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A DEVICE FOR MEASURIKG THE ION ANGULAR DISTRIBUTION OF 2XIIB PLASMA 

ABSTRACT 

This paper describes a device that measures charge-exchange flux to 
determine the angular distribution of the 2XIIB plasma. Charge-exchange 
products heat circular nickel foils (placed at 15° intervals in 6 and at 
constant radius on an arc parallel to the z-axis) and the voltage drop across 
the foils (produced by constant-current sources) provides a measure of the 
changes in resistivity. The charge-exchange flux at each foil is proportional 
to the plasma distribution at that angle. Use of this technique is limited 
by the resistivity and heat resistance of the circular nickel foils, but could 
conceivably be extended to other shapes and materials. We compare Hall-
Siraonen and "time-average" measurement of angular distribution and calculate 
characteristic times of loss (gain) from theory. The g(u) detector may be 
used to experimentally verify these times of loss (gain) and also to analyze 
plasma pressure stability. Current microwave measurements shov that plasma 
has an exponential density dependence in z and assumes a flux tube rather than 
a p(B) density dependence. A distinct angular distribution (determinable by 
the detector) is associated with each of these dependencies. We also discuss 
codes to simulate injection and resulting angular distribution, charge-exchange 
capture, and heating and signal of the detectors. 

INTRODUCTION 

Determination of plasma angular distribution in the 2X116 machine is a 
matter of considerable interest. This measurement, when properly interpreted, 
may aid in the evaluation of such plasma parameters as stability, well depth, 
plasma shape, energy distribution, and evolution of plasma In velocity space. 
Angular distribution, of the plasma had previously been evaluated only from 

1 2 microwave measurement of axial plasma densities. ' However, this evaluation 
involves assumptions about plasma shape (flux tube or p(B)?); and microwave 
density measurements do not differentiate between "hot" and "cold" plasma 
components. 
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Measurement of charge-exchange products from within the plasma offers 
an alternative means for determining angular distribution. Background-gas or 
beam neutrals exchange electrons with ions and the resulting energetic neutrals 
(formerly plasma ions) continue on with the same v as the original ion. 

If we know the distribution of neutrals and ions within the plasma, we 
may direcly determine the charge-exchange reaction rate 

R = reaction rate = A / I / f(v±)f(v ) |v| a (|v|) d 3 w d 3 v" dV 

where "i" refers to the ions, "n" refers to the neutrals, v = v - v , cr(|v|) 
is the charge-exchange cross section, and A is the normalization constant. 
Assuming f(v.) is separable into {(v., <j).) g(|j) where IJ = cos 6 and taking 
|vj as constant, we may determine the angular distribution of the plasma in a 

3 small volume element dV = d r.: 
1 

• / / • 
R= / / g(M) sin 6 d 6 dV . 

In the limit dV •+ 0, g(u) is independent of r. so that 

• / 
R= I g(y) dp 

and 

g(n)= dR/du . 
If we center a large sphere on volume element dV (Fig. 1), the average 

flux of particles at the surface of the sphere will equal the reaction rate 
divided by the surface area so that 

(fy = K/4ir r neutrals/cm s (r = radius of the sphere). 

The reaction rate may then be redefined as 

R = 41, r* <*> . 

The differential reaction rate (dR/dB) may be obtained by observing that the 
neutrals for small dV strike the surface of the enclosing sphere with the same 
distribution g(u) as they do for the velocity (* = {*)g(|J)), so that for a dif­
ferential element of area dA (r. sin 6 d<}0 (r. d9) 
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Fig. 1. Flux sphere. 
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/dR = 4TT r£ ^-j = ($) I BCU) ( r Q s i n 3 d<f>) ( r Q d6) 

and 

dR = {*) g(u) ( r Q s i n 8 d<*>) ( r Q d8) . 

Let us now require that r_ sin 6 d(js be constant so that the "width" of dA across 
the z axis is constant for varying 0. Then 

dR = g(n) (#) r Q d$ d (d = r Q sin $ dip} 

and 

g<u) « dR/dB = d*/d6 . 

We can measure g(u) directly by detecting the local magnitudes of flux 
at small area elements (dA) as a function of angular position. 

DESCRIPTION OF EXPERIMENT 

The g(v) detector measures plasma angular distribution from charge-
exchange flux in the 2X1IB. Five stainless-steel tubes are mounted at a 
radius of 13 in. from the plasma center in a plane of constant $ = arctan 
(y/x). The tubes are oriented along lines of constant 9 • arcsin v^/|v| at 
15° intervals from 90-150°. The positive z-axis defines both the mirror center 
line and 6 = 0 ° (Fig. 2). 

Each tube is 4 in. long and 0.43 in. in diameter. At the end of each 
tube. (13-in. radius) is a thin (~0.0001-in.) nickel foil. Charge-exchange 
products from the plasma center enter the detectors and heat the foils. Each 
foil is connected to an external constant-current source by a length of 
coaxial cable. As the foils heat, their resistances increase. Oscilloscopes 
detect the changes in resistance as voltage drops across the foils. Com­
parison of voltage at each detector gives a direct measurement of flux at the 
foils; thus gCp) may be determined. 

Neutral sources for the plasma are the 50 A LBL neutral injectors, 
neutral-charge exchange products traversing the plasma, and neutral-background 
gas. Of primary concern are the 12 neutral injectors. Each injector consists 
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r = 6.27 cm 
-*-z 

Fig, 2. Drawing of experiment. 
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of a 35-cm strip of beamlets all aimed at a common focus. The injectors are 
arranged symmetrically In a. radial pattern about the z-axls at radii of 330 
and 380 cm (Fig. 3). The beamlets project a rectangular pattern with 

S = S Q exp^- -£) exp\- 7r£r; " " ; " " (Ref. 3) 

where S is a constant source term, and 9 and 0 are angular deviations in 

6 \ y \ neutrals 

it source term, and 9 
fl and $ respectively. 

The particles in the beam are deuterium atoms of (E) = 14.7 keV (50X 
A 

20 keV, 402 10 keV and 10% 6.7 keV. ) Background gas nay be ignored because 
of its low density relative to the neutral-beam density. The plasma volujte 
that concerns us is the entire plasma volume, although only a small portion 
of this volume is "seen" by the detectors. "Secondary" charge-exchange products 
may react within the volume seen despite initial interaction within an 
alternate volume element. The actual volume of plasma seen by the detectors 
may be approximated by a ball of radius r = 6.27 cm (Fig. 2). 

Let us now approximate typical signals to be expected at each detector. 
Let us assume the plasma ions are stationary on the average (/v,\]= 0 so that 
the relative velocity (energy) of interaction is that of the neutral. Then 
we have 

(°v) ** 4\,-r »l-25 * 10"7 cm 3s _ 1 (Ref. 5) 
i n 

for /E \ - 14.7 keV. 
The source strength of the beam within the volume seen is 

S. (beam in volume seen) 
(beam in total volume) 

•"Ml S„ / e v ' da 
-6.27 "J 
-p. 

dz 
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F i g . 3. •Beams. 
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6. 2 7 (-*-\2 

-6.27 

= 0.54 S 0 

where we have taken the beam to be focused at z » 0 and have approximated 
6 * 0 and $ z/2° & zfl2 (12 * 350 tan Z'). For a source strength S Q = 330 A 
we have S = 180 A. 

The neutral velocity is 

V = V2 E/m 
XL 

••-- V2C14.7 x 1 0 3 eV)(1.6 x l o - 1 9 J / eV) / (2 x 1.67 * 1 0 - 2 7 kG) 

= 1.2 x 1 0 6 ms" 1 

= 1.2 x 10 8 cm s" 1 . 

Finally, we can calculate the beam density as 

n = (180 C/s)/(1.6 x 1 0 ~ 1 9 C/neutral x 1.2 K 10 8 cm s - 1 x ~(6.27) 2 cm 2] 

= 7.6 x 1 0 1 0 cm" 3 . 
1A -3 Plasma parameters say t y p i c a l l y be taken as Q = 1.2 x 10 era and 

0 0 = 9 keV. Since the charge-exchange n e u t r a l (D ) has the same energy as 
2+ i t s ion paren t (D ) , we can ca l cu l a t e the energy f lux a t the f o i l s as 

8 = (7 .6 x i o 1 0 D 2 / c ra 3 ) (1 .2 x I Q 1 4 D 2 + / c m 3 ) U . 2 5 x l o " 7 cm 3 / s ) 

x [4 /3 i r (6 .27) 3 cm 3] 
21 - 1 = 1.16 x 10 s 

1.18 x 1 0 Z 1 s'1 „ ,„ „ , n 3 „ . ^. , „ „ , „ , „ -19 | j - x (9 x 1 0 J e V / p a r t i c l e ) ( 1 . 6 x 10 " j / eV) 
[4TT(13 x 2.54) cm ] 

= 126 J/cm 2 s 

2 
= 128 W/cm for an i s o t r o p i c d i s t r i b u t i o n . 
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Assuming ihe total flux is stopped by the foil, we can estinate tin- vt 1 t.«»-
generated. The geometry of the foil is pictured in Fij;. -• The d>' uront i.»l 
resistance of the foil is di< = lulr/A. so that the total resistJn.t- is 

>ax 

/

mi! 

r . 
nun 

_ |J , / '"a 

/ mi 

-^*• ( H 
\ rain/ 

dl72"'rt (. = r e s i s t i v i t y , I tli i i-kni'si'. i 

max 

in 

-3 For (i . , , = 6.84 [] + 6.V " 1 0 (T - 20)(°C;J .. ohm cm, c = 0.0IMJI i n . . nxcfcel 
r = 0 .43 i n . / 2 , and r . = 0.125 i n . / 2 we have: max min 

U = P.053 11 + 0 .9 * ] ( T 3 (T - 20)] ohras. 

If we tak.i the plasma duration Ti = 10 cis, we will have a net deposition 
2 of energy (U ='1,54 U/cm or for the foil area 

(1.28 W/cra2) (n) f ° - 4 3
2

l o - j ( 2.54 i n . / c m
2 = 1.20 J 

The heat capacity and density of tiickei are c - 0.1125 cal/g°C and 
ra = 8.9 g/cm so that the total temperature rise is 

A T - 1 ' 2 0 J -mV, ., c (4.18 J/cai) foil p 

1.20 
(8.9)[(0.43/2)2 n(O.OOOl) (2.54)3] (O.L125) (4.1H) 

1206.9°C 

The melting point of nickel is 1453°C so that this AT would probably be un­
acceptable. Further calculations show Chat, due to collitnation, the flux and 
therefore AT will he much smaller (see Appendix B and C). 
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Fig. 4. Foil geometry. 
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for a voltage rise of AV » I(Afl) * 494 I mV (T. = 20°C). Since we are able 
to measure voltages of -10 mV or less, a signal should be detectable down to 
-2% of isotropic (assuming I = 1 A). 

This method has peculiar constraints which prevent raising the signal 
to detectable levels simply by increasing the current. The foil is heated by 
2 
I R (ohmic heating) which damps out the signal response. While results may 
be coirected for this damping, the current must be applied for a greater 
period than the plasma lifetime; and available control equipment dictates that 
t '0.3 s, During this time roughly 0.3 (I ) (0.053) J enter the foil current 
or, for 1 = 10 A (1.59 J) AT = 1600°C Since the melting point for nickel is 
1453"C, an absolute upper limit on 1 (assuming constant resistivity and no 
heat loss) is 9.5 -A. Radiation cooling of the foil at melting temperature is 

W » eo T (o = Stefan-Boltzmann constant, e = emissivity) 

= (0.3) (5.669 * 10~ 5) (T'') erg/s cm 2 

-5 4 - 1.7 * 10 I 
-12 4 2 = 1.7 * 10 T J/s cm 

WA <= 14 J/s (A = foil area) 
so that a more reasonable estimate is 

i = Jw/a 
max 

= /14/0.053 

= 16 A in steady state. 
In any case, the stress imposed by high temperature coupled with any J x B 
force is likely to damage the detectors. 

Making the foils thicker would not solve the problem since the signal 
directly decreases as the thickness increases. If this technique is used in 
other experiments in a similar environment and these bounds are prohibitive, 
other foil materials or shapes must be utilized. 

He have developed a code that simulates the foil signals and heating and 
cooling during the experiment. This allous us to vary the flux, current, and 
time parameters to check the above constraints, and to provide estimates of 
expected signals. (See App. B.) 
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EXPERIMENTAL ANALYSIS 

If sufficient signals are available to obtain g(u) for the plasma center, 
the angular distribution for the entire plasma may be determined. This angular 
distribution is defined as g(V> where 

V = sin 2 B/B = sin 2 B Q / B ^ . (B 5 B(z), 9 = B(z)) (Ref. 1). 

A simple way to examine the relationship between angular distributions 
in z is to calculate the time spent in element dz of a field line. Let us 
consider a. particle with pitch angle 6. at B , of the plasma. The period of 
this particle is rmax , 

and the time in an element A2 = z - z is 

- r « tX = I (dz/v (z» 

The probability of finding that particle in Az is At/T when comparing elements 
A2. and A?_; thus, we have the relative weighting as At./At.. If the center 
distribution is known in 6-, so is the distribution at each point in z where 

For the 2XIIB we have B(z) = B . [1 + (z/75) ] (Ref. 2) and conservation 
tnin 

of magnetic moment requires 

2 2 
• 12 Vi + v 

B(z ) = B - ^ 4 - = B . "° , - ° (Z i turn-around p o i n t ) , 
max min 2 > u 2 max 
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+ (^) 2 = co t
29 0 + l , 

z max = 75 cot 6 0 , 

,75 cot 9 n 

• • 

dz 
• • 

v | cos 8 

*x2 * B v . - / B . , i u nun 

s i n 2 8 
2 „ • * + fr)2 ' sm e 0 

\ ' J i 

sin e = • [i + ( % ) 2 ] s i n 2 e 0 , 

but e = e( z) 

1 - cos 2 8 = 1 - cos2 9 0 + (z/75)2 sin2 e Q , 

cos 8 = cos 8fl - (z/75) sin 8- = cos %-C-^4-
and 

cos 9 

therefore 
•P^W4-. 

[ 
75 cot 9„ 

dz 

2 
cos 8, -(^4 1/2 " 

2 2 s i n 6 0 2 Let cos 9 = a , =— = c 
0 ( 7 5 / 
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I T - / -= N I T " I , 2 d 2 2.1/2 ° ^ 2 M . 2 2 2 .1 /2 
C z ) 

r z2 „ r22 
J vll J (a" - c z ) 1/2 

— a r c s i n 
c 

and 

. a r c s i n z can 9 / 7 5 - a r c s i n z tan 6 n / 7 5 

__= _ _ _ _ . 

This approach is nost applicable when simulating plasma evolution, as we shall 
discuss later. 

The equivalence of this approach to that of Hall and Siraonen may be 
easily recognized. We have 

n(B,L) = / E 1 / 2 de / dvBU - V B ) " 1 / 2 f (£ ,v ;L) r 
'0 '0 

where 

c = energy, and L = the longitudinal invariant. 

If the distribution is separable in energy and angle then 

J/-
n(B,L) = J dvB(l - V B ) " 1 / 2 g(V) 

'0 
The total number of particles in the plasma is 

N = I n ( B , l ) dV 
Jv 

= / / / I dVB (1 
Jo J o o J o 

- 1 4 -

v B ) ~ 1 / 2 g(v) f ( z ) dz f ( r ) rdrd* 



in cylindrical coordinates. (The density of field lines is assumed to have 
the same dependence as plasma density in r.) 

r - f 
N* / dVB(l - VB) i / 2 g(v) / f<z)dz 

But (1 - v B ) " 1 ' 2 = v.. fie*^. 

J / B «• 
<* I dvB J ^ £(z) g(v) 

J0 J0 » 
or for small iz (constant f(z>) and B = B , (and noting B . dv « cos 6. 

min tnin 0 
d cos QQ - cos 6- dUn) 

d N ^ > * B B ( v ) — ^ 5 -dV min 8 W v„(z) ' 

fr0 w - - eo ^ v^ • 

dN 
du 0 

(0) 
V|l 

(0) 

( 8 ) ' 

dN 

* 0 

At 2 

» 

and 

g z(8 Q) « g 0<9 0) & t
2

/ A t o a s b e f o r e -

EXPERIMENTAL APPLICATION 

Plasma Evolution 
Each channel of the g()j) detector includes a readout for dv/dt. This 

signal is proportional to the instantaneous power entering that channel. A 
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close comparison of signal changes over time will indicate how the plasma 
evolves in velocity space. 

The ANGLE (App- A} has been developed to aid in the investigation of 
plasma evolution. This code simulates the injection of neutrals into the 
plasma and their capture at the z-axis, and it subsequently calculates a 
distribution of all injected particles according to their center angles (9-). 
Since the distribution reflects the center angle of all plasma particles, 
regardless of position, time averaging provides an estimate of local angular 
distribution at particular points along the z-axis. Comparison of the code-

2 generated distribution to that calculated by Stallard at 6 = 0.3, z. = 0 cm 
implies that injected distribution is more sharply peaked at higher angles 
(Fig. 5). This is to be expected. The peculiar "valley" at cos 6. = 0 (Fig. 5) 
results from the "bending" of the distribution peak in the magnetic well. This 
valley, o£ course, will fill up with subsequent particle interaction to reach 
an equilibrium distribution more coincident to that of Stallard. 

Current theory about the 2 XI IB plasma evolution primarily centers around 
four processes. These processes can be ordered by their characteristic times. 
First, neutrals are injected at nearly constant energy and at nearly perpen­
dicular velocity (Fig. 6a). The time associated with the plasma injection 
(assuming unity trapping efficiency, cylindrical plasma of 7 cm radius, 40 cm 
length, and 300 A current) is 

number, of particles in plasma 
in current 

_ [ff(7 cm 2)(40 cm)](1.2 x 1 0 1 4 particles/cm3)(1.6 x 1 0 ~ 1 9 C/particles) 

(300 A) 

3.94 * 1Q~ 4 s 

= 0.394 ms. 
Next, coulomb scattering causes a general broadening of the distribution 

(Fig. 6b). The time needed for complete broadening of the distribution is 

2 5 . 8 / ^ 1 / 2 ^ 3 / 2 

ii q n In ft 
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Fig. 5 . Sta l lard and "Angle" M(n) vs cos 6. 
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25.8.^(8.854 x 10 - 1 2f/m) 2(2 x 1.67 x I0~ 2 7kg) 1 / 2<1.6 * 10 1 9J/eV)T 3 / 2 (eV) 
(1 .6 x i d " 1 9 c ) 4 n In A 

where 

A = 
1 2 7 r ( e 0 k T e / e 2 ) 3 / 2 

IT/2 
20 -3 For T = 100 eV and n = n = 10 m we have In A = 14.25 so tha t e e 

I ' 1 1/2 T Q = 1.42 x lCT-T. (eV)/n 

= 10 .1 ms 

for T. = 9 keV. 
Electron drag may also contribute to plasma evolution by slowing down 

the ions as heat is passed to the electrons (Fig. 6c). For electron drag we 
have 

d E . 
2 2 q q.n n.m In A e i e i e 

2 1/2 2Tre„(2mn kT ) m. 0 e e i 

(2E. /3kI )1 i e J 

1 + (4/3/JF) (m E. 3/2" 

e d 

E i 2TC 2 (2Trm e kT e ) 1 / 2 m. [l + (4/3/iT) (m E i / m i k T e ) 3 / 2 J 

q 2 q 2 n m In A [1 - 2E./3kT ] n e x e e I e J 

2 T T ( 8 . 8 5 4 * 10 1 2 r7cn) 2 [2Ti(0.91 x 10 3 ° k g ) ] 1 / 2 (2 x 1836) 1 + ^ / 
, , 3 / 2 -

T. 2 T T ( 8 . 8 5 4 * 10 1 2 r7cn) 2 [2Ti(0.91 x 10 3 ° k g ) ] 1 / 2 (2 x 1836) 1 + ^ \2* 1836 T / e ' 
T. 

(1.6 x 1 0 - 1 9 C) In A 
2T." 

e. 
n 

4.44 x 1 0 1 3 T 3 / 2 ( e V ) 
for T, » T . i e 

T . ** 0.44 ras ed 
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where 

T e d = [-E./(dE./dt)] . 

The final process is turbulent diffusion of ions as a result of ion-
2 cyclotron fluctuation. From previous data, AE/At = 112 eV/us or T = E / 

(AE/At) = 0.080 ins (E. = 9 keV). This diffusion tends to increase or decrease 
perpendicular ion velocity (Fig. 6d). 

The superposition of these different processes projects a "tear-drop" 
evolution in velocity space (Fig. 6e). The dv/dt capability of the g(u) 
detector allows a direct plot of plasma angular distribution in velocity 
space. Spread in |v| can be determined from the multichannel 90° ex analyzer 
so that a complete "moving picture" of the plasma evolution in velocity space 
is possible. 

Axial density measurements may be used to obtain angular distribution; 
however, obtaining this time evolution would require a series of rather 
laborious calculations for each time frame considered as opposed to the 
continuous readout of the dv/dt portion of the g(|j) detector. Until the 
plasma has attained a stable density distribution, one cannot be sure whether 
the axial density has reached equilibrium for a particular angular distribu­
tion or whether axial-density variations only reflect local transient behav'.or. 

Plasma Shape 
The shape (and thus the volume) of the plasma is of continuing interest. 

It has generally been conceded that the plasma is confined to flux tubes de­
fined by field lines. Stallard's. calculation of density utilized this assump­
tion in that 

L 
where 1 is the flux-tube thickness at position z. Larry Hall and oi'iers, 
however, have surmised that the plasma may be confined to p(B) surfac s. 

As a check on plasma shape, the Indl was calculated with the p(B) sur-
-(r/7 3 5 ) 2 

face assumption. A radial density of n - n.e (Ref. 2) was assumed; 
densities were then calculated at contours of constant |B| (Fig. 7). The 
constant |B| mapping was obtained from Anderson's 2XI1B code for S = 0.3. 
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Fig. 7, |B| contours. 
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The fndl at various positions was approximated using a trapezoidal sum rule. 
Results of these calculations and Stallard's measured data are clearly in 
conflict (Fig. 8). In fact, for p(B) thelndl variation in z is more approxi­
mately Gaussian (Fig. 9) than the measured exponential fit. 

Taking the measured values of Indl to be exponential and assuming 
separability of n(r,z) into n(0,0)f(r)g(z), the variation in z must also be 
exponential. We have 

ndl = ln(r,z)dl • ln(r,2 

= n(0,0) /f(r)g(z)dr 

n(0,z) It 

=n(0,z) 

e-(r/7.35) 2 dr 

so that n(0,z) varies as Jndl. 
If we instead assume separability of n(r,z) into n(r,z) = n(0,z) 

e ' , where f(z) is a factor which takes into account the change 
in line length because of compression or expansion, we have 

/ 
n(r, Z)dl= I n ( 0 , z ) e - ( , : / 7 - 3 5 f ( z ) l 2 dr 

0 "0 I 
= n(0,z) J e f r -(r/7.35f(z)]2

 d r 

n(0,z) E 1 [r/7.35f(z)]2|* 
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or in the limit r -* °° = n(0,z) £(z) 7.35 JOtZ so that n(z) " fndl/f(z). How­
ever, the graph of f(z) in the region where Idnl has been measured shows that 
flz) is also an exponential (Fig. 10) so that n(z) must again be described as 
an exponential. Taking the flux-tube assumption as correct, we have the best 
fit for n(z) = 0.95 n(0) e -!^ 2 0- 1] ( p i g . U ) , 

Another check on plasma shape may be obtained from a measure of angular 
distribution. As outlined in Ref. 1, the density profile in z may be directly 
obtained from angular distribution. Stallard has calculated the angular 
distribution that should exist for a flux-tube shape. For comparison we can 
calculate the distribution expected from a p(B) surface. 

-fr/7 35?2 For the density variation in r, let us take n(r) = n e . Then 
for Che vacuum B field we have 

[ l * (fr)2] «O • "o • B<h.i» \ l * to ( , o • »»«> 

and correcting for 6 

in the plane z = 0. Since contours of constant |B| define contours of con-
scant n, we have 

J(r) = VB Q(r) '-BBLi^-^'^^reg^-^^ 
»S min' 8* 

- B0 m i n V [ l + ( r / 5 5 ) f -Be-<^^) 2 . 

and 

- § i ^ - 1 + 2(r/55)Z + (r/55)4 - B e - ( r / 7 - 3 5 ) Z 

4 (0> 
2 Let us approximate (r/55) << 1 so that 
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Fig. 11. n(z)/o((ji) vs z. 
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for 

and 

- ( r / 7 . 3 5 r _ I fi . B2(r? 1 . 
e L -gc-oj ' 

n = n(0)« - (W7.35) ' 

n ( B ) / n ( B m i n ) H 1 ' ^ ' 
n(P) _ 1 

°< B

m in> B 

mm 

For our l imics on p we have 

r p 2 B 2 <o) -

L P 2 BJ (0) -](-£)• 

P 2 B 2 (0) 
2 2 P B^ (0) f-

p 2 B* (0) ~ 1 = B p 2 B2, (0> 

2 
P = 

0,7 Bjj (0) 

pL_y /2 _ i _ 

Kmin BQ (0) ' 

n{p) "<W f p 2 B 2 (0) - l ] 

»Z B0 B 1 , H 
p . < p < p mm — — nax 

0 p > p p > p J . 
max K min 
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From the Hall-Siraonen paper we have 

Q(VJ = 

dv P dpi g 

*min 

-M/ p . 
ram 

/ 2 2 7 
v - x B 0 m i J / 

min' , 2 (x = 0) 

d_ 
dv # A T - 5 • v —-1 

x + -r s i n ^_ +/v^dlr" ( d x ) 

d_ 
dv 

vn / "rain y V . -1 / mln 
- + — T - / V " Pmia " 2 S i n —V" 

/ v - p . 
/ mir 

v A ^ B o 
(dx) 

IT , / p m i n 1 1 „ . - 1 / r a i n , v 1 
4 + —r— 7 7 = = = " 2 s i n — ^ + I 2 / v - min / U ' P m i „ / V 

1 / Cmin 1 . / ^ 
+ -5 ^ ^ — + , 

2 \> y 2 

inin 1 

« / p B : y / p B ; , / v - p . 
/ min 0 min / mm 0 min / mil 
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Amin 1 j s in Arain 
2 j s in 2 

A " pmi 
j s in 

/ v - p . 
/ min 2 / — 2 V / p , B„ . / min 0 min 

P m i n / pmin 
2 v / v - p . / min 

Solving for r at B = B.(0) = B we have 
° 0 max 

.2 6e-<r/7.35) & 2 ( r / H ) 2 o r r a l 0 c w 

max 
2 2 so that 2{r /55) =* 0-05 and our approximation (r/55) « 1 is fairly max 

accurate. 
The characters of this distribution and the flux-tube distribution ace 

markedly different (Fig. 12); for the flux-tube assumption we would expect to 
measure nearly all charge-exchange signals in the first channel. However, for 
the p(B) assumption we would expect signals in the first two channels to be 
nearly equal, while no signal would be expected for the other channels. 
Clearly the g(u) detector should indicate which shape most accurately de­
scribes the 2X1IB plasma. 

Broadening of Angular Distribution 
The final use of the g(|i) detector is perhaps the most direct and the 

most important. Current theory of plasma pressure requires that p. and p.. 
meet specific relational constraints for stability. Specifically we would 
expect the detector to measure a broader distribution (greater p(./p.) if cur­
rent theory holds. 

In addition, this experiment will directly indicate the depth of the 
magnetic well "dug" by the plasma as reflected in a broadening of angular 
distribution. ANGLE (App. A) was developed to measure injected distribution 
but it has also been used to measure the 3 effect on angular distribution. 
Some indication of the expected broadening is given in a graph of average 
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center angle vs 6 (Fig. 13). While the approximations used to measure this 
relationship do not hold well for very high S, the effect of high S on the 
lowering of the average center angle should certainly be well defined. 

CONCLUSIONS 

The g(p) detector provides a direct measure of the angular distribution 
of 2XI1B plasma. Applications of the g(y) detector are allied to the charac­
teristics of the 2X1IB but may be extended to other machines by proper choice 
of shape and material. Signal strength estimates at the detectOT indicate a 
2% isotropic distribution strength should be detectable giving a "fine" indica­
tion of distributional shape. 

He can utilise time-averaging techniques to estimate injected angular 
distribution. Monte-Carlo simulation of injection shows the injected dis­
tribution is more sharply peaked than the equilibrium distribution calculated 
by Stallard. In addition, the injected distribution at 90° is not a maximum. 
The g(u) detector provides a direct measurement of plasma evolution from in­
jected to equilibrium distribution. 

Plasma is currently assumed to follow a flux tube rather than a p(B) 
surface. If density were separable in r and z, microwave measurements would 
show that the plasma must be flux-tube shaped. Using the Hall-Simonen paper, 
however, we can verify by the g(u) detector which shape is most accurate. 
Regardless of plasma shape, the density variation in z is exponential and not 
Gaussian as previously assumed. 
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APPENDIX A 
ANGLE 

We must calculate injeeted-ion angular distribution to properly interpret 
the later evolution of equilibrium angular distribution. The ion source, how­
ever, is geometrically complicated. 

The \2 ion sources each consist of a uniform series of beamlets arranged 
along a 35-cm strip parallel Co the z-axis. Each beamlet is aimed at a common 
point, but neutrals are injected with a Gaussian spatial distribution in both 
"up-down" and "side-to-side" directions. If we define the horizontal plane aj 
a plane containing Che source and Che z axis and the vertical plane as a plane 
perpendicular to both the z-axis and the source line, then we may define 9 as 
the angle between the neutral trajectory and the source center-target line pro­
jected on the vertical plane. Likewise 6 is the angle (defined by the pro­
jections) on the horizontal plane. The beam may then be described by the equa­
tion 

-(6./2°) 2 -<B /0.6') 2 

S = S Q e ° e y 

We can then calculate (u) = (cos fl) as a measure of angular spread if we 
first assume that all ions are trapped on the z-axis (6 = 0) with unit-
trapping efficiency. Then 

(") = //Sdl de z cos e/I ISdl d9 B 

= / ISdl de z sin e j l ISdl d6 z 

ff -<6 / 2 0 ) 2 fff -(6 1Z')2 

= JJs oe z sin (6 z + 9 t) d l d 6 z ^ J s 0 e dld6 z . 

By the geometry of Fig. Al we have -9 = arcsin (1 - t/r) and small 
6 * <t - 1/r). For small 6 z + 6fc = 9^ 
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t = target = 
source center 

Fig. Al. Source-target geometry. 
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h = 9* + 9 t 

£-=-i- = e + e t 

r z t 
and 

„ _ z - t 
z r 

Finally, we can change from 0 to z 

(»> - fr"2'"' m -///• (z-t/2°r)2 

e dl dz 

(z-t/2"r) 
e dl dz . 

0 

The sources are arranged in a symmetric pattern (Fig. 3) at radii of 
r = 330 cm, r = 380 cm so that small 6. and 9 = 9 * 2", z = 11.5, and 
1 J* 1 Z - Z A d 
z =13.3. If t = 0 we then have for r = 330 cm 

I I e-(z/11.5) { z _ 1 / 3 3 0 ) d l d z 

, K i -J-17.5 

jf£ 5

 e - ( x / H . 5 ) 2

 d i d z 

1 -17.5 
but 

1 -17.5 17.5 -17.5 -17.5 J-17.f 
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Therefore 

¥) L 17.3 1-17.5 <-17.5 I-L7.5 J 

35 | e " ' 1 1 - 3 / dz + ^ 7 5 e " ' 1 1 ' 5 ' 1 
17.5 <-17.5 

dz 
-17.5 

* f - f e ) 2 35 d + r ^ ^ + 17 5 + » - » 2 ) 
T^K ' e 35 z dz + I e '-r- + 17.52 + — 5 - J 
330 _/ J \2 I 

17.5 -17.5 . _ 

dz 

35 

CO 

L 
17.5 -17. 

(z + 17.5) dz 

_L. L ( i ^ ) : .-(iTf?) . ( l l . s r . [ 3(^|j /(!::!). ^ 

( 1 1 . 5 ) 35 - ^ - ( 0 . 0 1 5 3 ) * 1 7 . 5 - ^ - (0 .»•>.--) 

. S ) ^ . ( U . t ' i S . i - = - ] 

J J T (228.4 + 2153.6 + 3022.6) 

[17.5 /if (11.5)] 

= 0.046 

'g) = arccos/p) = 8 7 . 4 ° . 

We now include the effect of mirroring and finite 3 to obtain the average 
center angle of injected particles. For our experiment we have B(Z)/B . 2 nun 
™ 1 + (Z/75) (Ref. 2) To conserve magnetic moment we must first require that 

/ B ~ 
8- £ 8 = arcsin I "* l n cos 6. (B. = injected position B). 
0 center \ | B - x I J r 

- 3 8 -



Kor a long-thin approximation ot finite & we have: 

p + B /BIT = const, 

and 
nkT + B2/8n = B 2 /8n , nun. 

n(Z)kT + B(Z)2/81T = B 2

i i n ( Z ) / 8 i r . 

For d = O.J we have 

and 

^ | ^ = B 2 ( Z ) / 8 T T - 0 n{Z)/n(0) B ( ) ( 0 ) 2 / 8 l T 

B(Z) 2 = B 2(Z) - g e " Z / 1 7 B Q ( 0 ) : 

B ( Z ) - / B 0 ( 0 ) - = [1 + (z /75) ] - 3 e B / i / 

We c a l c u l a t e x ' u Q \ = (cos 6 Q ) 

s i n G, = /B . / B . cos 9. 0 nun i I 

and 

2 2 
s i n 8 . = B . / B . cos U ruin i 

1 — cos 0 n 

2 a ^1/2 
C 0 S V (* ~ B 1 » ' B i C ° S 9 i ) 

= 1 -
c o s 2 e, i<T^" 

. { [ 1 + ( z / 7 5 ) 2 ] - S e

_ z / 1 7 } 1 / 2 

1/2 

We may now w r i t e 
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W - (• 

ff,MM*)' cos 6 . dz dl 

cos L' 0) = 0 -17.50 

n 17.50 M)' dz dl 
0 -17.50 

f f7'' A11'*' 1-' 
0 -17 .5 

yfrfkul Ur-^n 
1/2 
dz 

[ ( 3 5 ) U 1 . 5 ) A / 2 J 

If we l e t f = 1 + ( z / 7 5 ) 2 - 6 e z / 1 7 , we have 

r / 1I1/2 

i + to' -fc> 
V / 2 [ iMkr 

r I / 2 

1/2 

300 + (z - 1 ) ' 
(1 /2 

+ z 2 - 2z 1 + 1 2 | 
.1/2 

M^r<^ i + i 

where 

g - 330' &?H • , ! . 
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From the tables we find that 

I /g - 2zl + l 2 dl = | J(l - z) 
-1 7. S *-

/F 2zl + g 
"-17.5 

+ (S - z 2 ) | io g ( / i 2 - 2Zi + g + (i - z)jJV / 
J -17.5 

= i <«17.5 - z) /(17.5)2 - 35z + g + (17.5 + z) /(-17.5)2 + 35z + g 

+ <g - z 2) |log(/(17.5)2 - 35z + g + (17.5 - z)H 

- [log (/(-17.5)2 + 35z + g - (17.5 - z)J V = A 4(1 - z) ̂ Z - 2zl + g 

+ (8 - z 2) [log (•l2 - 2zl - g + (1 - z))J r 

= | -|(g - = 2) log \/(g - z 2) + (17-5 + z)J /(17.5)2 + 35z + gj 

- (B - z 2) [log (A.17-5)2 + 35z + g - (17.5 + z)J > . 

The result is quite evidently not a simple expression and the integral 
is not easily evaluated even with series expansion. If we take into account 
the trapping efficiency, the problem becomes even more unmanageable. In addi­
tion, we may add terms for field lines not parallel to the z-axis and differ­
ential trapping in r; then to finally obtain a distribution in 9 we muse 
integrate between set limits of 6-. 
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Monte Carlo simulation is an alternate approach to direct numerical 
integration. This approach has been taken primarily for its intuitive clarity 
and foe the necessity of linking this code to the code that calculates the 
signal at the detectors. (Approximation of signal strength is far more easily 
approached stochastically then by direct integration.) 

The code ANGLE (see printout and Table Al at end of section) is used to 
calculate injected angular distribution. ANGLE (as well as FOIL and MEASURE) 
may be accessed under user number [30, 3005] on the FDP-10. It is set up to 
calculate distribution for 100,000 particles. The aim of the injectors is at 
z 0 = 0. 

Particles are injected by first choosing an injection position on the 
source (via a random number). The trajectory is then chosen from a Gaussian 
distribution and the algorithm used to generate this distribution is Gaussian 

1/2 R.N. = (-2 In R-N.l) cos 2TT (R.N.2) where R.N.I and R.N.2 are distinct 
random numbers. 

Particles are captured on the z-axis but are weighted for capture by the 
measured exponential density |in z; this ensures that the cross—section value 
is a linear function of n(z). 

Distribution in z is calculated by counting particles captured along each 
centimeter of a 100-cro segment of the z axis centered at z = 0. Average in­
jection angle is also calculated (Table Al). Angular distribution at the 
machine center is calculated by weighting the distribution of all particles by 
the relative time spent at the center in relation to a total period (see Experi­
mental Analysis section). 

Calculated data plots Include density of injection vs z (Fig. A2), 
angular injection distribution (Figs. A3 and A4), and average distribution 
angle vs S (Fig. A5). 
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Fig. A3. Injected and center-angle distributions vs 6. 
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Fig. A4. Injected and center-angle distributions vs 11, 
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Fig. AS. Average center angle vs 6. 
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Code ANGLE 

C f:»-'.5 IS DESIGNED TO CALCULATE THE INJECTED ANGULAR DISTRIBUTION OF THE ZXIIB. 
C -T^LE SIMULATES INJECTION OF PARTICLES FRCfl THE NEUTRFL INJECTORS. 
C .-.'-iTSL'ENT CSP'LinE CiM THE Z-AKIS. AND "TIMS-AVcRfiEES" THE 
C "S-JIT^'-T CENTER ANCLE P-iSTCIBUTION. THE "ROGRAtt ALLOWS CftLCULATICN OF 
C 7 :iT?iSuTiONS AT DI'-KiMG BETAS, SOURCE POSITIONS, MID NU:EEF!S OF INJECTED 
: r-—~:cLES. OLS~ ; UT r-'CLui^s D I S T R I B U T I O N V S . A - S L E . Z . OP. COPCTHETAJ f.:-SD 
C "> ' "S£ t HMGLE VS. E~TA. IN ADDITION fl FILE CALLED ANSI IS CEoSTED TO 
C . . . -M^JT AVENGE IHJECTiON fiNiLE, AVERAGE CEhTER ANGLE. t'U'BZF. OF Pf-RTICLES IN 
C VHE _CSS CONE. ?.HD DISTRIBUTION CENTER AilSLE. THIS 
C F;LE CfH THEN SE HERD EY MASUSE . 

DlfENSION ZC5n.THCCP3).THIC?Q)^ELEC90).ZN(51>.Tl"!J<]09). 
C A!:faj( !CK3).ETHcli)>DcT<!l) .E<2>.T2TLE<lf l) .NDiST<tl) 

CALL DPSCi!!' ,SHE.:rr. I,5KBnUCE) 
CALL D:>;~5Cn 
Jifi-fl cTIT-.E •- I ) . I -! - 162 / " AKCLEOEG) r(CM)COStTHETA)SETA AVENGE AKE 

CLECPEG) ' / . i r { D : S T £ I ) , I » l . l l > V I . 0 . 0 , 2 ,0 .0 .0 .B .a .O.O- ' 
C ' : : 3 - ? IS THE DZSI^D E'ETA AT WHICH ONE UI3HES TO CALCULATE CENTER ANGLE DISTRIBUTION 
C "CT. SL'TPUT TO ! 3 : i U : E . 

rn?TE=.3 
DO I I - - I . i l 

" ZZ~- :s THE V L I C fiT V J ICH THE AVEftME ANGLE IS CALCULATED TO PLOT AVSRftSE 
c ; E ; : ~ R ANGLE '-•;. sz~t>. 

2ETA»<I-1JV30. 
LETCD-EETA 
"! = 1PTC3 

C THE IF STATE^^T PETCPHIfSS THE NUM9ER OF ITERATIONS CO!? PARTICLES 
C -VHCSD) rC2 ~^CH FE TA. GENERALLY fGR k SPECIFIC DISTRIBUTION US UILL DESIRE 
t ":"E ITEPRTIO'iS ;.,--;p TKESEFOSS M3RE ACCURACY WHILE POS CALCULATICfS OF AVEEASES C -.l.iTZS FCL'Ei? !TD:---Tili?MS. 

iF<Ni'i&T«n.E:'.;j Koocaaa 
CALL A<e.THC."«!.^:SLE.2^TMU.fcN.tU.DjSTB. 

c i:.c;ra.THCf-V) 
I F U . G T . I I c< TO 3 

C ^CLLObJING PLOTS SCrjI^LIEED DISTRIBUTIONS OF 
C I^JiCTE". P'-!!> C"NTEi> ft::SLES. 

CS-'.LL «•;.";";•• rd-. i .JCi.o.Pi.c. IE.33 
C*-L T . - - 1 C [ ; L = : : H ; , ^ C L E . T H 1 . £ ' 3 ) 
CALL TRfiCECClHC.fW'LE.THCSa} 
CALL SETLCK«f " .0 . -1 .7 .0 .0 ,2 ) 
CALL CRTBCD(T]TLE(iJ.2) 
CALL FEhriE 

C C 3IST-TIFUT3M OF INJECTED PARTICLES. 
C f i L ?HPS;-2S.e.25.O.Q.0.4.3) 
LALL TP»C5C£H. ;:.51> 
CALL EETLCHf-: : .a.- . r t .B.B.2) 
C"LL cr:TPC3CTIVLS<-3,l> 
CALL FrAIH 

C CCSCTKCTA) p:STV2'JT20N "OR CE'iTER. 
C'̂ -.L r&psco.o . r .cc .s .5 .0) 
CALL SETLCriC.•=:.".-.£,3,0.2) 
CALL CPTPC:'£T]TLE!V?.2) 

3 IFtNDISTCIJ.rO.3: iO TO 1 
CALL TFSCE'f i : : : . :-T;'J. ICO) 

1 2T^^JIJ»T-'CA•' 
C A'-.t^AGE CEttTER r-;:GLE " 3 . fETft. 

CALL FrflKE 
CALL, i i f tps tp .o . : . 3 . P . O : . ? 9 . 0 ) 
CALL POIKTCCIKJ.:ET.ST>i.ll) 
CALL SETLCH(.*"3.-:.Q.3.B.2) 
CALL CPTDCD<••!";VLEC:-.i,n 
Cf.i-L SETLCHC-. 1.".3. £.0,0.2.1) 
CALL CftTBCP<T'TL;:75.*') 
CALL PLOTE 
CALL EXIT 
END 
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C d S I^ULATTS flCTlK.L JMJ-jCTION* Or F f l - rnCLES RMB THEN CALCULATES NORHSLIZED 
C " ' ICT .^ tauT IO is ' j . 

i l ' tTC iUTIKE fUt, T' 'C.7H1 .n i - 'GLF.ZH.TMI .^NMU.DISTS-

!>'.r,£tti'.0-i r C ^ n , T i : C < 5 D ) » T i - ! l ( n o ) . f t ! - i G L E C 9 0 ) » Z N ( 5 1 ) . T M U C i e B ) . 
c ,--..-',f'<j<!C;r<j»("::' ! i j ,s rn iu .P(2> 

- TDMF IS THE UC?'V£ ' T f ! " OT TKf,T n r r S . 

c : : is TH£ SUIT.'?. c'.f~?.r! :s SJLTCE raDii. 

'I I " 3 
»:LC-R 
fi'OJf:V=',.9 
•fHifi^'-a 
DrffiD=:::-T./-7.i4 
P(l)=i".-"5 
RC23-S7Q 

C ~HC ft!:» THI e.9E THE CiT'TE'* Mll> :NJEC7E» ANGLE 3tSTRtBUT!0NS RESPECTIVELY. 
DO 11 T- ! ,F3 
.'.:'.GLF.U)--;-.5 
TKCCP'O 

I I TH I ( ! )»3 
C " m 15 THE ai3T::.TJT;0H Ft)1? CnCTHETS) ST THE CENTER. 

Ti-rjtlS-G.C 
2i h-i-;r?j(j)«i-'i0i).-."05 

:o IS > i . n :z 2cn«e 
re is I-I .H 

c Gs'JSS'fiN P I S T T . I E ' J T I C I X F O R F O U H C E I N J E C T I O N R N G L E . 
! TH i - ' • . Dt fSfRTi : - . ,LQG(f?,V>KX3 3 3>."CDS(6.2e3WAN<X)> 

; F < P S S ( T H 2 J - 9 Q 3 .?, ! - l 
C S 13 THE P f t o T l c U - POSITION ON THE SOURCE SEFCiSE INJECTION. 
2 S"Rf iMO') - : i35.Q+*;SC-17.5) 

J» IF I3 - : 'RHHCM) ! :2 . . i J - l .B 
RP=RCJ3 

C THT IS THE i-'.KSLE BSTUrEN THE SOURCE ftND TfiRSET POSITIONS. 
THT=-RTf(N (C-BB43) /RP)SDROD 

C THIPH tttt T K I f l fi^E flWGLES OF INJECTION. 
TH i f lM=?3 . B - C TIE-!-THT> 
THIA»S€-SES(THZ+THT3 
IFCTrSIAJ 1 , 3 . S 

3 >I!>HI+1 
THWV-THIfiW-<THI»-THIftV)/HI 

C FfiBTICLE POSITION AT Z-f»«lS. 
rP=3+RP*C9En<THiflNJ/SIKD<THIfiN) 
J=tFTJ!(ZP+25.E-S3) 
IFCJ3 5 ,5 ,18 

13 1FU-51) B,8,S 
P ZCJ)=Z(J)*1 
C. CftP iS DENSITY VflSIfiTION IN Z. 
i< C P P = E X P < - f l S S f i ' P / ! e . 5 ) 3 
: - r K= P f l ? T 3 C U IS CF' J1V~*-r ON THE Z - P X I S I F ITS PROBABILITY FOR CAPTURE IS E X C E E I O . 
•r ~-:;s '/SIGHTS THE wa ins BY LOCAL -OBITY BS UOLO BE EXPECTED. 

•F<,ZZ?-PJ::OO; X.T.T 
C f.",_C,JLflTE I.OCPL E PJELfl. 
7 X. -Sr-rjTt ( ( 1 . * :?•:.*rr=>/75. >**23s=s2-EETa«CAP>/,C < 1.-BETA3+1 .E-93 3 

nRG-' t r\TU'B:<>>:::: i ' ! !HTHia3 
C Cr_CL'L.TTE ;:!''GLE OF PVGTICLE AT Z -3 . 

TKCft'ftSIIICft=:G):'r™D 
c :.=J:CT IF IN LOSS CONS. 

IF<TKCf!-CC..S> /!,.*,S 
NLC-NLC+1 
GO TO 1 
THCPi"»THCfl"-VTHCft-THCfiV>/'I 
J- IFIHCTHKH-) 
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THI(J)"THI(J)+1 
J=IFIX(Tr!r«>:-.:.) 
Th'CCJ5-Tj-'-;j)-!-l 
RI-iLi=C03D< "HIAS 
j-iFiKcaiiu^iea.j+i 
Trrj(J)=T^;l(J)-i-!. 
«*wv=ftrrjB\M-cfl"'j-Rmi7i\0/'i 

!? rC=KC+l 
R- r.-=1V»aC35 (£*?,.'IV? "SPIMD 

C IF 2HT:: IS THE ITETrl S-TCIFIEB IN DISTB fiVSBGGES - DiSTRIFL'TJONS f!SE 
C L"3rTTEM INTO ANSI. 

iFCSITH.ME.PISvS) GO TO 14 
OPEN CUM IT'B • . K C C E S S - " SEQOUT', FILE=' fINE I ' ) 
lR!TSC3!.I5^-|iAV,fir?JfiV,TKCflV,NLC-

C (fi«H-E<l«.THCcl'.>,K-1.99) CL0SE(UHIT=3'.. ACCESS''SEO IN'.FILE = "RNEr> IF(EETfl.EO.illETB) TYPE 530 E?3 FO^mT(3«.:-,-:Olc2) 
'I *tgtfXKWtSss.-/'s, IX.6HTCIRV".F1B.5<10X.6HPrjflV-.FIE'.5. C I0X.6HTHCTV=.F *0.5.3X.4HNLC=. IS.^V, c lgc^. <?(n;,^:jr-:c<,=4, I.2H?»,FIP.3.-;X))>) 

C " - C R ^ n a i N K R OF THE T U T I H E KCTrttL-ZES TH£ D I S T R I B U T I O N S SUSTAINED. 
:-•! f ! V « 2 . W i ' 0 . 

ftVZ=N^51.0 
DC IS I = i . i O 
Tvcui'TKcavw 

:* TH i ( • : »TH i < ? :• .'•;•:.' 
!;AI>S£)=3.l4-'2. 
THCTOT=0.0 
r?=o.5 

C TrilS DO LOOP T I I I L fiVERMSES THE DISTRIBUTION BY CALCULATING THE TlffE SPENT IN 
C THAT CELL IN RELATION TO A TOTAL PERIOD. 

DO 22 I = l , l i33 
!F(T?1UU!.EQ.Ei.) GO TO 22 
pyGN=ftCOSCfiMf.ia)J 
2M«X=75.*COE(f!NGN)>'CSIN(ANGN)> 
FTlriE«t. 
IFIZMflX.GT.ZPJ FTIME-CflSIN(ZP/Zf1fl»)/RflD9a 

7-1 TMUCI)«TfftI(I)i:FTIrt 
22 TriCTOT=THCTOTH-TMUi 13 

a \ r j "2 . :-T yCTOT /1 DO. 
."JO 25 ! » I . I S 3 

" Z - Z C I J ' K : 

".? 2M£I?«iP 

E":D" ' 
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Table Al. Center angle vs 0 (THC ( 6 ) ) . 

THIAV- 98.23511 fiMUAV= 77.192B0 THCHV" 77.09345 NLC- B 

"rtcc a.5j = a. eae THC( 1.5)> 0.009 THC< 2 .5 )= 0.000 THC( 3.5)" 0.000 THCC 4.5) • 0.B00 
rHCC 5 . 5 ) - a . 096 THC( G.5>- 8.009 THC< 7 . 5 ) - 0.030 THC( 8 .5 ) - 0.000 THCC 9.5)< 0.000 
"HCt10.51» a. 000 THCU1.5)- 0.000 THCU2.5) - 0.000 THCC13.5)" 0.000 THCC14.S)« 0.000 
_ HC(15.5)« 0.000 TMC(16.5>- 0.000 THCU7.5) - 0.000 THCU6.5) ' • 0.000 THCU9.S) 0.000 
THC (20.5) = e.000 THC(21.5>' 0.000 THC<22.5>- 0.030 THCC23.5)-• 0.000 THC(24.3)< 0.000 
THC<25,SJ- 0,000 THC(26.5>- 0.000 THC<27.5)- 0.000 THC(2B.5)' 0.000 THCC29.5)< B.B0B 
THCOB.53- 0.000 THC(31.5) • 0.000 THC(32.5)- 0.000 THCC33.5)- 0.000 THCC34.5) B.00B 
THCC35.5)- 0.800 THC(36.5>« • 9.003 THC(37.5)« 0.000 THC(3B.5)- 0.000 THC(39.S>< • 0.000 
THC(40.5)- 0.000 THC(41.5)> • 0.000 THC<42.5)* 0.000 THC(43.5)- a.aaa THC(44.5)< 0.000 
THC(45.5J- 6.000 THC(4S.5)- 0.080 THC<47.5)" 0.000 THC<48.5)- 0.000 THC (49.5) < 0.000 
THCCSB.5)- e.esB THC<51.5>' 0.003 THC<52.5)* 0.000 THCC53.5)- 6.000 THC(54.S)i 2.000 
THC(55.5J- 2. BOB THCOS.5) 5.000 THC(57.5>» 7.000 THC(53.5) 2B.sea THC(59.5> 34.000 
THCC69.5)= 76.000 THC<C1.5> ' 176.000 THC(62.5)= 239.000 THCC63.5) ' 415.000 THC(64.5) • 661.000 
THC<65.5) = 1003.000 THC(S6.5>> • 1381.000 THC(67.5)= 2013.000 THC(S8.5)-• 2654.000 THC(69.5)< • 3426.000 
THC<7B.5) = 4080.000 THCC71.5)' ' 4843.800 THC<?2,S)= 5497.000 THC(73.5) • 6012.000 THC(74.5)' • 6403.000 
THC (75.53 = 6572.000 THC<76.5> • 6731.000 THC(77,5)= 6674.000 THCC7B.5)-• 6329.000 THCC79.5)' • 6619.080 

• f. - ' ' . . ~ - 5742.000 THCCS1.5) • 5002.000 TNC<82.5)- 4436.000 THC£S3.5) • 4094.000 THCCB4.5) • 333S.000 
*HC(S5.33" 2741.008 TMC<0S.3) • 2643.saa THC(87.S)« 1031.090 THCCS8.5)' • 294.080 THCC89.5)" 7.000 



APPENDIX B 
FOIL 

We desire to calculate foil temperatures both to predict signal strengths 
of the detector and to ensure that the foils don't melt. The heating and 
cooling of the foils> however, is essentially a nonlinear process. Although 
we may approximate signal strengths for a given neutral flux (dV/dt) and 
average foil temperature (V), a detailed study of local foil temperatures and 
change of signal in time requires closer analysis. 

FOIL (see printout at end of section) is used to calculate local foil 
temperatures and evolution of signal strength in time for varying neutral flux 
and current strengths and lifetimes. The main contributions to heating are 
neutral flux and ohmic heating. Contributions to cooling include radiation and 
conduction to the walls and center of the foil. 

Each foil can be approximated by an annulus of inner diameter 0.125 in. 
and outer diameter 0.43 in. (Fig. 4). The coefficient of heat conduction is 
k = 0.15 cal/cm"7cm/°C/s. The heat capacity is 0.12 cal/g over the range of 

3 temperatures considered, while the density is 8.9 g/cm . As noted previously, 
the resistivity of the nickel foil is 6.84 [1 + 6.9 x Iff 3 (T - 20) (°C)] u ohm cm. 

Using these parameters we can calculate heat losses and gains. For 
radiation we have 

RAD = e 0 T* 

= (0 .3 for me ta l s ) (5.669 » i o ~ 5 - ^ ^ j T 4 (°K 4 ) A(cm 2) 
\ s cm / 

= 1.7 x 10" 5 AT 4 erg/s 

= 1.7 * 10~ 1 2 At* (°K4) J/s . 
For conduction we have 

COHD = KA iT/L 

= (0.15 cal/cm2/cm/°C/s) [10~4 in. thick) (2.54 cm/in.) 
6T(°C) x (circumference (cm))] ^— 

= 0.381 x 10~ 4 AT CC)/L c a l / s 

= 1.6 * 10~ 4 AT (°C)/L J / s . 
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For ohmic heating we have 

Ohm = I 2 (fiL/A) 

= I 2 (A2) [1 + 0.0069 (T - 20)(°C)](6.84 * 10"° ohm cm)L(cm)/(2TTrt>(cm2) 

= I 2 [1 + 0.0069 (T - 20)(°C)] (6.84 x 10"6) (2lTr)(2.54 * 10 - 4) J/s. 

and, for flux heating we have 

FLUX = (flux In J)(area). 
Foil divides the foil into 100 annular rings of constant annular width; 

each ring is then treated linearly for small time intervals. During each time 
interval, a change in temperature is calculated by computing the heat lasses 
and gains and then dividing by the heat capacity of that ring. Conduction is 
computed between adjacent rings and voltage is computed as the series voltage 
of concentric rings. 

Turning the flux on and off simulates plasma lifetime. Current duration 
may also be varied to simulate finite relay-contact times. Graphics includes 
temperature vs radius (Figs. B1-B3), maximum temperature vs time* (Fig. B4), and 
voltage (Fig. B5) and dv/dt vs time (Fig. B6>. „ 

" 2 
Initial runs utilizing plasma lifetimes of 10 ms, flux of 100 W/cm , and 

currents of 1-10 A rhow the signals to be adequate and the temperatures to be 
well below melting (Figs. B1-B6, 1 = 3 A). Within the expected operating 
parameters, the program demonstrates clearly that the signal is almost totally 
linearly dependent upon the flux. We need not be concerned with competition 
from Dhmic heating or cooling processes which would damp out the desired signal. 
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Fig. B2. Temperature vs radius during flux. 
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Fig. B3. Temperature vs radius upon current turnoff. 
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Code FOIL 

C FOIL CALCULATES THE TEMPERATURE AN3 SIGKAL AT THE FOILS OF THE SETECTORS. C IT MAY PLOT MAXIMUM TEMPERATURE VS. RADIUS AS UELL AS TEMPERATURE AND SIGNAL C VS. TIMS. THERE ASE PROVISIOMS FOR VARVING PLASMA LIFETIME AS UELL AS CURRENT C DURATIONS. DIMENSION TnB2).TNEUn02),RC 1025.VDLT(3B0).AS1DEC102). C BVDTC303>.Nl<3).N2<3).ON(3).{)Hi1<102), 
C TMt333).TJKE<3S3).TlTLEa2> 

DATA(TITLEU>,I=1,12)/ 'TEMPERATUP£CKELV) RADIUS(CM)TIME(S) VOL 
CTAGE(V)DV/BT(V/E;>V 

DATA CHHK).H2t:O.0N<K). K»1.3)/l,109.0., 181, 200,1. ,201. 300.0./ CALL DD30ID<5HBRUCE.5HSM!TH) CALL DDERSU) C DR IS THE WIDTH OF EACH ANNULAR RING. DSX.43-. 12E>*2.54/100. C SPECIFIC HEAT FOR NICKEL. CPV».12*6.9>K4.ie TB«293. RIN-.325*2.54 RAD360=2.*3.Wl C TH IS FOIL THICKNESS.. TH-.0001ts2.54 
RESC-a.-293.>u.B069) 

C HK IS THE CONDUCTION COEFFICIENT FOR NICKEL. 
HK».15*4. 18/Efi 
RES-6.R4E-6 
RAD=-1.7E-12/< TH*CPV) 
COND»HK/(CPV*IiR) 
FLUX=130./CTW!:PV) DO ? 1=1.102 C ANNULAR RADIUS FROM FOIL CENTER. 
R<I)»RIN+<J-1.5)*DR C AS IDE (P IS THE EDGE AREA OF AN ANNULAR RING OF THE FOIL. ASIDE<I)=RtI)*RftD360*TH 

T 0KWI)=EES>'C<:flS]DE<;lJ**2)*CPV) C THIS PROGRAM ITERATES FOR DESIRED VALUES OF THE CURRENT. DO 9 CUR"1.,J0.,3. CUR2-CUK<=*2 TAU=0. V0=0. DO 8 1=1.102 T(I>-T0 3 TNEU(1)=T0 DO 4 K=l,3 C DTAU IS THE TIME INTERVAL EETUEEN MEASUREMENTS OF FOIL PARAMETERS. DTAU-l.E-4 DO 1 I=Nt<K).N2<K) 
TAU=TAU+DTAU 
V=Q.0 
CURNT»CUR L-K C HEAT CALCULATES TEMPERATURE AMD SIGNAL OF C EACH RING DURING EACH ITERATION. COLL HEAT(V.DV.TMf>X.TAU.R.CPV.T.TMEU.T0.V8.CURMT.DR.BTAU.OM. C L.CUR2.0HM,CCND.FLUX.RES!:,RES.RAD.P!SIPE) C THESE ARE VALUES OF DV/DT. V. AND MAXIMUM TEMPERATURE <TM) IN TIME. DVDT<I)=DV TMCO-TMflX T1M£(1)=TAU 1 VDLTCI)-=V C PLOT TEMPERATURE VS. RADIUS. CALL rtAPS<9.. 1.2,0. ,1530.) CALL TRACE<R.T.102) CALL SETLCHU55.-150..0.0.2.0) CALL CRTECD(TITLEC5),2) CALL SETLCHC-.12.325..0.0.2-1) CALL CRTBCDCTJUECD.4) 
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4 CALL FRAHE 
C PLOT tiaXJMUM TEMPERfiTlEE VS. TIME. 
6 CALL NAPS<0.0..030.0.0.1500.J 

CALL TRACEmME.Trt.300) 
CALL SETLOU.014, -150. .0 .0 .2 .0) 
CALL CRTBC1HTITLEC?},2> 
CALL SETLCHC-.e83.525..0.8.2.1) 
CALL CRTfBCD<T]TLE(l),4) CALL FRAME C PLOT VOLTAGE V3, TIME. 
CALL MAPS<Q...03.0..1.0) 
CALL TRACECTIME,V0LT.30B) 
C4LL SETLCH(.014, - . I0 .0 .3 .2 .B) 
CALL CRTBCtHTlTLE(?J,21 
CALL SETLCHC-.033-.<45.0.O.2.1> 
CALL CRT6CD<T|TLEC9).2) CALL FRAHE C PLOT DVXDT VS. TIME. 
CALL MAPSfB...33.-10..25.) 
CALL TRACSaiME.DVBT.3B0) 
CALL SETLCHC.BI4.-13.5.O.0.2.0) 
CAL'. CRTSCD<T1TLE<7).2) 
CALL SETLCHC-.003.6.0.0.9.2.1) 
CALL CRTBCBCT]TLEai).2) 

9 CALL FRAME 
CALL PLOT.i 
CALL EXIT 
END 
SUBROUTINE HEfiT(V-DV.TMAX.TAU,R,CPV.T,TNEU.T9,VB.CURNT,l>R.DTAU.0M. 

C L.CUR2.0HM.CON6.FLUX.RESC.RES.RAD.ASIDE) 
DIMENSION T(lE>2>.TNEU<102).J?(I02>.VOLT(3Ba>.AS7&En02). C DVDT(30a).NK3).N2<3).OM(3)-OWKl02)-C TM(3G0).TIME(3C0) 
DO t 1=2.131 C THIS STATEMENT BETEPJIINES NET TEMPERATURE GRADIENT BETUEEN ABJACENT ANNUL!. 
DT"2.*TU)-TU-I)-TCI+n 
TCI-I)-TNEUU-1» 

C AVERAGE TEWERATURE 8ETUEEN TIME INTERVALS. 
TAV-£TtI)+TNELKI>>/2. 
TNEUCIJ-(-RAI)-H)N(L)*FLUX-CaNII«Or+CUI?2*OHMa)*(RESC+.0e6S*TAV)) 

C *DTAU+T<I) 
V=V+CURNTw(REEC+.0e69WTNEUCl))«BR*5ES/OSIDEtI) IFCTNEUU).GT.TNEWU-1)> TM3X-TNEW( I) 1 CONTINUE PV«<V-V0)^DTAU 
V9»V 
Ttl0U«WEU<101) 
RETURN 
EHD 
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APPENDIX C 
MEASURE 

To approximate the signals at the foils from the charge-exchange products, 
we treated the plasma center as a point source. Charge exchange, in reality, 
occurs throughout the plasma, and an injected particle may ultimately result 
in a secondary or tertiary (or greater) product being received at the detector. 
Since we now have a volume source, the collimator will block part of the signal 
normally seen by the detector. 

We must then determine how much of the signal reaches our detector and, 
more importantly, whether the detector measures a proportionate signal at each 
foil in relation to the angular distribution of the plasma. MEASURE can 
provide these answers. 

MEASURE (see printout and Table CI ac end of section) may obtain its 
center-angle distribution by reading ANGLE's output file or, alternatively, the 
distribution may be directly input by equation. The distribution is then time 
averaged as it was for ANGLE; however, the time-averaging subroutine of MEASURE 
has an additional capability for graphing relative density vs (Fig. CI). One 
would expect this output to result in a dependence, as calculated by microwave 
measurements. Therefore, we can check our angular distribution by simply 
comparing computer-generated z-density and microwave measurements. The 
dependence is exponential as expected. 

The subroutine DETECT follows the injected particle through rather com­
plicated geometrical steps until its final capture or rejection by the detector. 
The position of the particle is initially chosen by random number from an array 
specifying the 12 source locations of 2X1IB plasma. Position in - and injec­
tion angle are then randomly chosen as they were in ANGLE. The particle is 
then "moved" to p = 15 cm (the plasma outer boundary) by transfer from initial 
to final positions in spherical coordinates (x = x n + r cos 8 sin if, etc.). 

The particle is advanced in 1-cm steps at the plasma boundary until it 
charge exchanges (or leaves the plasma). A probability of charge exchange is 
randomly chosen, then the charge-exchange integral is calculated at each step 
by letting 
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Fig. CI. Collimation simulacion. 
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P l Zl 

so that the probabil i ty of charge exchange i s 

/CXIWT\ 

PCX = 1 . - e V - ' 1 ' 

and the mean free path is A = 7.71 cm. The mean free path has been calculated 
14 J \ from Ref. 5 for a deuterium plasma of n. * 1.2 x 10 , (E). * 9 keV and 

(£). =s 14.7 keV. We have an interaction rate of 1.25 * 10 cm /s and the 
v ' beam 
velocity of each beam particle is now 

« " I h # 
2E.(keV> (103 eV/keV) (1.6 x 10 l 9 J/eV) 

~ i * (2 x 1.67 x io" 2 7 kg) 

= 3.1 x 10 5 (0.5 f&Q + 0.4 /fi) + 0.1 v O ) 

1.16 x io 6 m/s 

\interaction rate x n/ 

E_ 1.16 x_10 6 m/s "I 

(1,25 x 1 0 - 7 c m 3 / s ) ( 1 . 2 x 1 0 1 * cnf 3 )J 

= 0.0771 m 

= 7.71 cm. 

When a charge exchange takes place a new 8 and <f> are chosen to reflect 
the charge exchange of the parent ion; 6 is chosen from the angular distribu­
tion and $ is randomly chosen. The new coordinates of the charge exchange are 
used as new initial coordinates, and the process of "stepping" through the 
plasma is again repeated until the particle leaves the plasma without charge 
exchange. 
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The particle is determined to have left the plasma when it reaches the 
spherical radius of the foil from plasma center. To simulate colltraacion 
(Pig. C2), two critical tests must be passed. First, the particle is moved 
along its trajectory until it is within 0.01 cm of the foil. Next, the 
detector is chosen on the basis of whether the 6 of the particle is within 
±7.3° that of a detector. As 7.5° is greater than the maximum acceptance angle 
of the colliraated detectors ( arcsin •——in,\f?—Jp- = 6-17/. it provides a 
convenient cutoff between detectors (which are spread 15° (±7.5°) apart). 

To facilitate simulation by cutting the number of iterations, we are 
accepting any particle that falls in a particular angular band as a candidate 
for detection. In reality, the foil takes up only one small portion of the 
band. To simulate collimation and finite foil radius then, the foil is placed 
on the center line of the angular band with the foil center randomly positioned 
within one foil radius of the particle's projection on the center line 
(Fig. C2), The particle must be less than a foil radius from the foil center 
if it is to be captured. 

In addition to stepping the particle back to the collimator top, a 
similar test must be passed. The particle is captured only if it passes 
through both the collimator top and the foil. 

Preliminary runs of the MEASURE program, utilizing injected-ion distribu­
tion, show that 49 out of 10,000 particles are captured in the first channel, 
and 9 are captured in the second channel. For an isotropic distribution and 
no collimation we would expect that the 

Number of particles area of pand „ . * ., * ^ j _., , . _ . = ._ ._ . x number of injected particles captured total area 

= 2^13 i°0 (0.43 in.) x 1 0 > 0 0 0 

4TT(13 in.) 

= 165 
49 so that we would obtain T T F * 29.7% isotropic in the first channel. While the ioj 

signal would be less than previously estimated, it would nonetheless be quite 
significant. 

We cannot ignore that the estimated signal at the second detector is 
only 1/5 that of the first detector. However, from Fig. A4 we would expect 
the two signals to be about equal. (The signal for the first channel «2x (cos 84° 
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Fig. C2. Density vs z. 

-65-



L-! : 1 1 1 1 1 1 1 1 1 ! 1 L 

Fig, C3. Charge-exchange location at midplane. 
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» 0.21 :md the signal for the second channel =lx (cos 81° - cos 69°) * 0.20. 
The Jrea tor both bands is about equal. Therefore, we must either calibrate 
the signal to obtain the correct distribution or adjust the amount of calibration 
to obtain a more accurate direct measure. 

Table CI. Number of particles detected at each detector (10,000 injected 
particles). 

VETZCTCr.i I>- A3 
I'=TECTC=; 25= 9 
ICTECTCM 3)= 1 
I'ETECTC^C d) = 3 
I>ETECT0H( 55- 0 
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Code MEASURE 

C MEASURE IS A PROGRAM DESIGNED TO SIMULATE THE CAPTURE OF NEUTRALS 
C AT THE DETECTOR. IT SUBSEQUENTLY CALCULATES T.iE NUKBER OF NEUTRALS 
C SECIEV^D AT EACH DETECTOR FOR ft GIVEN ANGULAR DISTRIBUTION AT THE CENTER. 

DMENSIO'! THCr£>3>.ANGC50.905.NDET<5),ANGLEC90> 
DATA<NDETCi>.I-l,5)-/5ai0,0<' 
0PEN(UNIT"21.ACCESS='SE00UT'.DJSPD5E>'PRINT',FILE=*DTCT") 
CALL DDfiOI5i3H3RUCE.5HSMITH) 

DATA(CSNG(M.[").M-= 1 . 50) .N«l .905/4309*0.0/ ' 
C THE FOLLOWING TLJO STATEI1ENT3 CAL'SES THE FILE CREATED BY ANGLE TO 
C BE OPENED AND THE DESIRED ANGULAR DISTRIBUTION TO BE READ. 

OPEN<UNIT-i?I.fiCCESS="SEQI!-i'.FILE='flHGI'> 
READCai,13mi*V.ftNUAV.THCAV-NLC.<fiNGLECK>,THCCIO.K=l,S9) 
CLOSE<UNIT=3!.f>CCESS"'SEQIN'.FILE="ANGI'5 
TYPE llJ-THIfiV.Srt'JftV.THCAV.NLC. (ANGLES) .THC<Ki.K-I.S0) 

13 FORmT<sss//ssss/. 1X,£HTHIAV=.F10.5.10X.6HAriUAV-.F10.5. 
C 10X,6HTHCAV=.lr:3.5,3X,4HNLC=. 16,/VA. 
C \3U, C5aK.4HTHCC.F4.1,2H)=,Fie.3.4Xm) 

C MAPS IS CALLED SO THST A PLOT OF CHARGE EXCHANGE LOCATION CRN BE HADE. 
C ANGZ "TIME-AVERAGES' THE ANGULAR DISTRIBUTION FROM ANGLE. 

CALL MAPGSL<C.D.50.,.0Bi..5> 
CALL ANGZ<THC.iV'!G> 

C DETECT SIMULATES V<£ INTERACTION Or INJECTED NEUTRALS. THEIR CHARGE EXCHANGE 
C BSD SUBSEQUENT CAPTL?E AT THE DETECTOR. 

CALL FRAI1" 
CSLL MAPS<-1S..15..-15..13.5 
CALL DETECTCfiMG.NDET) 
PAUSE 

58 FORHATt/'/'^/-'///>'/.S(/.I0X.9HDETECTOR(. I2.2H)=,I4>5 
C IJSITES A FILE CONTAINING THE NUM3ER OF M5UTRALS DETECTED AT EACH Or THE FOILS. 

URITE(2!.50).iN.NDET(N).N=1.5) 
S TYPE S0.M.NDSTCN5 

CALL PLOTE 
CALL EXIT 
END 
SUBROUTINE ANGZ(THCftNG) 
DirENSlON THC(S3).ANG<50.90) 
DO 1 1=1.50 
THCTOT=e.a 
NZ-1-0.5 
Z=»Z 
Zl=NZ-.5 
DO 2 N=I,9B 
Z2-ZI+I. 
IFOHC(N)) 2.•>..3 

3 ANGN»CN-.5>*3.14/1S9. 
C ZMAX IS THE TuRN-CSO'JND POINT FOR MIRRORED PARTICLES UITH PITCH ANGLE ANGN. 

ZMP)X=?5. "CCS CA1X-N5 ^SINCANGN) 
JFCZl-ZMftXl 4 .2 .2 

4 IF(Z2>Z.TPX) Z2=ZM3X 
C FTIKE IS THE FPACT10N OF TIME SPENT IN THE CELL < Z 2 - Z » . 

FTIMS«t2.*CASlNCZ2/Z«AX)-ASIHtZl/ZMfiXJ)5/3.14 
ftNG(I.N3=7HC<H>*FTIHE 

2 THCTOT=TriCTOT^SG(I.NJ 
C PLOTS Z VS. THCTOT(I'EtNSITY). 

CALL PQINT(Z.TMCTGT) 
DO 1 N-I .S0 

1 ANG<:i.N5=PNG(I.N5/CTHCTOT+l.E-9) 
RETURN 
END 
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SUBROUTINE DETECKfiNG.NDET) 
DIMENSION R9O2.2)-NDETC5J.flNG(50-9a>.ftHGD(5).RHOI><5).2D(5) 
DATAC CROC I. J). I-l. 12). J-1.2)/2*-3r5.66»2*-3?8.9l>2*-380..2«324.! 

C 2.2*327.60.2*325-.76.57.2S.-S?.26.23.?1.-28.7L2*8..62.82.-62.82. 
C 37. J6.-37.36. I2.«.-12.43^.DH^I.0'.CXmT/O.0/' 

P1RAD=3.14/'1££;. 
RD=13.*2.54 

C THIS DO LOOP INITIALIZES THE VALUES OF DETECTOR ANGLE. 2 LOCfiTION AND 
C DISTANCE R FROM THE Z-AXIS. 

DO 7 1=1.5 
fiNGO< j ) »t75+15*n*PIR0D 
ZD(I)«RD«COS < fiMSD(I>) 

7 RHOD<n-RD*SlN(ANGDtn) 
RF=>. 43*2.54^2. 
RC=4.w2.5.3 -
N.rMB3oe 
DO 10 j - I . N J 
NUM3£fi=0 

CHOOSE SOURCE. 
]"IFIXCCI2.**?FiN(U))+I.0> 

C XB. Y0. Z9. RK03 SPECiFY THE INITIAL LOCATION OF THE NEUTRAL. 
X3=R0U.13 
YG=R0(I.2l 
IC=0 
20—2?.5+3S.e*RANCU> 
RH09=SDRT03 :-*2+Y0**2) 

C W IS CHOSEN FROM A GAUSSIAN DISTRIBUTION ftND THE PftRTJCLE IS 
C "STEPPED" TO RHO = 15. U S CM. FROM THE Z-AXIS.) 

PHl.p.TAN2<-Y8,-XS> 
THZ=2.*3QRT(-f!L0GCRANCU)))*C0S(6.233*CRANCti)m 

C THT IS THE ANGLE BETiJiEH THE SOURCE POIMT AND THE TARGET POINT. 
TKT» ATA.V2 < t-1 &. +ZO ) . RHG0) 
THI-><99.-(THZ-iTHTJ)«3.14/t80. 
R=3BS(tRH0D-!5.)/^IN(THI)) 
Z=Z0+R*COSCTH}) 
X=X0+P-1£OSCPHj)>f:SIN(THI3 
Y'YP+^SINCPmjKiSINJTH;) 

c c x r r is THE CHARGE EXCHANGE INTEGRAL WHICH MUST E^EED THE CHARGE 
C EXCHANGE PR03R3ILITY BEFORE THE EVENT NfiY TAKE PLACE. 
S CJ<INT=3.fl 

R0«5C!RT(f-H0n**2*ZD*>.2) 
DR'1.0 

C PROBCX IS THE FROaW.'LITY FOR CHARGE EXCHANGE. 
PRQSCX-l.-RANd!) 

C THIS LOOP "STEPS" TH£ PARTICLE THSOUGH THE PLASMS UNTIL CHARGE EXCHANGE 
OCCURS OR THE PARTICLE LEAVES THE PLASflA. 

DO I I C - I . I 0 3 
RH0=S0RTCX**2+Yx*25 
R»5PRT(RHOtw2JC"w2) 
C,<!M^C:<Iir-EV'C-CRHO/7.35)sw2);. ,:E).?(-ftaS<E)''IP.)*Dn 
pc>i»i.-E><Bi-c>;:'-:T/^.9S) 
IFCPC;OFEOEC;^ GO TO 3 
IFCR>-RD.AND.iR3<RD.0R.!C>i)) GO TO G 
X - X + P R S C O S C P H ] > . * S I N ( T H I ; 
Y-Y+DR*S]N<PHn*SINCTHI) 
Z-Z+DR*COS<THl> 

1 CONTINUE 
C N DEFINES WHICH ANGULAR DISTRIBUTION AS A FUNCTION OF Z UE SHALL PICK. 
3 N-lFiXCSeSCZD-i'l 

ANGP=RAN(U) 
ANGT'0.0 

C THIS LOOP CHOOSES TKS V ' "*:H ANGLE. 
DO a 1 = 1.90 
ANGT=ANG(N.91-n+Ahi5T 
IFCANGT<ANGP5 GO TO 4 

C COMPUTE NEU INITIAL VALUES fif» TRAJECTORY FOR THE NEUTRAL. 
xe=o< 
YB'Y 
Z0=£ 
RHC9=SG3TC xr=52+r*«2> 
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THTA=I-.5 
ARG=SGRT<<1,+<Z/75.J**2)*(SIND<THTO>**2)) 
IF(ARG>1.> RR&M. 
THTA-AS1MCARGJ 
THI«3.14/2.-T:'7A*a-2*lF»«RftN<IJ>*2.>) 
PHI=2.*3.1*:-Hf:N-. !J! 
GO TO 5 

a COKTINUE 
C IF THIS COMDlTiON HOLISS US ARE EITHER HITTING THE OPPOSITE SIDE OF THE MACHINE 
C OR HISSING BY A LOIvt, LAYS. 
6 lFCABS(R-RD)>FiBS(DR>+.01) GO TO 16 
C THESE STATEMENTS CAUSE THE PARTICLE TO BE STEPPED TO UITHIN .01 CM 
C OF THE FOIL RADIUS (FROM PLASMA CENTER) 

IF(R>RDJ DR=-.5*A53CDR) 
IFCR<J?D> D3-.5*A?SfDR) 
X=X+B!M€0S '.FH1) a3 IN (THI) 
Y=Y*DR*SIN(PHI)x£IH(TH D 
Z=Z+DRlCDSCTH!) 
R«S0R7Ofe*3+VwZ*-Z*>«2) 
IF<ABS(R-RD)>.01> GO TO S 
RHO=SOST<5is**i-Y=s2) 
IF<AS3<ZOX!.3 Cf". P01NTCUH8.XB.Y8} 
10 9 1=1.5 
IF<ABS(AHGDCIJ-THD<=7.5*3.14/ieS.) GO TO B 9 CONTINUE GO TO IS 

C THE PA3TICLE IS CONSIDERED TO BE CAPTURED IF IT STRIKES UITHIN A BANP OF C THE SfiMH UIDTH AS THE FOIL AND WITH THE SAKE 'ANGLE CTHETA). DELZ 
C THEN PICKS THE DISTANCE FROM THIS ARBITRARY 
C FOIL LOCATIQN. COLLIMSTION CAN THEN BE COMPUTED 
C AS WHETHER THE PARTICLES STRIKE UITHIN THE CIRCLE 
C CF FOIL AS 'JELL AS THE TOP CIRCLE OF THE COLLIMATOR. 
3 BS1. =RF*<. 5-Rfitt Cl-M) PHI D=ATAN2 CY, X) :-DEL̂ RHO C COn?UTE THE DIFFERENCE IN Z AND FERPENDICULAR DISTANCE FROM THE 2 AXIS C BETWEEN THE PARTICLE AMD THE DETECTOR. 

DELZ=Z-2DCI) 
DELRHQ-RHO-RHDIKI) C THESE ARE THE X AND Y COORDINATES OF THE PARTICLE AS DEFINED IN A PLANE CONTAINING THE FOIL AND UITK THE FOIL CENTER AS THE AXIS CENTER. 
XC=DEL 
YC=y28T<DEL2W*2-H>ELRH0#*2)*(-DELZ)/ABS(DELZ) IF<SC:3TO<C>:--*2+YC**2)>RF) GO TO 18 
PH t •ATANZ C Y-Y£>.X-Mn DELPHI-PHI-PHID DELTHI-THI-fiNC.DCI) C THESE A=E THE C0CRD1HOTES AS SPECIFIED IN THE COLLIMATOR C TOP COORDINATE SYSTEM. 
DELX=RC*SIN(DILPHI)•COStDELPHD-XC 
DELY»RC*S INtDELTHnyC05(DELTHl )-YC 
IFCSQ?.~(DELX«s:2^ELY-w2)>RFJ GO TO IS NDET(I)-NDET<1>+1 
TYPE 16 16 FOSMAT< * CAPTORS') 

10 CONTINUE 
RETURN 
END 
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