. The optimum value
for the pressure was found to be between 2 and 4 mTorr.

In addition to Eqns. 86-100 being useful for determining
the optimum operating regime for a generic MMIS, they should

be useful to the experimentalist in the optimization of his
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) ion source. He can normalize the above equations to his
(? gpecific source and see how variations in the discharge
Y .

parameters will effect his source operation.

4 Temporal Evolution of Parameters ¢

f Before concluding, it is worth mentioning how the

densities and electron temperature evolve with time. For a
40 mTorr, 90 V, 1 A discharge most of the species reach a
pseudo-steady state within about 2 msec (see Figs. 28-33).
For the H* density this is not true (Fig. 33); it has not
reached a steady state after 20 msec (at which point the code
was stopped). Since the H* density never truly reached a
steady state, the scalings developed above are not exactly

- seen from the data. None of the other parameters being

ﬁ&ﬁ measured are dependent upon na+., so the fact that it has not

reached steady state does not affect the other calculations. ]
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CHAPTER 1V - CONCLUSIONS AND RECOMMENDATIONS

Conclusiona

This study has developed a method to model a magnetic
mulicusp ion source using self-consistent Maxwellian moments
of the Boltzmann equation. The departure from a Maxwellian
electron distribution was considered and incorporated into
the model by modifying the high energy tail of the
distribution using the classical theory of ionization. The
distribution tail so derived is found to scale as the ratio
of current to pressure, as was previously seen from the
complete solution of the Boltzmann equation [10:819-820].

A numerical comparison of the results of this model to
previous experimental and theoretical work show that they are
in fairly good agreement. The most useful result from this
work, however, is the determination of how the various
speciecs’ densities scale with the discharge parameters.

The scaling laws obtained from this model are supported
by several experimental and theoretical studies. 1In
particular, the experimentally observed scaling of negative
hydrogen ions with current, pressure, and voltage have been
predicted by this model. With these scaling laws it has been
determined that for the most efficient production of negative
hydrogen ionsg, the discharge should be run at high currents,
pressures around 2-4 mTorr, and voltages around 100-120 V,
The scaling laws allow negative ion source users to determine

how to vary the discharge parameters most efficiently to
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optimize their sources.

LTIV IR

I'sing this model it has been found that negative

[ . : L

= hydrogen ions are produced through dissociative attachment v
y

{

onto vibrationally excited hydrogen and lost through b

w

assvciative detachment (at the degree of dissociation N
considered). Slow electrons are produced through ionization r

’

by fast electrons and lost through dissociative recombination :

*

with Hz2t*. 2

The above results have a positive impact on the use of a N

MMIS in a neutral particle beam (NPB) weapon system. The low .

pressure operation indicates that the negative ion beam will -

-

have a low emittance, which is highly desired. Also, the low g

R

pressure operation will simplify the construction of a space- "

¥

worthy system. If it is assumed that the discharge current 4

<7 is around 1000 A, as in Holmes' source at Culham Laboratory 3
--‘.I‘ '
{5], then it is seen that the power required for continuous p

. . . . ‘-

operation is around 100 kW. Depending upon the projected 4

. . ) )

duty ¢ycle, this power requirement could be substantially b,

reduced,  The size of Holmes' source is 55 x 31 x 20 ¢m? -~ :
easily small enough that all of the size limitations in a NPB -

system will be imposed upon the accelerator and not the ion

.l

- . . , »

source, Thus, it is apparent that a MMIS will make an -

. . S

efficient ion source for a space-based NPB weapon system, D
Comparison to a typical surface ion source, the Penning N

discharge, shows that, while having a lower negative i

-

current, the MMIS has n lower emittance, For instance a -

. . . . ’.

Lypre ol Penning discharvye jon sourcee [37:580) produce: a N
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current of 140-180 mA with an emittance of about .07 cm-mrad.
A typical MMIS [5:234,35:684) produces a current of about 1
mA with an emittance of around .03 cm-mrad. The factor of 2
difference in emittances indicates that the NPB from a MMIS
will have roughly twice the effective range as a NPB from a
surface source. If it is assumed that the current delivered
by the Penning source is the minimum allowed for a weapon
system to be considered lethal, then the beam delivered by
the MMIS cannot be considered lethal. However, it has been
determined [37:S79]) that the total beam energy (and hence
beam current) required for use in discrimination may be a
factor of around 100 less than required for lethality.
Therefore, a MMIS is an excellent option for use in a NPB
discrimination system.

A final factor in favor of volume 8sources over surface
sources is the use of cesium in the latter. The cesium,
being highly reactive, will decrease the useful lifetime of
the surface source. A volume source does not have this

problem.

Recommendations

To improve the results obtained, several things can be
done with this model., First, all of the runs were made with
a dissociation of 56% (taken from the value in Bretagne, et
al {10)). Adding a self-consistent dissociition into the
model by considering the appropriate dissociation chemistry

woul/d probably impr. -2 the numerical results obtained
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tremendously.

Second, the plasma potential was always taken to be 2 V
(except for the 2 mTorr, 50 V, 5 A discharge). Bretagne, et
al, (32:1206-1207) have shown that a variation in the plasma
potential dramatically effects the Maxwellian portion of the
EEDF. The present model could be improved by adding a self-
consistent calculation of the plasma potential based on the
balance of charged particles falling on the chamber walls.
This calculation would be complex due to the nature of the
multicusp field at the wall,

Finally, this model ignored the presence of Hsy*, which
is actnally the dominant ionic species found in many
multicusp discharges [7:1802]. It is indicated by Bruneteau
{15:381) that for a 4 mTorr discharge, H--Hs* mutual
neutralization is the dominant loss mechanism for negative
ions, being a factor of 10 larger than the losses due to
associative detachment. In addition, she indicates that H;!
ions play an important role in the production of
vibrationally excited hydrogen. Thus, inclusion of the
plasma chemistry for Hs* should improve the calculations of
this model significantly.

I'he next logical step would be to expand the approach to
include ohic gpatial variation of the densities and electron
tempernture. This could possibly be accomplished by not only
using the continuity equation and energy equation, but also

the moementum moment of the Boltzmann equation, With this

ndaptation to the model, it would be ensier to annlyrze what
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is going on in both the production region and the extraction

region of a tandem MMIS.
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APPENDIX A - THE CLASSICAL THEORY OF IONIZATION .
AND THE THOMSON DISTRIBUTION X

-
.

In this appendix, the classical theory of ionization e
will be developed. This development will lead to the :
expression for the Thomson distribution of secondary :
electrons used in Chapter II. The development used is that E'
given by Thomson and Thomson in Ref. 28, pages 96-98 and 200. f

:

We will regard the ionization of a molecule by an "
electron as a collision between two particles - the electron ;
and one of the electrons in the molecule. Ionization occurs i
when the molecular electron receives energy greater than or f'
equal to the ionization energy from the incident electron. E‘

LY

Although we will be concerned with the collision between two E?

‘f} electrons, the following development is for any incident :
e

charged particle.

Let M be the mass of the incident particle and let E be
its charge. Assume that its velocity before the collision is
vo and let b be the impact parameter for the collision. In
addition, let m and -e be the mass and charge of the
molecular electron,

During the collision, the center of mass of the two-

particle system moves with a uniform velocity given by

Vea = m Vo (A-1)

M+m -

In the center of mass (c.m.) system the particles move in ?

:Q} hyperbolic orbits (see Fig. A-1). Let vy and b, be the {
Page 62
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Fig. A-1 - Hyperbolic orbit of incident particle in
center of mass frame.

et ‘—1‘(;( -

A
4 . L Y
\l

i o)

. el
PO ATt T




initial velocity and impact parameter of M relative to the

c.m. We then have

Vi = m Vo (A-2)
M+ n
and
b1 = m b (A-3)
M+nm

Let r; be the distance of M from the c.m. at any time. Then

the force acting on M is given by

F = e E m? (A-4)
(M + m)?2 r;?

and is directed towards the c.m.
If 8 is the angle between the asymptotes of the

hyperbola then

tan (8/2) = c/a (A-5)
where a and ¢ are the axes of the hyperbola. It is a
property of hyperbolae that ¢ = by. In addition, if y is

the acceleration of M at a unit distance from the c.m.,

o= e E m? (A-6)
M (M + m)?
then vi? = p/a, or
a = e E m? (A-7)

viz' M (m + M)?

Using Eqns. A-5 and A-7 we then have
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tan (0/2) = b; v3;? M (M + m)? (A-8)
e E m?
or, with Eqns. A-2 and A-3,
tan (0/2) = b ve? m M (A-9)
e E (M + m)

After the collision, the component of the velocity of M

parallel to v, is

Vi = Mvg - m vg cos # (A-10)
M + m

and the component perpendicular to vo is

Va = m Vg Sin ® (A-11)
M +nm

Therefore, the total kinetic energy of M after the collision

N
-
is given by
Ex = 1/2 M vi?2 4+ 1/2 M vu?
or
Ex = 1 _Mve? [ M2 +4m -2 mMcos & ] (A-12)
2 (M + m)?
The energy transfered to the molecular electron is then
the change in kinetic energy of the incident particle:
Q = 1/2 M ve? - Ex
or
Foe Q = (1 + cos 8) m M2 wvo2 (A-13)
‘.":-": (M + m)?
2
Page 65
" -,,\"’;f .:-".:J" ?”. ;;:.. ;: _'}',n_f-. PR :: ‘; -':\'-'-f‘--v‘.' --_’..:’.:- ~ S _-

AR R e R T T
RO T N SN AL AT A
R A R, LY

D Tl LAY
_I'fr WY

WL
o

‘I

TR A I

-

R
-, y

Ty Tyt e N

TR

AR R A

¥ Ju
-'f, -y,

e T o]

"
v

AR




»
N,
=~
:.
Now <
w
?
:'.
“ 1 + cos 8§ = 2 cos?2(8/2) = 2 (1 + tan2(6/2)]-! —
\ .
- :’
so we get, using Eqn. A-9, 3
Ny
~d
Q = 2 e? E3 1 (A-14)
B Vo? b2 + 42 7
:r
N
I‘I
where N
'n..
d =eE (M + m) ~
mM ve? N
")
A
\.‘_
EqQqn. A-14 thus represents the transfer of energy from the )
L3
incident particle to the molecular electron. %-
o~
Q
It should be noted at this point that the above 2
o+
calculations were made with the assumption that the electrons :?
v »
“_. in the molecule are free to move. If the forces holding the oy
-".\"T Ny
LV )
molecular electron are small enough that the period for a :'
2y
b
small oscillation of the electron about an equilibrium point N,
is large compared to the duration of the collision, then the f‘
~
electron can be considered free. Therefore, to be able to N
~3
use the above energy transfer calculation, the incident -:‘
particle must be sufficiently fast. A 90 V electron is N
moving at about 6 x 10% cm/sec. If the distance over which a E;
-~
collision occurs is on the order of one Bohr radius, then the :f
collision time is approximately 10-1!'7 sec - short enough that ;‘
this classical approach should be valid for the present work. ::
=~
Lt
Now that the energy transfer in the collision is known, '
2 it is necessary to find the energy distribution of the 3
Y
.-‘-'
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molecular electrons. The chance of a transfer of energy
between Q and Q + dQ, f(Q)dQ, is equal to the chance 2¥nb db
that b is between b and b + db, n being the number density of

electrons in the molecule. Therefore, we have

f(Q) d@ = 2 T n b db (A-15)
now 2 b db = db?, so
f(Q) dQ = ¥ n db? dQ (A-16)
dQ
From Eqn. A-14 we get
db2 = - 2 e? E3 1 (A-1T7)
dQ B Vol Q?

Putting this in Eqn. A-16 and ignoring the minus sign we have

f(Q) dQ = 2 T ne* E2 1 dQ (A-18)
mn v°2 Q3

Therefore, for an incident electron, the distribution

for the molecular electron is
f(Q) = 2 T n et (A-19)
m v°2 Q2

If we regard the production of secondary electrons in a
MMIS as a case of ionization, we are then saying that an
electron emitted from the cathode will collide with an Ha:
molecule causing ionization. The molecular electrons will
then have a distribution given by Eqn. A~19. Since the

secondary electrons have to do work equal to the ionization
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energy, Ei, to escape the molecule, the distribution of

energy for the secondary electrons will be given by

fthol(E) = A

(A-20)
(E + E1)?

'
The constant A can be found by requiring normalization |

of the above distribution:

v

J A (E + Ej)-? dE = 1 (A-21) )
H 0
This gives, with straight-forward integration,
A = Er (1 + E1/V)

(A-22)

Thus, the Thomson distribution of secondary electrons is

%

ftoom(E) = Ey (1 + Ef/V)

(30) ,
(E + Ep )2

b

¥
{
DN .
e b
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APPENDIX B - MOMENT EQUATION CODE

In this appendix, the numerical solution of the moment
equations is discussed. After this a listing of the computer
code is given. A brief schematic of the numerical process is

given in Fig. B-1.

Calculation of Reaction Rates

Maxwellian-averaged reaction rates as a function of
average electron energy, defined by Egqn. 4, were calculated
once at the beginning of the study and stored in ASCII files.
These files are then referenced each time the main computer
code is run.

In order to calculate the reaction rates, the o6 (E)v(E)
data was fit using natural cubic splines [30:122]. The
integration in Eqn. 4 was then carried out over the range of
the data, for average electron energies ranging between .01
eV and 1000 eV. The integration was performed using

Simpson’'s adaptive quadrature [30:174-175].

The Numerical Solution of the Moment Equations

The main computer code, MOMEQN, uses the above
calculated Maxwellian reaction rates in order to calculate
the time evolution of the number densities and electron
temperature by simultaneously solving the moment equations,
represented by Egqns. 43-47 and 50.

As further input to the program, MOMEQN reads two ASCII
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files - ’process’, and ’'init’. The file 'process’ contains a
line of data for each plasma reaction that was considered n
‘i? this model. The first element of each line.is a character
string mnemonic refering to the reaction. The second element
is either a 1 or a 0, indicating whether (1) or not (0) that
particular reaction is active during the current run. The
third element is a real number equal to the threshold energy
for the reaction. The file 'init' contains all of the other
operating data, such as the discharge current, voltage,
pressure, plasma volume, initial values of the densities,
etc.
After all of the above data is entered into the progranm,

MOMEQN calls the subroutine DTAIL to calculate the high

energy tail of the EEDF. This is accomplished by first

Y fitting the 6 (E)v(E) data with natural cubic splines. Then

) frait (E) is calculated using Eqn. 32, starting at E = V - Ep.

The rest of the distribution is calculated for successively

lower energies, using the knowledge of what the distribution

is for higher energies.

Once this distribution is calculated, MOMEQN calls the

subroutine ELECTRONIC in order to calculate the reaction

rates averaged over the tail of the distribution, which will

be used in the vibrational density equation. These reaction

rates are determined by using Simpson’s adaptive quadrature

to perform the integration in Egqn. 39. The particular

reactions for which rates are calculated at this point are

— the electronic excitations and H: ionization.
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Next, MOMEQN calls the subroutine THOMSON, which

-t

calculates the average energy of the source (Eqn. 53) and the

2

average probability of no wall collisions (Eqn. 59). These :
integrals are again calculated using Simpson’s adaptive E
quadrature.

At this point, MOMEQN is ready to start the integration X

of the moment equations. This is accomplished by first 5

setting the time variable to 0, and then calling the .
subroutine RKF45. This subroutine integrates the moment :

equations from the previous time to the present time and E

outputs the answer. The time variable is then incremented ;

and RKF45 is called again. This process continues until one 4

cf two conditions is met: 1) the number densities and ;

v electron temperature all have reached a steady state, or, 2) P
!i? the time variable has reached a maximum, user-specified, 4
value. Condition 1! is numerically determined to be achieved i

if the values of all the number densities and the electron Q
temperature have not changed by more than a set factor (10-%) g

for four consecutive time steps. If this condition is met, ;

the values have reached a steady state, as far as the B

computer code is concerned. ;

The subroutine RKF45 F

The subroutine RKF45 integrates a system of coupled Iy

first order differential equations by using two Runge-Kutta- {

Fehlberg integration schemes. One is of order 4 and the ;

{31 other is order 5. The two results obtained are compared to E
s F.
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get an estinat> of the error in the answer. This estimate is

then used for step size control.
The Runge-Kutta-Fehlberg algorithm calculates the value

of the various plasma parameters by using the following

formula:
6
Yisaer = Yi,a + Z xi ki, i (B-1)
i=1
where
i-1
ki,i = ha y';(5;,a + £ Bin ki,m , ta +%; ha) (B-2)
m:1

and where y;,a is the estimate for the j-th plasma parameter
{electron density, ion densities, or electron temperature) at
the n-th time step, y' is the corresponding derivative, ha is
the step-size for the n-th time step, ts. is the time, and X,
B, and ¥ are coefficients that were found by Fehlberg. He
found one set of J’s that makes the estimate given by Eqn. B-
1 order 4 and another set of {'s that makes it order 5.

The majority of the code in RKF45 is used to determine

the optimum step-size, h, for the current time.

Implementation

The program MOMEQN was written in FORTRAN 77 and ran on
a VAX 11/785 under Berkeley 4.3 BSD UNIX. Typical run-times
varied between 10 minutes and 1 hour, depending upon the

system load. It is quite possible that many improvements
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could be made con this code to make it run more efficiently.

The present form of the code was written for readability.

et

DO
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EXXRA RN R R AR AR K RN AR KA X RS X R KX RREX KX KRR AKX ERXXERELE

A SELF-CONSISTENT MOMENT EQUATION SOLVER FOR A
MAGNETIC MULTICUSP HYDROGEN DISCHARGE

Written by David E. Bell, 2Lt, USAF

SYNOPSIS: This program solves the time-dependent
moment equations developed in Chapter II for a given
set of initial conditions. It outputs the time
evolution of the ionic species and the electron
temperature.

EXEE R KRR R R KRR KRR R KRR AR R KRR KRR KRN RN KK RX KKK KR KXK
2 2222222322232 3 2330323223222 222022002

VARIABLE LIST:

on - array indicating whether or not (1/0) a process is on
th - array containing the thresholds for the processes (eV)
press - pressure of the discharge (Torr)

volt - discharge voltage (V)

curr - discharge current (A)

dt - time increment for output (sec)

¥y - array whose elements represent:

- number density of electrons (cm”*-3)

- number density of negative hydrogen ions (cm”™-3)
- number density of positive H2 ions (cm™-3)
number density of positive H ions (cm™-3)

- average electron temperature (eV)

- number density of vibrationally excited H2 (cm”™-3)
nho ratio of H to HZ in plasma

no - density of H2 (cm”-3)

nh - density of H (cm™-3)}

so - source strength

ens - average energy of the source

ml - mass of an electron (kg)

m2 - mass of a hydrogen atom (kg)

t - time variable (sec)

tout - next time of output (sec)

tfinal - time to quit program (sec)

temp - H2 temperature (eV)

relerr - relative error allowed in output

abserr - absolute error allowed in output

work - array used by rkf45 for various things

vol - plasma volume of source (cm”3)

area - effective wall loss area of plasma source (cm”2)
vp - plasma potential (V)

iwork - array used by rkf45 for various things

iflag - flag used by rkf45 to indicate progress. Values:

I W~
[}
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c - single successful step in direction of tout
c - integration reached tout. Successful return.
c relative error too small, has been increased
c - more than 3000 derivative evaluations needed
c - gsolution vanished - cannot test relative error,
c absolute error must be nonzero to continue
c requested accuracy unobtainable, error

c tolerance increased

c - RKF45 is inefficient for this problem
c invalid input parameters h
c neqn.1lt.0

c t=tout and iflag.ne.+1 or -1
c relerr or abserr .lt. O

c iflag.eq.0 or .1t.-2 or .gt.8
c neqn - number of differential equations in system (6)
c

c

c

c

c

c

c

c

c

c

c

c

c

c

(3 IR JCR o+ 0 o)
|

[=;]
|

o ~a
i

-
o
[}
-
-
»
-
[]
"4

file - character array with file names for the processes xd
sav - array used to save y() data for checking convergence i
flag - logical variable used in testing convergence ;'
ss - counter used in testing convergence b
length - average distance to wall (cm) e
xsect - sigma%*vel data for electronic excitations 0
nxsect - number of data points for each excitation in xsect &3
a,b,c,d - cubic spline data for xsect £
tail - reaction rate coefficient for electronic states -
averaged over tail of distribution R
rates - array holding Maxwellian reaction rate data i
ftail - array representing the tail of the distribution 5
b
| ¢ EXEE AR R R KRR R KRR R R R AR R R R KKK XK KR KR KA R A AR RN RRE R RRXR R AKX :i
3 iy,
* external diffeq Pd
real on(27),th(27),press,volt,curr,dt,y(6),nho,no,nh, X
& so,ens,ml,m2,t,tout,tfinal, temp,relerr,abserr, -
& work(39),vol,rates(27,561,2),area,vp,s8av(6), v
& length,xsect(9,50,2),a(9,50),b(9,50),c(9,50), =
& d(9,50),tail(8),ftail(0:100) -
integer iwork(5),iflag,neqn,ss,nxsect(9) -
logical flag N
character¥7 file(27) ﬁ‘
common So,no,nh
common/ener/ens,ml,m2 -
common/onoff/on,file -
common/freq/th,rates, tail t{
common/geom/area,vol,vp N
common/recom/y, temp,length >
common/power/volt,curr ,
common/sigv/xsect,nxsect |
common/splin/a,b,c,d
common/dist/ftail ‘
c it
—_— c Input rate coefficient data from files =~
R o )
RN "y
AN S
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call process(on,th,file,rates,xsect,nxsect)

c
¢ Input initial operating conditions
c
‘[? call init(press,volt,curr,tfinal,dt;y(1),y(2),y(3),
‘ & y(4),nho,temp,vol,area,length,vp,relerr,
& abserr)
no=8.,3216el4xpress/temp/(1.+nho)
nh=nhotno
sav(1l)=y(1)
y{l)=1.el1l
c
¢ Calculate tail of EEDF
c
call dtail(ftail)
c
¢ Calculate rate coefficients for electronic excitations
c
call electronic
c
¢ Calculate average energy of source and source strength
c
call thomson(ens,volt,so)
y(l)=sav(l)
so=so¥curr/1.6022e-19/volxvolt/(2.%15.427)
y(5)=ens
ml=9,1095e-31
ﬁ m2=2.%1.6726e-27
1‘4{“4 C
- ¢ Set-up output files
c
call files
c
¢ Start integration of equations
c
t=0.
iflag=1
tout=t
negn=6
10 call rkf45(diffeq,neqn,y,t,tout,relerr,abserr,iflag,
& work, iwork)
call output(t,y)
goto (80,20,30,40,50,60,70,80),iflag
c
¢ Successful step in integration
c
20 tout=t+dt
o c
l.$ﬁ:.
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c Check for convergence of answer
c
flag=.true.
do 21 i=1,6
if(y(i).eq.0.)then
flag=(abs(sav(i)-y(i)}.1lt. abserr/lo ).and.flag
else
flag={abs(sav(i)-y(i))/y(i).lt.relerr/10.).and.flag
endif
21 continue
if(flag)then
ss=ss+]
else
8s=0
endif

do 23 1=1,5
23 sav{i)=y(i)

Four consecutive times of little change in output
constitutes convergence

0000

if(ss.eq.4)goto 22

if(t.1lt.tfinal)goto 10

c Completed successful run of program - output summary

22 call endout(y)
stop
c
¢ Errors in RKF routine handled here
c
30 write(6,31)t,relerr,abserr
31 format(’' Tolerances reset at time ',1pe9.3/
& '’ Relative error = ',1pe8.2/
& ' Abserr = ',1pe8.2)
goto 10
40 write(6,41)t
41 format(1x,’Over 3000 function evaluations at time ',
& 1pe9.3)
goto 10
50 abserr=z1.e-9
write(6,31)t,relerr,abserr
goto 10
60 relerr=10.%relerr

write(6,31)t,relerr,abserr

Sy N oy Ty

o 5% Sy 3
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iflag=2

goto 10

70 write(6,71)t

‘E} 71 format(1x,’RKF45 is inefficient for.this problem.'/
& 'Time = ’,1pe9.3)

iflag=2
goto 10

80 write(6,81)t

81 format(1lx,’'Improper call at time ’',1pe9.3)
stop
end

o e e R P R R PR P PR RS2 RETIIILERSSLIIREEE T

c
c This subroutine opens the file ’process’ and reads

c it to determine what processes are active for the

c current run (on), the threshold energy for the

c processes (th), and the names of the files that

c contain the rate look-up data (file). The rate data

c is then entered into the array rates{) which is used

c by the function rate() to determine the rate

c coefficient for a given energy. This subroutine also
c enters the cross-section¥velocity data as a function

c of energy for the electronic excitations.

c

c

c

c

c

c

c

The file ’process’ is made up of 27 records of the

S form:
"f”’

file 1. (on/off) 12.0 (threshold)

LR S R P22 RT3,

subroutine process(on,th,file,rates,xsect,nxsect)

real on(27),th(27),rates(27,561,2),d42,d3,xsect(9,50,2)
integer nxsect(9)

character*7 file(27)

character*40 dl

open(unit=15,file="process’',statusz'old’)

do 1 i=1,27
1 read(15,¢)file(i),on(i),th(i)

close(unit=15)

do 5 i=1,27

c
c the extension .rat is used to indicate average rate data
5% ¢
e open(unit=15,file=file(i1)//'.rat’,status='old"’)
Ky
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first five lines of files are descriptive labels used for :
graphing purposes only ’
s8ixth line contains the number of data pairs y

seventh line contains xmin,xmax :

eigth line contains ymin,ymax he.

ODO0OO0OO0D0OO0OO0

do 2 j=1,5
2 read(15,%)d1l o
read(15,3)n o
3 format(i3)

read(15,%)d2,d3
read(15,%)d2,d3

do 4 j=1,n

read(15,%)d2,d43

rates(i,Jj,1)=d2

rates(i, j,2)=d3
4 continue

RS S

close(unit=15)
5 continue -

do 6 i=1,9

POt

the extension .vel is used to denote cross-
sectionsvelocity data

. ﬂ-%
‘e
0000

open{unit=15,file=file(i)//’'.vel’,status="o0ld’)

do 7 j=1,5

7 read(15,%)dl
read(15,3)nxsect(i)
read(15,%)d2,d3 A
read(15,%)d2,d3 )

" %N AN

do 8 j=1,nxsect(i) .
8 read(15,%)xsect(i,j,1),xsect(i,j,2)

close{unit=15)
6 continue g

return
end

2 PR R 2222223223308 0 0320202023222 00202
c
c This subroutine opens the file ’'init’' and reads in y
c the initial operating conditions of the discharge. :
c P
V\; 2222223323232 8223323322230 002222022222 RRRe: :
(]

Page 80




;]
l\“

subroutine init(press,volt,curr,tfinal,dt,ne,nm,np,

& nhp,nho, temp,vol,area,length,vp,

“ & relerr,abserr) : b
A real press,volt,curr,tfinal,dt,ne,nm,np,nhp,nho,temp, .
& vol,relerr,abserr,area,vp, length b
open(unit=15,file=’init’,status="0ld"’) ﬁ

4

read(15,%)press ‘

read(15,%)volt 2,

read(15, %t )curr .

read(15,%x)tfinal 5

read(15,%)dt f

read(15, % )ne ]

read(15,%)nm -

read(15,%)np )

read (15, ¥ )nhp X

read(15, ¥ )nho I

read(15,%)temp 5

read(15,%)vol <

read(15,%)area ~

read(15,%)length h)

read(15,%)vp ﬁ

read(15,%)relerr Q

read(15, ¥)abserr s

i‘ close(unit=15) S

TS return

Vo end %
CREEX KR XK R KRR RN R AR R KRR KRR AR KRR R KRR KKK KR KX KRR XK KRX KX ::,

C 1

c This subroutine sets up the output files for the tr

c number densities of tne ionic species and the -

c electrons and the electron temperature. They are A

c set up in the correct format to be used by ’'graph’. -,

c The program ’graph’ takes a data file and produces a 3

c file that is in the correct format to be plotted I

c either on a Benson printer or on a Laser printer. 2

c The first 5 lines of the data file must be blank or &

c contain labels for the plot. The next line must $,

o] contain the number of data points in i3 format. The r

c next two lines are the minimum and maximum values for L

c the x range and the y range. The rest of the lines ol

c contain tue data points. o

c Another file ('all’') is set up for output in a more D

c readable format. N

c R,

CEERE XK R KRN X R AR K KA XX XX KRR KR XA KA XL AR KRN XXX KERK :

o~ subroutine files \f
o, charactertl line(80) -
i 2
5 N
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open(unit=10,file='ne’,status="new’)

open(unit=11,file='"nm’,status="new’)

open(unit=12,file="np’,status="'new’)

.;. open(unit=13,file="nhp’,status="new’)

- open(unit=14,file='en’,status="new’)
open(unit=16,file="nv’,status="new’) :
open{unit=20,file="all’,status="new’) ¢

write(10,%)’Electron density’ b
write(11,%)’H- density’ ]
write(12,%)’H2+ density’ ‘4
write(13,%)'H+ density’

write(14,%)’Electron temperature’ X
write(16,x)'Vibrational density’ -

do 1 i=10,13
write(i,*)’Time’
write(i,*}’ (sec)’
write(i,%)’Density’
write(i,*)’ (cm”-3)’ \
1 continue 4
write(15,%)’Time’
write(16,%)’ (sec)’ b
write(16,%)'Density’ \
write(16,%)’ (cm”-3)’ by

write(14,%)’Time’

write(l4,%)’ (sec)’

write(14,x)’Temperature’ )
write(14,%)’ (eV)’ N

' N
i@

.

do 3 i=10,14
write(i,2)999
2 format(i3)
write(i,*)0.,0. ’
write(i,*)0.,0,. N
3 continue

AR

write(20,4)
4 format(’TIME’,9x,’'Ne’,11x,’N-",11x,’N+’,11x,'Nh+’,
& 10x,'Te’)
do 6 i=1,80
line(i)='="’
6 continue
write(20,5)(line(i1),1=1,80)
5 format(80a) <

-

P e P A et el

return
end

I 2232222232222 3232233332323 2 2222002322222
c
ﬁﬁﬁ c This subroutine calculates the rate coefficients for
ol C the electronic excitations based on the modified 3
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c Tho.ison.
c
CREXXEXREXRXEXERLEEXXL XL ERRENNEEEAXERXEE LA EEERXLX

(é subroutine electronic

real xsect(9,50,2),to0l,a(9,50),b(9,50),c(9,50),d(9,50),
rates(27,561,2),t1(200),a2(200),h2(200),fa(200),
fc(200),fb(200),s8(200),k2(200),fd,fe,sl,s82,v(8),
th(27),ion,volt,curr,vol,area,vp,tail(8)

integer nxsect(9)

f° Qo @

: common/splin/a,b,c,d
common/sigv/xsect,nxsect
common/freq/th,rates, tail
common/geom/area,vol,vp
common/power/volt,curr

tol=1.e-3
ion=15.427

do 1 k=1,8

tail(k)=0.

i=1
tl(i)=10.%tol
a2(i)=xsect(k,1,1)

qg; h2(i)=(xsect(l,nxsect(k),1)-xsect(k,1,1))/2.
“wr fa(i)=felect(k,xsect(k,1,1))

fc(i)=felect(k,xsect(k,1,1)+h2(1i))
fb(i)=felect(k,xsect(k,nxsect(k},1
s(i)=h2(i)s(fa(i)+4.xfc(i)+fb(i))/
k2(i)=1.

))
3.

5 if(i.le.0)goto 4

if(tl(i).1lt.i.e~-6)tl(i)=1.e-6
fd=felect(k,a2(i)+h2(i)/2.)
fe=felect(k,a2(i)+3.xh2(i)/2.)
sl=h2(i)x(fa{i)+4.%fd+fc(i)) /6.
82=h2(i)*(fc(i)+4.xfe+fb(i))/6.
v(l)=za2(i)

v(2)=fa(i) .
v(3)=fc(i) .
v(4)=fb(1i)
v(5)=h2(1i)
v(6)=tl(1i)
v(7)=8(1i)
v(8)=k2(i)

izi-1

Lo if(abs(s1+s2-v(7)).1t.v(6))then
DY tail(k)=tail(k)+sl+s2

~
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else
if{(v(8).ge.200)then o
write(6,%)’Integration failed in ELECTRONIC’ ]

" stop . -
‘:’ else , ™

izi+l :
a2(i)=v(1)+v(5) i
fa(i)=v(3) by
fc(i)=fe s
fb(i)=v(4)
h2(i)=v(5)/2. X,
tl(i)=v(6)/2. 3
s(i)=s2 o
k2(i)=v(8)+1. .
izi+l
a2(i)=v(1) N
fa(i)=v(2) N
fc(i)=fd :'
fb(i)=v(3) o
h2(i)=h2(i-1) o
tl(i)=tl(i-1)
8(i)=s1l ¢
k2(i)=k2(i-1) p’
endif <.
endif &t
\J
i: goto 5 a
W o
R 4 continue '
3 continue .
1 continue \
return ;~
end )
e d
CEEE R KR R KRR R R R KR R K R R R R X R K R R R K R R KKK AKX K KR AR R XA KKK KKK :
c ’
c This subroutine performs natural cubic splines on the .
c cross-section data for the electronic excitations. ﬂ
c 4
o2 R P R S RS 2202222222223 33333 8 E
subroutine spline(data,num,a,b,c,d) Y
real data(9,50,2),a(9,50),b(9,50),c(9,50),d(9,50),
& h(50),alpha(50),1(50),mu(50),z(50)
integer num(9) ;
»
do 10 k=1,9 o
do 20 j=1,num(k) A
a(k,j)=data(k,j,2)
A7 20 continue .
Seve 10 continue K
) .
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do 1 k=1,9

f do 2 i=1l,num(k)-1
Q 2 h(i)=data(k,i+l,1)-data(k,i, 1)

do 3 i=2,num(k)-1
alpha(i)=3.%(a(k,i+1)*h(i-1)-a(k,i)*(data(k,i+l,1)
& -data(k,i-1,1))+a(k,i-1)*h(i))/(h(i-1)%h(i))
3 continue

do 4 i=2,num(k)-1
1(i)=2.%x(data(k,i+l,1)-data(k,i-1,1))-h(i-1)*mu(i-1)
mu(i)zh(i)/1(i)
z(i)=(alpha(i)-h(i-1)%z(i-1))/1(1)

4 continue

l1(num(k))=1.
z(num(k))=0.
c(k,num(k))=0.

do 5 j=num(k)-1,1,-1

" c(k,Jj)=z(j)-mu(j)*c(k,j+l)
b(k,j)=(alk,j+l)-a(k,j))/h(j)-h(j)*(c(k, j+l)
A & +2.%c(k,J3))/3.
A d(k,j)=(c(k, j+1)-c(k, j))/(3.xh(j))
5 continue

1 continue

return
end

CEERE KRR R RN R R KRN AN X X AR R R A AR R AR KRR KA KRR LXK KX RKERK

This function represents the distribution function
for the tail multiplied by sigmatvelocity.

o000

CEEXXIEE XX AN E LR SR RN X AR KR AR B XS ERXAERKREEASREXERAREREREXE

real function felect(i,e)
real e,ion,ftail(0:100},distrib

common/dist/ftail

ion=15.427

distrib=(e-float{int(e)))%
(ftail(int(e)+1)-ftail(int(e)))+ftail(int(e))

........................................................
L .

....................
_____________
......................



felect=8v(i,e)*distrib

return
end

CERE AR XK AR XA AR KKK AR KA KRR R R E R R KR AR RN XK R KX XXX KKK XX

c
c This function uses the spline data calculated by

c spline to calculate sigma¥vel as a function of energy.
c This routine is used by fcoll and felect.

c

e

EEXEX KRR R R AR KRR R R R AN AR KRR KRR R KRR KRR XA LR KKK KR LR XK R XK

real function sv(i,en)

real en,xsect(9,50,2),den,a(9,50),b(9,50),c(9,50),
& d(9,50)

integer nxsect(9)

common/sigv/xsect,nxsect
common/splin/a,b,c,d

if{((en.lt.xsect{i,1,1))
& .or.(en.gt.xsect(i,nxsect(i),1)))then
sv=0.
return
endif

‘ do 1 j=l,nxsect(i)-1
e if(en.ge.xsect(i,j,1).and.en.lt.xsect{i, j+l,1))goto &
- 1 continue
J-nxsect(i)
2 den=zen-xsect(i, j,1)

svza(i,j)+b(i, j)¥den+c(i,j)sdenss2+d(1, ;)81 88

return
end

CKEXXXXXX XL XXX EL SRS TR EEE S SO 2t er v o4 0 v v

This function calculates the * rq
rate as a function of e

on0aoan

CEEEXXLLL L ETEEEESEEESE LSS TEEETTRBEETYT L v 1 v 3

real funotron 0
real en,no,s .., nn

common Ko, N Lt
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2
=
!‘
U
fcoll=fcoll+sv(i,en) N
r
‘ 1 continue A'
»
Y
fcoll=notfcoll o
-
return -~
end Dy
2 R 2R R P PR R 2232323230233 8202 ‘_.
B
c 2
c This function calculates the rate of loss of primary k{
c electrons to the walls of source. Formula is from n )
c Bretagne, et al [10:813]. ~:
c L)
R R P R F P2 2R R P R 2222222332323 3222223232232 oo,
h‘-‘
real function fwall(en) ﬁi
real en,area,vol,no,vp,so,nh "o
common s8o,no,nh 9
common/geom/area,vol,vp >
it
if(en.1lt.vp)then ::
fwall=0. N
else A
“, fwall=6.e7%farea/vol¥*sqrt(en)*(1l.-vp/en)/4. '
endif e
& N
return D!
oy
end '
vy
R IR S22 RTISCSTILITIEIIRRREE K
C -
c This subroutine calculates the tail of the i_
c distribution. :¢
C N
CEEE XA R R R R KK K KK R KK KA R R KKK AR R R KKK AR KRR XK KKK K RKKX QS
subroutine dtail{ftail) ET
real ftail(0:100),volt,curr,th(27),rates(27,561,2), "
& tail(8),area,vol,vp,ion,a(9,50),b(9,50),c(9,50), g
& d(9,50),xsect(9,50,2),x,y,Xxp,¥p,no,nh,so e
integer nxsect(9),flag
common so,no,nh Ri
common/power/volt,curr "3
common/freq/th,rates, tail )
common/geom/area,vol,vp R,
common/splin/a,b,c,d ';
common/sigv/xsect,nxsect ¢
T R
:f{ call spline(xsect,nxsect,a,b,c,d) uﬁ
g \.1
N
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NP AR KN RN N T IS US v
bV

t-}‘ ¥

ﬂk
b
ionz15.427 o
flag=0 ‘ S,
ﬁ do 1 i=100,0,-1 ' i
) .g
1 en=float (i) "
| )
if(en.gt.volt-ion)then el
ftail(i)=0.
goto 1 Ny
endif S
Re
sum=0. f{
do 2 j=1,9 -
k=i+int(th(j)+.5) o
if(k.gt.100)k=100 v
sum=sum+ftail (k)*sv(j,entth(j)) g\‘
2 continue 3:J
sum=no¥sum gg
4
W1 g
x=fcoll(en) v g
y=fwall(en) G
if{(flag.eq.0).and.(x+y.eq.0.))then {}'
xp=fcoll(en+l.) %g'
yp=fwall(en+l.) N
flag:l "('-t.
endif
if(flag.eq.1)then AT,
e X=Xp
y=yp ?ﬁ?
endif
ftail(i)=(iontl.+ion/volt)*curr/1.6022e-19/volxvolt o z
& /(2.%ion)/(en+ion)%x*2+sum)/(x+y) " d
‘.\
1 continue Y
return N
end Pt
CEE AR KKK KRR KRR K KR KRB AR K KA AR KR KR AR R KKK KRR R AR XK X :
c Ot
c This subroutine outputs the current data to the D
c output files. D
¢ Y
CEEE R bR R R KR KRR AN KRR AR KA KA KRR KA AR R K SRR AR KRR AR XX KX K KKK KX -
9
subroutine output(t,y) G
real t,y(6),telec :f
o
write(10,%)t,y(1) N
write(11,%)t,y(2) ‘ﬂ!
< write(12,%)t,y(3) T
o write(13,%)t,y(4) 4
AN AN
. -.\.l
Page 88 A




telec=2.%y(5)/3.
write(l14,%)t,telec

write(20,1)t,y(1),y(2),y(3),y(4),telec
1 format(6(1pe9.3,4x)) '

return
end

CERRREEX AR RN E AR AR KRR KRR RN AR KL RLK
C

c This subroutine represents the system of differential
c equations to be solved.
c

CEEXXXXREERERXEARRRRRE R R AR R R KR KA RN X KKK XR KKK KK

subroutine diffeq(t,y,yp)

real t,y(6),yp(6),s80,n0,nh,ens,m1,m2,r(27),th(27)
real rates(27,561,2),tail(8)

common sSo,no,nh

common/ener/ens,ml,m2

common/freq/th,rates, tail

do 1 i=1,27
1 r{(i)=rate(i,y(5))
if{y(5).2e.1000.)write(6,*)’Energy > 1000 -- ’,y(5)
c
¢ electron continuity
]
yp({l) = so + r(9)*y(1)%no + r(19)*y(1)*no
& + r(13)*y(1)snh - r(18)*y(1l)*y(6)
& - r(26)%xy(1l)*xy(3) ~ r(15)*xy(1l)*xy(3)
& - r(16)sy(1)sy(4) + r(22)xy(1)xy(2)
& + r{(24)ty(2)%nh - r(12)%y(1)%y(3) + r(23)*nhty(2)
c
C negative ion continuity
c
yp(2) = r(18)%y(1)%y(6) + r(25)*y(1)*no
& + r(26)*xy(1)%y(3) ~ r(21)%y(4)%y(2)
& - r(22)sy(1)xy(2) - r(24)snhxy(2)
& - r(23)snhxy(2)
c
¢ H2+ continuity
c
yp(3) = s0 + r(9)%y(1)sno ~ r(12)xy(1)xy(3)
& - r(26)*y(1)%y(3) - r(15)*y(1)*y(3)
c
¢ H+ continuity
c

Page 89
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4
yp(4) = r(19)*y(1)%fno + r(13)2ty(1)%nh + r(25)%y(1l)%no gﬁ
+ r(26)%y(1)%y(3) - r(16)%y(4)%y(1) S

& L,
& - r(2l)%y(4)%y(2) WG
ﬁ c . 7:’

c energy equation g&
c 'C“
yp(5) = - r(1)*no*th(1) - r(2)%noxth(2) - r(3)*noxth(3) NN

& - r(4)*noxth(4) - r(5)%notth(5) - r(6)%*no*th(6) M)
& - r(7)%no*th(7) - r(8)%no%th(8) -

& - r(10)%no*th(10) - r(11)%*no*th(11) i

& - r(14)*no*th(14) - r(9)%no*th(9) "o

& - r(13)*nh*th(13) + enstso/y(1) ol

& - r(20)%2.xm1/m2%y(5)%no - y(5)/y(1)%yp(1) g
)

yp(5) = yp(5) - r(12)%y(3)*y(5) - r(15)*y(3)*y(5) A
& - r(16)*%y(4)*y(5) ~ r(18)*y(6)%xy(5) .y

& - r(22)xy(2)*y(5) - r(23)%y(2)*nh/y(1)%y(5) 7

& - r(24)*y(2)*nh/y(1)*y(5) N

e X
¢ vibrational population continuity :%f
c A,
yp(6) = (tail(1l) + tail(2) + tail(3) + tail(4) e
& + tail(5) + tail(6) + tail(7) + tail(8))%no el
& - r(18)*y(1)%y(6) - r(17)*y(6)/10. =4

& - r(27)%y(6)xnh -

’ return e
WA end

7
<. :i%
222 2232222333223 3223222230022 22 2222222222 :E: _

c Y,

c Fehlberg Fourth-Fifth Order Runge-Kutta Method s
c o=

c Written by H.A., Watts and L.F. Shampine }3

c Sandia Laboratories A

c Albuquerque, NM e
c As published in N
c Forsythe, G.E., Malcolm, M.A., & Moler, C.B., T
c COMPUTER METHODS FOR MATHEMATICAL A

c COMPUTATIONS, Prentice-Hall, NJ, 1977, e
c pp.135-147, QY
C [Nt
c This subroutine, in conjunction with RKFS and FEHL, ?*5
c performs a fourth order and a fifth order Runge-Kutta . o

c routine on the system of differential equations. It ;Q

c uses the output from these two calculations to ;q&
c estimate the error involved in the answer it gives. Qf:
c If the error is too great, it reduces the time step N
c and tries again. The process continues until an -t\'

c answer with tolerable error is returned or the code '

~. c decides that too much work is being done. For a more T
S c detailed explanation of the routine see the above g
vt o
u'::}
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It should be noted that the routine is incorporated
exactly as it was given in Forsythe,et al. As such
it is very general. It is possible to specialize the
routine for use solely by this code, but that was
deemed unnecessary and undesirable for future
expansion of the model.

#

OO0 0OO0O00OO0

LR e R R TR TR TSRS SRR REY

subroutine rkf45(f,neqn,y,t,tout,relerr,abserr,iflag,
& work, iwork)

integer neqn,iflag,iwork(5)

real y(neqn),t,tout,relerr,abserr,work(3+6%neqn)

external f

integer k1,k2,k3,k4,k5,k6,klm

klm=neqn+1l
klzklm+1

k2=kl+neqn
k3=k2+neqn
k4z=k3+neqn
k5=k4+neqgn
k6=k5+neqn

call rkfs(f,neqn,y,t,tout,relerr,abserr,iflag,work(1)
work(klm),work{(kl),work(k2),work(k3),work(k4)
work(k5),work(k6),work(k6+1),iwork(1),iwork(2
iwork(3),iwork(4),iwork({5))

)

S
o g

return
end

subroutine rkfs(f,neqn,y,t,tout,relerr,abserr,iflag,
& yp,h,f1,f2,f3,f4,f5,8avre,savae,nfe,kop,
& int, jflag,kflag)

logical hfaild,output

integer neqn,iflag,nfe,kop,int, jflag,kflag

real y(neqn),t,tout,relerr,abserr,h,yp(neqn),fl(neqn),
& f2(neqn),f3(neqn),f4(neqn),f5(neqn),savre,savae

external f

real a,ae,dt,ee,eecet,esttol,et,hmin,remin,rer,s,
& scale,tol,toln,u26,epspl,eps,ypk

integer k,maxnfe,mflag

real amaxl,aminl

data remin/l.e-12/

data maxnfe/3000/

if{neqn.1lt.1)goto 10
if({relerr.1t.0.).0or.(abserr.1t.0.))goto 10
mflag=iabs(iflag)
if((mflag.eq.0).or.(mflag.gt.8))goto 10

€53 if(mflag.ne.1)goto 20 gﬂ
W
AR} :;‘ \V\
'S ;*
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eps=1.

5 epszeps/2.
epspl=eps+l.
if(epspl.gt.l.)goto 5
u26=26.xeps
goto 50

A

10 iflag=8
return

-

=

20 if((t.eq.tout).and.(kflag.ne.3))goto 10
if(mflag.ne.2)goto 25

h §
v

%
.'."

SO

if((kflag.eq.3).or.(int.eq.0))goto 45
if(kflag.eq.4)goto 40

if((kflag.eq.5).and. (abserr.eq.0.))goto 30
if((kflag.eq.6).and.(relerr.le.savre)

A

& .and. (abserr.le.savae))goto 30 :j
goto 50 -~

-2

25 if(iflag.eq.3)goto 45 P

if(iflag.eq.4)goto 40

F
if((iflag.eq.5).and.(abserr.gt.0.))goto 45 ﬁﬂ
]
30 stop .f‘
40 nfez0 ;é
i if(mflag.eq.2)goto 50 5
v 45 iflag=jflag .

if(kflag.eq.3)mflag=iabg(iflag)

-

FYrr

50 Jflag=iflag
kflag=0

b 4
-

savre=zrelerr
savaezabserr

rer=2.f%feps+remin
if(relerr.ge.rer)goto 55

., - .,
..'..‘q").‘-"n,-‘-‘

relerr=rer ;x
iflag=3 :f‘
kflag=3 5.

return Ny

LI 4

55 dt=tout-t =

]
ot
-
.

if(mflag.eq.1)goto 60

if(int.eq.0)goto 65 i
goto 80 C:;
60 int=0 ]
e kop=0

2
et
v




azt
call f(a,Yvyp)

nfe=1
‘ if(t.ne.tout)goto 65
, iflag=2

return

65 int=1
h=abs(dt)
toln=0.
do 70 k=1,neqn
tol=relerrtabs(y(k))+abserr
if{tol.le.0.)goto 70
toln=tol
ypk=abs(yp(k))
if(ypk*hxs5.gt.tol)h=(tol/ypk)*x.2
70 continue
if(toln.le.0,)h=0,
h=zamaxl(h,u26%amaxl(abs(t),abs(dt)))
Jjflag=isign(2,iflag)

80 h=sign(h,dt)

if(abs(h).ge.2.%abs(dt))kop=kop+l
if(kop.ne.100)goto 85

kop=0
‘* iflag="7
(o return
~N
85 if(abs(dt).gt.u26%abs(t))goto 95
do 90 k=1,neqn
90 y(k)=y(k)+dtxyp(k)
aztout

call f(a,y,yp)
nfeznfe+l
goto 300

95 output=.false.

scalez2./relerr
aez-gscaletabserr

100 hfaild=.false.
hmin=u26%abs(t)
dtz=tout-t
if(abs{dt).ge.2.%abs(h))goto 200
if(abs(dt).gt.abs(h}))goto 150

T, output=.true,
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h=dt
goto 200

&‘? 150 h=.5%dt
1
200 if{nfe.le.maxnfe)goto 220

iflag=4
kflag=4
return

220 call fehl(f,neqn,y,t,h,yp,f1,£f2,f3,f4,f5,f1)
nfe=nfe+5

eeoet=0.

do 250 k=1,neqn
et=abs(y(k))+abs(fl(k))+ae
if(et.gt.0.)goto 240

iflag=5
return

240 eezabs((-2090.%yp(k)+(21970.%f3(k)-15048.%f4(k)))+
& (22528.%xf2(k)-27360.%f5(k)))
250 eeoet=amaxl(eecet,ee/et)

esttol=abs(h)*eeocet*scale/752400.
!tl if(esttol.le.l.)goto 260

hfaild=.true.

output=.false.

s=.1
if(esttol.1t.59049.)s8=.9/esttolsx.2
h=sth

if(abs(h).gt.hmin)goto 200

iflag=6
kflag=6
return

260 t=t+h

do 270 k=1,neqn
270 vik)=f1(k)

a=t

call f(avYDYP) -

nfe=nfe+l e%

.‘:J

s=5. bﬂ
if(esttol.gt.1.889568e-4)s=.9/esttol*x,2 o
if(hfaild)s=zaminl(s,1,) -
h=sign(amax!(s*abs(h),hmin),h) .i

e if (output)goto 300 o
A Pa]
N
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if(iflag.gt.0)goto 100
iflag=-2
& return
\
300 tztout
iflag=2
return

end

subroutine fehl(f,neqn,y,t,h,yp,f1,f2,f3,f4,f5,s)

integer neqn

real y(neqn),t,h,yp(neqn),fl(neqn),f2(neqn),f3(neqn),
& f4(neqn),f5(neqn),s{neqn)

real ch

integer k

chzh/4.
do 221 k=1,neqn

221 f5(k)=y(k)+chxyp(k)
call f(t+ch,f5,f1)

ch=3.%h/32.
do 222 k=1,neqn

222 f5(k)=y(k)+chx(yp(k)+3.%xf1(k))
call f(t+3.*h/8.,f5,f2)

ch=h/2197,
do 223 k=1,neqn

223 f5(k)=y(k)+ch% (1932, xyp(k)+(7296.%f2(k)-7200.%f1(k)))
call f(t+12.xh/13.,f5,f3)

-
. .
. %

/‘
o N

ch=h/4104.
do 224 k=1,neqn
224 fS5(k)=y(k)+ch*((8341.xyp(k)-845.%f3(k))+(29440.%f2(k)
& -32832.%f1(k)))
call f(t+h,f5,f4)

ch=h/20520.
do 225 k=1,neqn
225 fl1(k)=y(k)+ch*{(-6080.%yp(k)+(9295.%f3(k)
& -5643.%f4(k)))+(41040.%f1(k)-28352.%xf2(k)))
call f(t+h/2.,f1,f5)

ch=h/7618050.
do 230 k=1,neqn
230 s(k)=y(k)+ch*((902880.+typ(k)+(3855735.%xf3(k)

& —1371249.!f4(k)))+(3953664.tf2(k)+277020.*f5(k)))
return
end
J':':“ Ctttttt!ttt!tttttttttttttt*tttttttttttttxtttttxtttttt!ti*tttt
S,
A
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v.i:

c N A

c This function performs a table look-up to determine \

c the rate coefficient at a given energy, en, and for a "

A c given process, p. oty
c :

6 c p process N
C ===== =======c== \5

C 1 B”z'u ;

c 2 B"1E¢, W

C 3 D1 Te ‘ l!

C 4 D'l“n

c 5 E-F13*, 2

c 6 a3’ 20‘ .: -

[o] 7 b’!'. :‘i

c 8 X ra

c 9 h2ion N

c 10 h2hn2 _ 5
c 11 h2hn3 34
c 12 drec ‘;& )
c 13 hion VAN

c 14 vOvl .‘}5

c 15 h2rec ¥
c 16 hrec i

c 17 vib-wall deex e

c 18 att N

c 19 (not used) S

c 20 mt s

c 21 mneut Y

‘ c 22 edet ~
t':.’_‘. C 23 hdet J

-~ c 24 adet I
c 25 (not used) sl

c 26 pdiss e
c 27 V-T relax ‘
c .

CEER AR R A R R KKK R K KRR R A R R K KA R AR R KK KRR KK KR XK KRR LR KKK KR KKK X X .:-:‘

RAS

real function rate(p,en) C::?

real en,on(27),th(27),rates(27,561,2),y(6),temp, N

& length, tail(8) t

integer p,n .
character¥7 file(27) Rl
common/oncff/on,file o
common/freq/th,rates, tail by

common/recom/y, temp, length ::"
if({(on(p).eq.0.).or.(en.le.0.))then ;‘
rate=0, "
return ey
endif Y
o

if((p.eq.21).0or.(p.eq.23).or.(p.eq.24))then A
rate=rates(p,1,2) =
.&. return -_.:'_:
o _~:._
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endif

if((p.eq.15).0r.(p.eq.16))then
if(en.gt.l.e7)then
& rate=0.

else
ratez8.75e-27/ent%(4.5)%xy(1)
endif
return
endif

if(p.eq.17)then
rate=z1.56e6xsqrt(temp/2.)/length
return
endif

if(p.eq.27)then
ratez40./8.%1,5e-10%exp(-.1603/temp)
return
endif

if(en.1lt..01)then
rate=0,.
return
endif

- s . .

. P

h TN e -,
i LI

LY 3 . [y

PALNEY
Py

if(en.le.10.)then
n=int(en/.05+.5)

e goto 1
N » endif

if(en.le.100.)then
n=int(en/.5+181.5)
goto 1
endif

o

—

:.-
o

L

]

if{en.le.1000.)then
n=int(en/5+361.5)
if{n.eq.561)n=560
goto 1
endif

ratezrates(p,561,2)
return

1 ratez{en-rates{p,n,1))/(rates(p,n+1,1)-rates(p,n,1))*
& (rates(p,n+1,2)-rates(p,n,2))+rates(p,n,2)

return
end
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Py c This subroutine calculates the effect of wall
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collisions on the average energy of the source by
modifying the Thomson distribution by a survival
probability. It also calculates the source strength.

00oo0o0o0

& t‘!!tt!***!‘ttt!!t***t*****XX!*t****t*tt*t*tt#*!tt*!‘t*ilttt
EA

subroutine thomson(ens,volt,so)

real ens,volt,tol,integral(3),t1(200),a3(200),h(200),
& fa(200),fc(200),fb(200),s8(200),1(200),fd,fe,sl,
& s2,v(8),s0,eps,epspl
eps is machine epsilon, or the limit of machine accuracy.

It is calculated to be used as a minimum allowed error
tolerance.

0O0000

tol=1l.e-2
eps=l.

10 eps=.5%eps
epspl=eps+l.
if(epspl.gt.l.)goto 10
eps=20.%xeps

do 100 j=1,3
integral(j)=0.

do 1 1i=1,200
0.
0.

Hnnwnnonn

OO

1 continue

fd=0.

fe=0.

s1=0,

s2=0,

do 2 1=1,8
2 v{i)=0.

i=1
tl(i)=10.%tol

a3(i)=0.

h(i)=volt/2.

fa(i):ft(O.,j)

fc(i)=ft(h(i),J)

fb(i)=ft(volt,j)
s(i)=h(i)s(fa(i)+4.xfc(i)+fb(i))/3.
1(i)=1.

..................

.................
.........................



3 if(i.le.0)goto 100

ﬁ if(tl(i).1lt.eps)tl(i)=eps

fd=ft(a3(i)+h(i)/2.,J)
fe=ft(a3(i)+3.%h(i)/2.,j)
sl=h(i)*(fa(i)+4.xfd+fc(i))/6.
s2=h(i)*(fc(i)+4.xfe+fb(i))/6.
v(l)=a3(1i)

v(i2)=fa(i)

v(3)=fc(i)

vid)=fb(i)

v(5)=h(i)

v(iB)=tl(i)

v(T)=s(1i)

v(8)=1(1i)

izi-1

if(abs(sl+s2-v(7)).1t.v(6))then
integral(j)=integral(j)+sl+s2
else

if(v(8).£e.200)then
write(6,%)’Integration failed in Thomson’
stop

else
izi+l
ad(i)z=v(1l)+v(5)

oY fa(i)=v(3)
- fe(i)=fe

fb(i)=v(4)
h{(i)=v(5)/2.
tl(i)=v(6)/2.
s{i)=s2
1(i)=v(8)+1.
izi+l
ad(i)=v(1l)
fa(i)=v(2)
fc(i)=fd
fb(i)=v(3)
h(i)=h(i-1)
tl1(i)=t1l(i-1)
s(i)=sl
1(i)=1(i-1)

endif

endif

goto 3

100 continue

ens-integral(l)/integral(2)

ooy sozintegral(2)/integral(3)
Kol
P
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2

return :i
e

- C .-"

' ¢ This function is the integrand used in the routine thomson ;

(o] +

real function ft(e, j) b

real e,p,x 4,
(]

if(j.eq.3)then q
ft=1l./(e+15.427)%32. s

goto 2 "
endif '

x=fwall(e) N

y=fcoll(e) 4

if(x.eq.0.)then fu

p=1. n

else ‘

p=l.-x/(x+y) 2

endif $:

ft=p/(e+15.427)%x%x2, o
if(j.eq.1)ft=ftxe ”

A

2 return v

end B

_',‘: Ct*‘tt*tttttttttt!tittl!tt!tttt*tttttt!!t*ttttt*tttt!!tttttt! "~
‘\':\' (o] ::
c This subroutine outputs various pieces of information <3

c at the end of the run in order to better understand ;

c what is going on in the discharge. 2

c 3
Ctttttt!*tt!tttt*ttit*ttttttttt**tttttttttttxttt*ttttttttttt‘ :\
subroutine endout(y) ;;

real y(6),telec,r(27),cp,cn,pin,pout,th(27),ens,so,no, ;u

& nh,ml,m2,rates(27,561,2),telec,relectron,tail(8), 2’

& distrib,area,vol,vp,volt,curr,ftail(0:100) :

\-f

common so,no,nh b
common/ener/ens,ml,m2 o
common/freq/th,rates,tail N
common/geom/area,vol,vp Iy
common/power/volt,curr A
common/digt/ftail o

telec=2.%y(5)/3. -

1 format(//20x,'SUMMARY'//’Electron density = 'y1pel0.3/ "

& 'H- density = ’',1pel0.3/

1 : - ? ~

oo & H2+ density = ’,1pel0.3/ 3
‘e D
oY v
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'H+ density ',1pel0.3/
'H2(v) density ',1pel0.3/
'Electron Temperature = ’,0pf6.3)
write(20,13)y(2)/y(1)
format(/’'N-/Ne ratio = ',lpel0.3)
write(20,12)no,nh,s0,ens
format(/’H2 density = ’,1pel0.3/

'H density = ',1pel0.3/
'Source strength = ',1pel0.3/
'Average energy of source = ’,0pf6.3)

Charged particle balance

cp=y(3)+y84r

cnzy(1)+y(2)

write(20,2)cp,cn

format(//’'CHARGED PARTICLE BALANCE'’/
'Total POSITIVE charge density
'Total NEGATIVE charge density

',1pel0.3/
',1pel0.3/)

Rate coefficients

write(20,4)

format(//'RATE COEFFICIENTS IN STEADY STATE’)
do 3 i=1,27

r{(i)=rate(i,y(5))

write(20,9)’'Disscciative Recombination = ’',r(12)
write(20,9)'Vibration = ',r{14)
write(20,9)’'Recombination - H2 = ',r(15)
write(20,9)'Recombination - H = ',r(16)
write(20,9)’Dissociative Attachment = ',r(18)
write(20,9)'Momentum Transfer = ',r{(20)
write(20,9)’Mutual Neutralization = ',r(21)
write(20,9)'Detachment by e = ',r(22)
write{(20,9)'Detachment by H = ’,r(23)
write(20,9)'Associative Detachment = ',r(24)
write(20,9)'Polarized Dissociation = ',r(26)
write(20,9)’'V-T relaxation = ',r(27)

relectron=(tail(1)+tail(2)+tail(3)+tail(4)
+tail(5)+tail(6)+tail(7)+tail(8))/y(1)

write(20,9)'Total electronic - tail = ’',relectron

relectron=r(1)+r(2)+r(3)+r{(4)+r(5)+r{(6)+r(7)+r(8)
+r(10)+r(11)

write(20,9)'Total electronic - MB = ’,relectron

format(a,lpel0.3)

Power balance

write(20,5)

format(//'POWER PARTITION’)
pout=0,

pinzens¥so/y(1)

x=0.

do 6 i=1,8
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10

11

this
dist.

x=x+r(i)sth{i)
x=(x+r(10)*th(10)+r(11)%*th(11))%no
write(20,10)’e-beam power input
format(a,1lpel0.3)
write(20,11)’power into electronic
pout=pout+x
x=noXth(14)xr(14)
write(20,11)’ power
pout=pout+x
x=y(3)*y(5)*r(12)
write(20,11)’power
pout=pout+x
Xx=no*th(9)xr(9)
write(20,11) ' power
pout=pout+x
x=nhxth(13)*r(13)
write(20,11)’power
pout=pout+x
x=y(3)*y(5)%r(15)
write(20,11)’'power
pout=pout+x
x=y(4)¥y(5)*r(16)
write(20,11)’power
pout=pout+x
x=y(6)*¥y(5)*r(18)
write(20,11)’power
pout=pout+x
x=2.%ml/m2%y(5)*no*r(20)
write(20,11)’power into momentum trans
pout=pout+x

x=y(2)*y(5)%r(22)

write(20,11)’power into detach by e
pout=pout+x

x=y(2)tnh/y(1)%y(5)%r(23)
write(20,11)’power into detach by H
pout=pout+x

x=y(2)*nh/y(1)xy(5)*r(24)
write(20,11)’'power into assoc det
pout=pout+x
format(a,lpel0.3,2x,0pf7.2,'%")

into vibrational

into diss rec

into H2 ionization
into H ionization
into recombination
recomb of H

into

into diss att

write(20,8)pin,pout
format(/’'Total power input =',1pel0.3/
'Total power output =',1pel0.3)

yPin

',Xx,x/pins100

', x,x/pin¥100

',%x,x/pin¥100

',x,x/pin%100

',x,x/pin*100

' X,Xx/pins100

'yx,x/pin%100

',x,x/pin%100

',Xx,x/pin¥100

yX,X/pin*100

', x,x/pink¥100

yX,X/pin¥100

section of code outputs the EEDF into the file
out in the correct format to be used by ’'graph’

open{unit=15,file=z"dist.out’,status="new’)

write(15,%)’Electron distribution’
write(15,%)’Energy’

write(15,%)’ (eV)’
write(15,%)'ftot(e)’
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write(l15,%)’cm-3ev-1"'
write(15,'(i3)’)101

write(15,%)0.,100.

write(15,%)0.,2.%y(1)

do 20 1=0,100
en=float(i)

distrib=sqrt(4/3.14159)%y(1)/telec*%(3./2.)

*exp(-en/telec)
distrib=distrib+ftail(i)
write(15,%)en,dist

continue

return
end
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The results of this model for discharee currents rangineg frcem 1-10C 4,
for vressures rangine from 1-10C mTorr, and for voltages ranging from
20-100 V are ccmpared to previous studies, Finally, scaling laws

with discharee current, gas pressure, and discharege voltage are estab-
lished and used to predict the optimum operating regime for a magnetic
rulticuso icn scource,
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