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

ABSTRACT

This paper describes a device that measures charge-exchanpge flux to
determine the angular distribution of the 2XIIB plasma. Charge-exchange
products heat circular nickel foils (placed at 15° intervals in & and at
constant radius on an arc parallel to the z-axis) and the voltage drop across
the folls (produced by constant-current sources) provides a measure of the
changes in resistivity. The charge-exchange flux at each foll i{s 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-
Simonen' 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 stabllity. Current microwave measurements show that plasma
has an exponential density dependence in 2z 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 imjection and resulting angular distribution, charge-exchange

capture, and heating and signal of the detectors.
INTRODUCTION

Determination of plasma angular distribution in the 2XLIB 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.
Anguotar distribution of the plasma had previously been evaluated only from
microwave measurement of axial plasma densities.l’z 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.



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 meutrals and ions within the plasma, we

wmay directly determine the charge-exchange reaction rate

R = reaction rate = Af]] f(Vi)f(-v-n) [¥] o ¢|¥]) & ;i a3 ;n av

where "i" refers to the ions, "n" refers to the neutrals, v = ;n - ;1, aljv]) .
is the charge-exchange c¢ross section, and A 1is the normalization constant.

Assuming f(;i) is separable into f(vi, ¢i) g{u) where u = cos § and taking

|v| as constant, we may determine the angular distribution of the plasma in a

small volume element dV = d3ri:

R:ffg(p) sin 6 4 6 dV .

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

Rﬂfg(u) dp

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

and

flux of particles at the surface of the sphere will equal the reaction rate

divided by the surface area so that

(0) R/4w ™ neutrals/cmzs (r = radius of che sphere).

The reaction rate may then be redefined as

= 4n ré (@) .

The differential reaction rate (dR/d8) may be obtained by cbserving 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 (2 = (2)g(1)), so that for a dif-
ferential element of area dA (ro sin 8 d¢) (ro de)

i
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Fig. 1.
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Flux sphere.



$(0)da

]dR = 47 rg 7: = <€I>> fg(u) (ro sin 8 d¢) (r0 dag)

and
R = {8) gw) (ry sin 6 49} (r, d6) .

Let us now require that T, sin 8 d¢ be conatant so that the “width" of dA across

the z axis is constant for varying 9. Then

R = gu) (9) r, 48 d (d = r, sin & )
and

g{u) = dR/dE = do/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(i1) detector measures plasma angular distribution from charge-
exchange flux in the 2XIIB. Five stainless-steel tubes are wounted at a
radius of 13 in. from the plasma center in a plane of constant ¢ = arctan
(v/x). The tubes are oriented along lines of constant O = arcsin vl/|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 (l3-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 exterral 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 g(u) 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 comsists N

-
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Fig. 2. Drawing of experiment.



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-axis at radil of 330
and 380 cu {Fig. 3). The beamlets project a rectangular pattern with
X 2 8 \2
S = So exp\- 75] exp\- 0.6",
where So is a constant source term, and Gz and By are angular deviations in
9 and ¢ respectively.
The particles in the beam are devteriym atoms of <ﬁ> = 14.7 keV (50%
20 keV, 40% 10 keV and 10% 6.7 kev.é) Background gas may be ignored because

of its low density relative to the neutral-beam density. The plasma volune

neu:rals (Ref. 3)

that concerns vs is the entire plasma volume, although omly a small portion
of this volume is "seen' by the detectors. "Secondary" charge~exchange products
may react vithin the volume seen despite inivial interaction within an
alternaie volume element. The actual volume of plasma seen by the detectors
may be approximated by a ball of radius r = 6.27 ecm (Fig. 2).

Let us now approximate typical signals to be expected at each detector.
Let us assume the plasma ioms are stationary on the average (<v1>)= 0 so that
the relacive velacity (energy) of interaction is that of the neutral., Then

we have

7 ems™d (Ref. %)

o R -
v = mra & ~1.25 x 10

for <En> ~14.7 keV.
The source strength of the beam within the volume seen is

S0 {beam in volume seen)

{beam in total volume)

-6
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6.27 = )

(=
s f (/%_) YA}
—6.27 2"

0.54 SO
where we have taken the beam to be focused at z = 0 and have approximated
By = 0 and GZIZ° = zf12 (12 = 350 tan 2’).4 For a source strength S, = 330 A
we have 5 = 180 A.

The neutral velocity is

vg = V2 E/m

e VW2(14.7 x 10% eV)(2.6 * 1071 37e)/ (2 x 1.67 x 10727 kg)

21.2 x 10% ms™t
1.2 x 108 cm s-1 .

Finally, we can calculate the beam deasity as

(180 c/s)/[1.6 % 10719 ¢/neueral x 1.2 x 10% em s} x w(6.27)2 en]

-]
L]

7.6 % 1010 cm-3 .

Plasma parameters may typically be takenm as n = 1.2 x 101“ cm 3 and

"

9 kev.2 Since the charge-exchange neutral [Dz) has the same energy as

®

its ion parent (D2+), we can calculate the energy flux at the foils as

14

2 -
R= (7.6 % 1010 Dzlcmj)(l.Z x 10 D“+/cm3)(l.25 x 1077 cm3/s)

3

x [4/31(6.27)° en’]

1.18 x 1021 ¢71

1.18 x 102 71

[4m(1l3 x 2.54)2 cmzl

x (9 x 10° eV/particle) (1.6 x 1077 j/ev)

128 J/cm; s

128 H/cm2 for an isotropic distribution.
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Assuming the total flux s stopped by the foil, we can estinate the vilbLaps
generated. The geometry of the foil is pictured in Fig. 4. The dirterential

resistance of the [oil is d&¢ = ;drfA, so thar the toral resistance 1.

r
mix
3= vdre /et (v = resistivite, 1t thicknesa

r .
miln
F nax
= b .
70 ® l'/r ]
min
) Tmay
=
2t ln r . N
min
-3
. ) : . oA ® ) - o. U in..
For oickel 6.8 [1 + 6.Y x 10 (T - 20)(°Cy}) « ohm cm, € 0.0in) in
r = 0.43 in./2, and ¢, = 0.125 in./? we have:
max mln

= 0.053 {1+ 6.9 «~ 10 (T - 20)] vhns.

If we tak: the plasma duration =t = 10 ms, we will have a net deposition

of energy Rt =1,54 Nlcm2 or for the foil area

. 2
(1.28 W/cmz) [(n) (O—i@zﬂ-) (2.54 in./cmz] = 1.20 J

The heat capacity and density of nickel are cp = 0.1125 cal/z°C and

m= 8.9 g/cm3 so that the total temperature rise is

1.20 J

foil cp (4.18 J/cal)

at = mV

1.20

(8.9)[(0.43/2)2 7(0.0001) (2.54)3] (0.1125) (4.18)

1206.9°C*

*The melting point of nickel is 1453°C so that this AT would probably be un-—

acceptable. Further calculations show that, due to collimation, the flux and
therefore AT will be much smaller (see Appendix B and C).

—9_
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Fig. 4. Foil geometry.
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for a voltage rise of AV = I(AQ) = 494 I mV (TO = 20°C). Since we are able
to iseasure voltages of ~10 mV or less, a signal should be deteatable down to
~2% of isotroplc (assuming I = 1 A).

This method has peculiar constraints which prevent raising the signal
to detactable levels simply by Increasing the current. The foll is heated by
IZR {ohnic heating) which damps out the signal response. While results may
be eorrected for this damping, the current must be applied for a greater
period than the plasma lifetime; and available control equipment dictates that
€ urrent > 0.3 s, During this time roughly 0.3 (Iz) (0.053) J enter the foil
or, for I = 10 A (1.59 J) AT = 1600°C. Since the melting point for nickel is
1453°C, an absolute upper limit on I (assuming constant resistivity and mo
heat loss) is 9.5 A. Radiation ceoling of the foil at melting temperature is

W= eo Th (0 = Stefan—-Boltzmann constant, e = emissivity)

(0.3) (5.669 x 107°) (1) erg/s cm?

= 1.7 x 1070 T*

2 2

1.7 x 1022 1 3/s cm

WA = 14 Js (A = foil area)

so that a more reasonable estimate is

I = AR
max
v14/0.053

16 A in steady state.
In any case, the stress imposed by high temperature coupled with any TxB

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 techninne is used in
other experiments in a similar environment and these bounds are prohibitive,
other foll materials or shapes must be urilized.

We have developed a code that simulates the foll signals and heating and
cooling during the experiment. This allouws us to vary the flux, current, and
time parameters to check the above constraints, and to provide estimates of

expected signals. (See App.B.)

-11-



EXPERIMENTAL ANALYSIS !

I1f sufficient signals are available to obtain g(u) for the plasma center,
the angular distribution for the entire plasma may be determiped. This angular

distribution is defined as g(V) where
v = etn® B/B = sin® B/B . (B = B(2), B = 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 Bo at Bmin of the plasma. The period of

this particle is

max
- dz
T f vy (23
0

and the time In an element Az = z, - zl is .

z

2
At = f (az/v (z)) .

2

The probability of finding that particle in Az is At/T when comparing elements
Azl and Azzg thus, we have the relative weighting as Atzlﬂtl. If the center
disrribution is known in 30, g0 is the distribution at each point in z where
g, (60) = go(eo) AtZ/AtO (gz = g(z)).

For the 2X11B we have B(z) = Bhin 1+ (z/75)2] (Ref. 2) and conservation

of magnetic moment requires

2
2 v, o+ v
- lvl® _ g " "io - _
B(zmax) Bmin = Bmin — (zmax = tutn-around point),

-]12=



z ? 2
1+ 1;1;:: = cot 90+1,
zru.ax=75 cot 60 .
75 cot 8
0 dz
T"f mbute=9(z).
0
2 2
V"= B vio/Brine

2 2
-'_'Sin 5 =1+ (z_) ]

sin2 60 5
2

sinz g = [} + (;E) ] sin2 90 ’

1= cos2 g8 =1~ c052 60 + (2/75)2 sin2 60 .
2
z sin 6

(:052 g = cosz eo - (z/75)2 sinz Go = 3052 eO - (_Ts_.._o.) .

and
2 (z sin 80)2
o8 @ = yf cos BO 3/
therefore
75 cot 90 .
T = z
Jji/2 "
0 z in 8
[w] c052 a, - (——-—-—Q)
¢] 75
2
sin” ©
Let cosz eo = az, ———22 = c2
(75)

-13-
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Jvlt
A (aZ c222)112
z z
2 2
[vfae = % . 4z
v, 2 2 2.1/2
z ] (a ¢ z)
1 4
= % arcsia zvc/a ,
and
At _ arcsin z, tan 90/75 - arcsin z, tan 60/75
T w2 .

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

discuss later.
The equivalence of this approach to that of Hall and Simonenl may be

easily recognized. We havel

1/8

n{B,L) = j’ el/2 e j’ dve(1 - vB)"L/2
0

f(g,viL)
(1]

where
€ Z energy, and L = the longitudinal invariant.

If the distribution is separable in energy and angle then

/B
n(B,L) = f dvB(l - vey /2 g(v) .
()]

The total number of particles in the plasma is

N = fn(B,L) dav
v

/B I
= ff ] f avB A - vBY M2 g(v) £(2) dz £(r) rdrds
o 7o

0 "0

—14-




in cylindrical coordinates. (The density of field lines is assumed to have

the same dependence as plasma density in r.)

1/8
an dv(1 - vB) Y2 g(v) f £(2)dz .

0 o

But (1 - vB)"Y/2 = i VZes,,

/B o©
wfl d\)n[ d—ZE(Z) g{v)
M

0 0

or for smali Az (constant £(z)) and B = Bmin (and noting Bmin dv = cos 60

d cos Go = ¢cos Go dpn)

dN(z) « Az
v Bagn 8O v @
aN Az
du (2)= cos 8, 8(V) - @
0 Il
<8 g t?
duy v“(z)
Y
du, Ato

and

gz(ﬁo) « go(ﬂo) AtZIAtO as before.

EXPERIMENTAL APPLICATION

Plasma Evolution

Each channel of the g(y) detector includes a readout for dv/dc.

signal is proportional to the instantaneous power entering that chamnel.

—-15-




close comparison of signal changes over time will iIndicate 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 et the z-axis, and it subsequently calculates a
distribution of all injected particles according to their center angles (60).
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-
generated distribution to that calculated by Stallard at 6 = 0.3, zy = 0 cm2
implies that injected distribution is more sharply peaked at higher angles
(Fig. 5). This is to be expected. The peculiar "valley" at cos 80 = 0 (Fig. 5)
results from the "bending" of the distribution peak in the magnetic well. This
valley, of course, will fill up with subsequent particle interaction to reach
an equilibrium distribution more coincident to that of Stallard.

Current theory about the 2XIIB 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 assoclated with the plasma injection
(assuming wniry trapping efficiency, cylindrical plasma of 7 cm radius, 40 cm
length, and 300 A current) is

- bumber of particles in plasma

in current
2 14 . 3 -19 .
_Im(7 em") (40 em))(1.2 x 10" particles/cm }(1.6 x 10 C/particles)
(300 &)
-4
3.94 % 10 s

0.3%4 ms.

Next, coulomb scattering causes a general broadening of the distributiom
(Fig. 6b). The time needed for complete broadening of the distribution is6
372

35 .Bﬁegmu 2
T, = i

eii q4n In A

(kT,)

-16=
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Fig. 5. Stallard and "Angle" M{) vs cos 6.
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3/2

i (eV)

25.8v7(8.854 x 10 e/my%(2 x 1.67 x 107 %kg)/2(1.6 x 107 %3/evyT

.6 x 10717 0% 1 4

where
121 (e et /ey 2
A= 9. .
nl/Z
e
For Te = 100 eV and n,=n= 1020 urj we have In A = 14.25 so that
n
T, = 1.42 x 101“12/2 (eV)/n
ii

10.1 ms

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

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

have6
2 2
aE; qzajn 0 m In A[} - (ZEi/BkTe)]
B
ide 3/2
2me2emo kr )M, 11+ (43D !
(4] me e mi mikTe
or

2 1/2 [ 3/2]
E 2me (2Mm kT )" “m |1 + (4/3«?)(meEi/mikTe)

T =
ed 22 _
9,937, 0, In A [1 2Ei/3kTe]
T 3/2
-12 2 -30 1/2 4 i
2m(8.854 x 10 ““f/m) [2n(0.91 x 10 ~kg)] (2 x 1836) (1 + EJF (Ej;Igsg—E;) T,
= 2T -
-19 i
(1.6 x 10 C) 1n A [1 - —jT—:|n
e
4. 44 x 1013T:/2(eV)
= for T, >> T _ .
n i e

Ted = 0.44 ms

~19-




where

T [—Eil(dEildt)] .

ed

The final process is turbulent diffusion of ions as a result of ion-
cyclotron fluctuation. From previous data,z AE/At = 112 eV/us or T = EL/
(AEfAt) = 0.080 ms (Ei = 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° cx 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
labeorious calculations for each time frame considered as opposed to the
continuous readout of the dv/dt portion of the g(u) 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 behavior.

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’e calculation of density utilized this assump-

where 1z is the flux-tube thickness at position z. Larry Hall and ot ’ers,

tion in that

however, have surmised that the plasma may be confined to p{B) surfac s.

As a check on plasma shape, the j;dl was calculated with the p(B) sur-
face assumption. A radial density of n = noe_(r/7'35)2 (Ref. 2) was assumed;
densities were then calculated at contours of constant |B| (Fig. 7). The

constant |B| mapping was obtained from Anderson's 2xr18® code for B = 0.3.

-20-




£
)
r
¥
.

60

50

40

z {cm)

30

7Y

I | [ I
—
— —
%.
e — .
fndl 0. 0048
N
4
3.6 x 107 N\ ;\
fnd] = 0, 799 - "35 N\ 3.76 x 107
0.912 6x 1073
rndl = 1
] | |
1.0 1.5 2.0 2.5

y {cm)

Fig. 7. |[B| comtours.

=21~

[EPIPUTE B PSSP e o - L. RS SN



The fudl at various positions was approximated using a trapezoidal sum rule.
Results of these calculations and Stallard's measured data are clearly inr
conflict (Fig. 8). In fact, for p(B) l:heIndl variation in z is more approxi-
mately Gaussian (Fig. 9) than the measured exponential fic.

Taking the mecasured values of Indl to be exponential and assuming
separability of n(r,z) into n(0,0)f(r)g(z), the variaticn in z must also be

expcnential. We have

ndl =fn(r,z)d1

= n(0,0) ]f(f)s(ﬂdr

= n(0,2) fe-(r/7.35)2 dr

«n(0,z)

so that n(0,z) varies as Indl.

If we instead assume separability of n(r,z) into n(r,z) = n(0,z)
~[e/7.35€(z)]2 .
e , where f(z) is a factor which takes into account the change

in line length because cf compression or expansion, we have

r
2 2
f'n(r,z)dlnf p:l((),z)e_h‘:l7'33f(z)l dr
0

0

2
n(O,z)fe—(t”'an(z)] dr

0

n(0,z) E [:/7.35f(z)]2|5

-22=
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or im the limit r + = = n(0,z) £(z} 7.35 ¥T/2 so that n(z) “_[ndl/f(z). How-
ever, the graph of f(z) in the region where ]ﬁnl has been measured shows that
f(z) is alsc an exponential (Fig. 10) so that r(z) must again be described as
; an exponential. Taking the flux-tube assumption as correct, wea have the best
. £1t for n(2) = 0.95 n(0) &~ [#/201] (rip 11,

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 comparisan we can

i calculate the distribution expected from a p(B) surface. )
For the demsity variation in r, let us take n(r) = ng e"{r/7'35] . Then

for the vacuum B field we have

2
- £ -
Bo ~ Bomin @'* (55) ] (Bp = Byae)

and correcting for 8

2
2 B (r)
B(r)~ _ 0 _
Br an n{r) kT

in the plane z = 0. Since contours of constant |B| define contours of con-

stant n, we have

2 o, kT
3(r) = \/;O(r)z - Bng win e 13507 here B = —E——EL———
B, min/Bw
2 2
- 2] ~(r/7.35)
= BO min‘/[l + (r/55) - Be
and
2 2
—giil— =1+ 2(e/59% + (e/55)% - g /73T
B, (0)

2

Let us approximate (r/55)7 << 1 so that
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a= n(O)e-(r/?'35)2

for
n(B)/n(B_, ) = & [1 AN ‘)}
min B 2 ’
Bo ()]
and

m
wir

)-

2 2
n(p) =_L[-p By @ -1 (p
o) B [ 0? Bg )

For our limits on p we have

) [%2 82 (0) - {]
B 2 2
p 30 (0)

=l'
2.2 2 .2
P” By (0) -1 =8 p" B, (0,
2 1
p =3
0.7 B, (0)

1 WE o
Pmax “\T-8) B © °*

0
R 1
pmin N Bo [
Y ['oz B2 (0) - 1
‘. n{p) = ) <pslep
B tOZ BZ 0y miv = “max
0 min

L}
[=]
b=
v
ED
L]
o
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From

Qv

1

the Hall~-Simonen paper™ we have
V
- -1/2 1/2
-4 wlf o - 0 2% 200y ap),
0

v 2
-l 1- 1’( O)min 2 4 0B i)
vy vV p E

2n(Bmin)

T 2
4 f - 1 dx 2 = )
w /'p /v-x xzv/\: 22 ™
Om:l.n

v v
v -2 +—siu 2 /v-x f (dx)
P

/—v kB

hﬂk

0 min min

a Jvr /Poin v -1 /' Pnin /v ~ Poin
= = ¢ —_ /\)—D . == 1sin - (dx)
dv | 4 2 n 2 v 2
v o v# pmj.n

BO min

Y NS VR W N | WA R |
st T2 ——— v 2
T T Pl
L1 min Vomin 1
2 v v 2 2

2 N <~p .
Y'Y/ Prin B0 min / nu.n 0 min mi



p -
+ Y _min 1 -1 sin

2 4 V= pmin 2

[
FE |

¥ v - Puin pmimf pmin

+ - .

2 2 f————
v 14 pmin B0 min /v - Phin

Solving for r at B = BO(O) = Bmax we have

Be-“"”':ﬁ)2 = 2(r/55)2 or r =10 cm

max
so that 2(rmx/55)2 = 1,05 and our approximsation (r/55)2 << 1 is fairiy
accurate.

The characters of this distribution and the flux—tube distribution are
markedly different (Fig. 12); for the flux-tube assumption we would expect Lo
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 channeils.
Clearly the g(n) detector should indicate which shape most accurarely de-
seribes the 2XIIB plasma.

Broadening of Anpular Distribution

The final use of the g(p) 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 stabilicy. Specifically we would
expect the detector to measure a broader distribution (greater p"/pl) 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 B effect ou angular distribution.

Some indication of the expected broadening is given in a graph of average
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center angle vs 8 (Fig. 13). While the approximations used to measure this
relationship do not hold well for very high 8, the effect of high B on the
lowering of the average center angle should certainly be well defined.

CONCLUSLONS

The g(u) detector provides a direct measure of the angular distribution
of 2X11B plasma. Applications of the g(u) detector are allied to the charac-
teristics of the 2XIIB but may be extended to other machines by proper choice
of shape and material. Signal strength estimates at the detector indicate a
2% isotropic distribution strength should be detectable giving a "fine" indica-
tion of distributional shape.

We can utilize time-averaging techniques to estimate injected amgular
distribution. Monte-Carlo simulation of injection shows the injected dis-~
tribution is more sharply pesked than the equilibrium distributien calculated
by Stallard. In additlon, the injected distribution ac 90° is not a maximum.
The g(u) detector provides a direct measurement of plasma evolution from ia-
jected to equilibriym distribution.

Plasms is currently assumed to follow a flux tube rather than a p(B)
surface. I1f density were separable in r and z, microwave measurements would
show that the plasma must be flux-tube shaped. Using the Hall-Simonenl paper,
however, we can verify by the g(u) detector which shape is most accurate.
Regardless of plasma shape, the density variation im z Is exponeantial and not

Gaussian as previously assumed.
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AL

APPENDIX A
ANGLE

We must calculate injected-ion amgular 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 to the z-axis. Each beamlet is aimed at a common
point, but neutrals are injected with a Gaugsian spatial distribution in both
"up-down" and "“side-to-side" directions. If we define the horizontal plane a3
a plane containing the source and the z axis and the vertical plane as a plane
perpendicular to both the z-axis and the source line, then we may define By as
the angle between the neutral trajectory and the source center-target line pro-
jected on the vertical plapme, Likewlse Bz is the angle (defined by the pro-
jections) on the horizontal plane. The beam may then be deseribed by the equa-

tion

2 2
-(6,./2°)° -(B_/0.6°)
S = S0 e 0 e Y B

We can then calculate (u} = <§os a) as a measure of angular spread if we
first assume that all ions are trapped on the z-axis (By = 0) with unic-
trapping efficiency. Then

) = f Sd1 de, cos e/f ];dl 49,
= f f Sd1 d, sin 6, /j fs;u de,
~@_r2%)? -8 /2%)?
= Isy e sin (8, +6,) a1aez/ 5, € d1de_ .

By the geometry of Fig. Al we have -ez = arcsin (1 - t/r) and small
Bt = (t = 1/r). For small Bz + Bt = 91.
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L2 el s S SR LA N e bt s = mais

o abasm g AT s )

and
Finally, we can change from Bz to z

o - f”j;-(z-:/zvr)z )(

-

2 - 1 = u(z-:/2°r)2
” dl dz e dl dz

2
~(z-t/2°r) o  —(2-t/2°r)
=ffe (’—li) dl dz ffe di dz .
r
[4] 0

The sources are arranged in a symmetric pattern (Fig. 3) at radii of

330 em, r, = 380 cm so that small ©, and 6 =8 = 2%, z, = 11.5, and
2 i z z 1

H
]

1
2, = 13.3. If t = 0 we then have for r = 330 cml 2
s 17.5 2
f e LY ) L 1/330) dl dz
_ "1 “-17.5
M = 7.5 2
e—(z/ll.S) 41 dz
1 °-17.5
but

7. o 7.5 17.5 =
T O R
5 “17.5 -17.5 “-17.5

5
1l "-17.5 17.
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Therefore

2 [ 2
= s 17.5 _( z) 2
1 11 3 17 11.5 ( -
370 (1 - 2) dz + j e 1 )l dz
;u> - 17.5 -17.5 ~17.5 i-17.5
\ o _( z )2 7.5 _( z )2 z
35 e LL.5 dz + e 11.5 1 dz
17.5 L17.5 J-17.5
2
2 z
© ( z ) 7.5 -(——-) / )
11.5, Z
- { 11.5 35 z dz + e 2+ 17.5z + 17 dz
330 J \2
= -17.5
2 2 17.5 _( z )2
35 ll 5 dz + e 3 4 17.5) d2
17.5 -17.5

LU.Q&S-J - L{l.ﬁ](l%—— ) (0.94841 LflJ

(0. ’"'_vr':.)"

‘ 5 _(17.5)1
== 133(1"’J e WA g5 |
(11.3) Ps -
V2

5-1-— (228.4 + 2153.6 + 3022.6)

(17.5 /" (11.5)]

0.046

5y = arccos{uy = 87.4".

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)/Bmin
=1+ (7./75)2 {(Ref. 2) To conserve magnetic moment we must first require that

_ : n oo
60 z ecenter = arcsin_ [—== cos Gi (Bi = injected position B).

1

-38-




¥or a long-thin approximation ot tinite B we have:
2
p + B®/8w = const,

2 2
+ =
nkT + B“/8n Bminleﬂ )

and

2, 2
n(Z)kT + B(Z)"/8n = amin(z)/aw .

"

B2(2)/87 - 8 n(2)/n(0) B0 %187 ,

e—z/l?

w
pes
™~
~—
N
[

2 2
= By(Z) - B By(03™

and

3(2)2/50(0)2 = [1+ (2/75)2] -8 e—zll'i .

We calculate \:u0>= <cos 90>

sin 6, = /Bmin/Bi cos Bi .

sin® 8, = B_.“/Bi cos2 B.

i

and
1~ cosz 00 =
)1/2

2.0 oo 2
cos® 6 (1 Bmin/Bi cos ei

2 1/2
cos 61 vl -8

=] -
e—z/17}1/2

{I1 + (2/75)%] - 8

We may now write
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7.50 _( z)z
f e V131 o 8, dz d1

0 "-17.50

(i = Q:os e0>'=

17.50 _( z )2
f] e M50 40
0 J-17.50
( 172
7.5 [z )2 A-B |y
f s [ ]112
Lo s ( )
[(35)(11.5)v/n/2
1f we lec £ =1 + (2/75)% - 8 e %'V ue have

-l | [ L]

1/2 1/2

_ (- s\ £ _l+z—12
G 1- 300

1/4 1/2
NN\ e !t’ 2 2
(f) 300‘(1—6')3°°+("-1)}

1/4 1/2
-8yt 1 )2 T 2 2
(9" 3 ot (55 ) - }

/4
(1——;-—3)1 Vg-2z1+12

where




From the tables we find that

7.5
fl |/g—2z1+12d1=%{1-z) A2 221 + ¢

=-17.5

+

7.5
& - 20 [1°z~s("l2 -2zl +g+ (1~ ﬂ)]}f

-17.5

%{17.5 -2) A17.5)% = 352 + g + (17,5 + 2) (-17.5)° + 352 + g

+ (g - zz) [1og(v‘(17.5)2 - 35z + g+ (17.5 - z))]

[log (.@17.5)2 #1352 +g - (12.5 - z))]} -3 {1 -2 At - 2214 g

_———— z
+ (g - 22) r].c:’g (\flz - 22l -g+ (1 - z))]}
L -17.5

=

{g - :2) [log (J(g - zz) + (17.5 + z)) /217.5)2 + 35z + g]

(g - 22) [103 (“(17-5)2 + 335z + g ~ (17.5 + z))]} .

The result is quite evidently not a simple expression and the integral
is not easily evaluated even with series expaunsion. 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-
entlal trapping in r; thea to finally obtala a distribution in & we must

integrate between set limits of 60.
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Monte Carlo simulation is an alternate approach to direct numerical
integraction. This approach has been tzken primarily for its intuitive clarity
and for the necessity of linking this code to the code that calculates the
signal at the detectors. (Apprrximation 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 PDP-10. It is set up to
calculate distribution for 100,000 particles. The aim of the injectors is at
2y = 0.

Particles are injected by first choosing an injecticn position on the
source (via a random number). The trajectory is then chesen from a Gaussian
distribution and the algorithm used to generate this distributlion is Gaussian
R.N. = (=2 In R.N.l)”2 cos 27 (R.N.2) where R.N.l1 and R.N.2 are distinct
random numbers.

Particles are captured on the z—axis but are weighted for capture by the
measured exponential densityyin 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-cm 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 distribucion of all particles by
the relative time spent at the center in relation to a total period (see Experi-
mental Analysis section).

Calculated data plets ifnclude density of injection vs z (Fig. A2),
angular injection distribution (Figs. A3 and A4), and average distribution

angle vs B (Fig. A9).
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Code ANGLE

W3 S 1S DESIENSD TO CALCULATE THE INJECTED ANGULAR DISTRIBUTICN OF THE ZXIIB.
- € SIMULATES INJECTION OF PARTIGLES FROM THE NEUTREL INJECTORS,
i .." uns G TI-; Z-AR¥IS. AND "TIMI-AVERREES" THE
[ TRIBUTION. THE SROGRAM ALLOWS CALCULATICN OF
5 BETRS, SOURCE POSITIONS, AHiD MUIRZZRS 0F INJSCTED
ULZT PISTRIBUTION V3, AMSLE.Z. OR COS(TRETRY fiD
. IN AR DTIIL-II A FILE CALLSED ANWGT IS CREATED TO
TRUT RYETAGE nJ‘* O ANILE, AVERAGE CENTER PMSLE, MNUNSER OF PRRTICLES IN
T 0SS CORE. "'-!D DISTRICUTION CENTER Ai:SLE. THIS
LB NN THEW BE RERD EY FZRSURE .

DIFENSION Z(513, THC (98) THI (20D, qv*l:csa).L%cszz HESLLE
C AOCT), T

cALL B

EALL 3

TaTACTI 1,162 #* ANCLECDER) ¥ (CHDCOSCTHETAYSETR AVERAGE ANS
SLe(Ran) .

5.
S g s

THE KUMBSER CF !'ERF!TIBNS (0= FARTICLES '
SALLY FGR £ SFECIFIC o MBUTEHON T WILL DESIRE
MIRE RCCURACY WHILE ‘-‘ 57 CA_CULATIGNS OF AVERASTS

“%MEE Prisn
xF(ND]&Tr!1 .1y H=ipT229
CALL ACZ.THC. HI.peGlE, 28, TrU, ANMU. DISTB,

C 1.Cz¥3. -
IFCI,G .11 Cﬂ 70 3
B

=D PRATICLES.
-9. 0.;.4.3)

3,-.2.0.0.2)
LECZY, 1)

=R CE“TER.

T DISTAIPUTION
Lol TP

carL che'%(T:ﬂ Ty .a)
CALL PLOTE
CARLL EXIT
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INTICTION 95 FARTICLES AND THEH CALCULATES MORMALIZED
£.TH1L.OMGELE . FHL. THLL 2NMUL. D ISTR.

H10003 -ANGLE (983 .2N(51) ., TMUC 1EB) .
(‘-

({01, =E2TM+1,E=92.77.)))
-t maplt.

RE THE CETET #ND INJECTED ANCLE DISTRIRUTIONS RESPECTIVELY.
11 1=1.909
fHELECT) ~i-.S
THCC(1: 0
1 THILT) =0
C Y IS THE DISTRINUTION FOR COS{THETA) AT THE CENTER.

Pl S IS

20O

21 S5y =1 160, -.705
1012 r=1.51

12 2=
£0 16 1a1,M

C GRUSSIEN DISTR ™ FOR SOURCE IMJECTION RNGLE,

! THZ - D LLOGYRAN X)) YHLDS (6, 28347 ()
iFrE

C 5 I3 THE P M THE SOURCE BEFORE ENJECTION.

2 S=RpY( ) ‘
JeIF I
RP=R(J

C THT 1S THE fHELE BETWEEM THE SOURCE AHD TAREET POSITIONS.

THT==RTAN¢ (~5045) /RP ) XDRAD
THIPN RLD THIR ANE ANGLES OF IMJECTION.
THAN=F3, 8~ (THZ+THT)
THIA=9C-3ES (THZ+THT)
IF(TRIAY 1.3.2
HIaNT+1
THIRYV=THIAV*F{"HIR-THIAVI /NI
ICLE POSITION AT Z-AXIS.
CP=G4REMCICD(THIAN) /S IND(THIAND
J=IF TH(ZP+25.5-53)
IF(I) 9.2,18
IF(J-51) B.E.%
© Z(3r=Ze]y+l
cAP 1S DENSITY VATIATION IN Z.
CeP=EXP{-NSRIZP/IB,.5))
iCle =3 ON THE Z-rXIS IF 1TS FROBABILITY FOR CAPTURE IS EXCEEDED.
;1‘ LOCAL DEMSITY AS WIULD BE EXMFECTED.

Ly}

ol

[y}

«©

IOV P

iy

752,075, 34523 55 0-ETTASTARY A (1 . ~BETA) +1,E-9))
MmTHIA -
ICLE AT Z-0.

n=¢~-“' T,
SRLEULATE GIGLE OF

A

(w}

IF(THEA=CE, ©F ¢ait,S i
MLE =NLC+]

€0 TO |
THEATaTHEAS = THEA=THERV) 71
J=1F IRCTHI 6D 0

N
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THI(T) eTH]I (T} +1
J=IF IXCTHEQ= %)
THCLJ =TP5 1)1
3D TR

) T a4
£S5 ="SEQ0UT” ,FILE="ANG]")
- HRITZ(91, 137 s F‘I"'JFN.THCHV.NLC.
C (aMg LE(P!.T“C'!J-R=].-
CLOSECUNIT=31 . CCECS="SEQIN".FILE="ANBI")

1F(ESTA.EQ.DI TS) TYPE 58B
€29 FORMAT(IX,
'S FOEMATL /77,
C @M. eHTHCOY
18¢7. (BN,

M oF

'f///-]n.EHT IRY=,F10.5, 18X, 6HAMIAV=,F 0.5,
Fi ﬂ.S..m.d‘HLC 6.7/,
-F_?-Z--m))n

F.‘«P‘U P“h’xl' +.0
po !S I=j.%0G
TRCIL)aTRO (1Y Y
TR THICER=THIE L0y
panep=3, 14,2,
l-’C|U|=O 5]
P=0.5
C 7HIS 30 LOOP TIHE MERABES THE DISTRIBUTION BY CRLCULATING THE TIME SPENT IN
C THAT CELL IN RELATION TO @ TOTAL PERIDD.
DO 22 [=1.,108
IF(THUCLYEQ.E.) GO TO 22
PNGN=RCOS (A EICT))
ZMAX =75 . KLOE (FNGN) # (SINC(ANGN) 3

FTIME=t.
IF(2ZMAX.GT.2P) FTIME=(ASIN(ZP/ZMAN) ) /RADSH

T THICD W TMUCT IR TIME
2z THCTOT=THCTOT+TMUC 1

A2, TV 0),
20 25 1=1.1C
.TFT'J( IRz EAL) )

1
an
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THIAV= 88.23511

“HC( A.5)=
THC( 5.5)=
THC(18.5) =
“AC{15.5) =
THC(28,5) =
THC(25,8) =
THC(38.5)=
THC(35.5) =
THC(48,5) =
THC(45.5) =
THC(S8.5) =
THC(S9.5) =
THC (60.5) =
THC(65.5) =
THC(?8.5) =
THC(75.9) =

. v T .

THC(85.9) v

2741.802

Table Al.

AMUAVS  77.19280

THCC 1.S)=
THCC 6.9)=
THC(11.95)=
THC(16.5)=
THC(21.5}=
THC(26.5)=
THC(31.5)=
THC(36.5)=
THC(41.5)»
THC(45.9) »
THC{51.S)e
THC(Si6.5) =
THC(61.5) =
THCCES.5) =
THC(71.9)=
THC(?PE.53 =
THC(81.5)=
THE(ES5.9) =

284%.00a

THCAV= 77.09345

THC( 2,5)=
THCC 7.5) =
THC(12,9) =
THC(17,5) =
THC(22,.5) =
THC(27.5)=
THC(32,5) =
THC(I7.5) =
THC(42.5) =
THC(47.5) =
THC(52.5) =
THC(S7.5)=
THC(62.5)=
THC(G? .5} =
THE(?2.5) =
THC(??7.5) =
THC(82,5)=
THC(8?.5) =

23,000
2013.800
3497 .0800
6674,000
4436.800
183!.2¢9

Center angle vs O (THC (8)).

NLC= ]

THC{ 3.5)=
THC¢ 8.5)=
THC(13.5) =
THE(18,5) =
THC(23.5) =

THC(3B.5) ~
THC(43.5) =
THC(48.5) =
THC(S3.5) =
THC(S8.5) =
THC(63.5) =
THC(68.5) =
THC(73.5) =
THC(?78.5) =
THC(83.5) =
THC(88.5) =

294.988

THCC 4.5)=
THCC 9.5)=
THC(14.5)w
THC(18.5) =
THC(24.5) =
THC(29.5) =
THC(34.5)»
THC(39.S)»
THC(44.5) «
THC(49.5) »
THC(S54.5) s
THC(S59.5) e
THC(64.5) »
THC(69.5)~
THC(74.5)~
THC(79.5)~
THC{(B4.5) »
THC(B3.5) =




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
caoling of the foils, however, is essentially a nonlinear process. Although
we may approximate signal strengths for a glvenm neutral flux (dV/dt) and
average foil temperature (V), a detailed study of local foil temperatures and
change of sigghal in time requires closer analysis.

FOIL (see printout at end of sectlon) 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 coecling include radlation 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 callcmzlcm/°cls. The heat capacity is 0.12 cal/g over the range of
temperatures considered, while the density is 8.9 g/cm3. As noted previously,
the resistivity of the nickel foil is 6.84 [1 + 6.9 X 187> (T - 20) (°C)] u ohm cm.

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

RAD = e ©O Th

(0.3 for metals) <%.669 x 1077 —Efﬁé) T k%) Alcnd)

& cm

1.7 x 10-5 ATA erg/s

1.7 % 10712 ac® %) ass .

For conduction we have

COND = KA AT/L

(0.15 cal/em>/em/°C/s) [10™% in. thick) (2.54 cm/in.)

AT(°C)
L

Lii

x (eircumference (cm))]

0.381 x 1074 AT (°C)}/L cal/s

n

]

1.6 x 1074 AT (°C)/L J/s.
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For ohmic heating we have

Ohm = 12 (@L/A)

=12 (a%) (1 + 0.0069 (T - 20)(°C)](6.84 x 10™° ohm cm)L(cm)/(2mre) (cm?)

= 1% [1 + 0.0069 (T - 20)(°C)] (6.84 x 107%) (2nr)(2.54 x 1074 as.

[l

and, for flux heating we have

FLUX = (flux in J){area).

Foil divides the foil into 100 anaular rings of constant annular width:
each ring is then treated lineatrly for small time intervals. During each time
interval, a change in temperature is calculated by computing the heat losses
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. Craphics includes
temperature vs radius (Figs. B1-B3), maximum temperature vs tin® (Fig. B4), and
voltage (Fig. B5) and dv/dt vs time (Fig. B6). el

Initial runs utilizing plasma lifetimes of 10 ms, flux of 100 W/cmz, and \
currents of 1-10 A chow the signals to be adequate and the temperatures to be
well below melring (Figs. Bl-B6, I = 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 ohmic heating or cooling processes which would damp out the desired signal,
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Code FOIL

C FOIL CALCULATES THE TEMPERATURE AND SIEMAL AT THE FOILS OF THE DPETECTORS.
€ IT MAY FLOT MAXIMUM TEMPERARTURE VS, RADIUS AS LELL AS TEMPEPATURE AND SIGNAL
E §E§n${ﬂﬁg THERE ARE PROVISIONS FOR VARYING PLASHMA LIFETIME AS LELL AS CURRENT
DIMENSION TC162), TNEWC182), Rtlﬁ:i VOLT(382) . ASIDEC102) .
€ DVDT(308).M1(3).H2¢3). DN(BJ OHMC 162) .
C THM(392), THE(E8) . TITLECLZ
DATACTITLE(D), f=1. 1?)/’TE1PER9TUP’(KELV) RADIUS(CMYTIME(S)  VOL
CTAGE (V) DV/DTIVG) "
DATACH ] (KX . M20X) . ON(K) .K=1,3) 1, 169,8. . 181,200, 1. .201.308.8.~
CALL DDAAID(SHERUCE .SHSMITH)
CALL DDERS(I)
€ DR 1S THE WIDTH OF EACH ANNULAR RING.
DR=(.43-. 125)42.54/100.
€ SPECIFIC HEAT FOR NICKEL.
CPV>, 12%8,9%4, i
TB=293.
RIN=. 125%2.54
RAD366=2.%3. 14
C TH IS FOIL THICKNESS.
TH=.9001%2,54
RESC»(1.~293.%.6059)
C HX IS THE CONDUCTIiON COEFFICIENT FOR MICKEL.
HK=. 15%4, 18/TF
RES=6.R84C~6
RAD=~ ] . 7E~12/( THCPV)
COND=HK~ (CPVSDR)
FLUX= 198, /¢ THXCPY)
p0 7 1=1,182
£ ANNULAR RADIUS FROM FOIL CENTER.
RO sRIN+(I-1.5)%DR
C ASIDECIY IS THE EDGE AREA DF AN ANNULAR RING OF THE FDIL.
ASIDECI) =R{ 1) 3RADIEO:XTH
OHHIC 1) =RES~C (AIS 1DE( 1) %2 ) #CPY
c THIS PROGRAM ITERATES FOR DESIRED anUE& GF THE CURRENT.
D0 9 CUR~I,.16..3.
CUR2CUR5:2
Tau=a.
vo=8.
D0 8 1=1,102
T(1)=TD
3] TNEWC]I =T

DO 4 K=1,3
C DTRU IngnElTérE INTERVAL BETWEEN MEASUREMENTS OF FOIL PARAMETERS.
DO 1 _I=N{(K).H2(K)
TAU=TAU+DTAY
v=a.8
EUENT-CUR
C HEAT CALCULATES TEMTERATURE AMP SIGNAL OF
C ERCH RING DURINE EACH ITERATION.
CALL HEAT (Y, DV, THAK. TAU. R, CPV, T, THEW, TB. V2. CURNT, DR. DTAU. ON.
L L.CUR2,0HM.CCHD,FLUX.RESC.RES.RAD.ASIDE)
C THESE ARE VALUES OF DV/DT. V. AND MAXIMUM TEMPERATURE (T) 1IN TIME.
DVDT(I) =DV
M) =TMaX
TIME(I) =TAU
VOLT(1) =V
C PLOT TEMPERATURE V5. RADIUS,
CALL MAPS(8..).2.0..,1558.)
CALL TRACE(R.T,102)
CALL SETLCH(.55,-150..0.9.2.9)
CALL CRTBCD(TITLE(S).2)
CALL SETLCH(-.12,.525..0.0.2.1)
CALL CRTECD(TITLE(1).4)
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CALL

g PLOT mxmun TEHPERF'TUxE V5. TIME.

CALL MAPS(Q.0,.930.0.8,1500.)
CALL TRACE(TIME.TM.360)

CALL SETLCH(.E114.-150..8.0.2.8)
CALL CRTBCD(TITLE(?).2>

CALL SETLEH(~.283.525.,08.8.2.13
CALL CRTBC(TITLE(1).4)

CALL FRAME
€ PLAT VOLTAGE ¥5, TIME

CALL MAPS (El.-.93. «e1.0)
CALL TRACECTIMNE.VOLT.308)
cALL SETLCHC.©14.-.10.0.9.2.8)
cALL CRTBCD(TITLE(7).2)
CALL SETLCH(-.883..45.8.8.2.1)
CALL CRTECD(TITLE(9).2)

L FRAME

CALl
C PLOYT DW/DT v, TIME.

c

c
C

C THIS STRTEHENT DETERMINES HET TEMPERATURE GRADIENT BETWEEN ADJACENT ANNULI,

CALL MARPS(B...03,.-18..25.)

CALL TRACE(THIE.DVDT.308)

CALL SETLCH(.V!4.-13.5.0,8.2,08}
CAL'. CRTEBCD(TITLE(7).2)

CALL SETLCH(-.EB3.6.0.0.8.2,1)
CALL CRTBCD(TITLE(I1).2)

CALL FRAME

CALL PLOT:

CALL EXIT

END

SUBROUTINE HEAT(V.DV. THAXK. TAY.R,CPV. T, TNEW. T, V8. CURNT, DR. DTAL. ON.
L .CUR2,CHIM. COMB . FLUX. RESC. RES.RAD.RS IDED
DIMENSION T(1B2), TNEW(182).R(182).VOLT(3BD)Y.ASIDEL182).

VDT (329) .N1(3) .N2(3).0H(3),0NM(162) .
TM(3ER) , TIMNE(ZC8)
DD _§ I=2.181

KT =TC1-1)-T( 1+
TC~1)=THEW(]~1)

C AVERAGE TEMPERATURE BETWEEN TIME INTERWALS.

c

TAV=(T(1)+TNELK 1) )2

TNELIC 1.3 = {~RAD+ON (L. Y ¥FLUX-COND#DT+CURZADHHC I ) % (RESC+. DEETHTAV) )

#DTAU+T D)

V=V+CURNTR(REST, BESIKTNEW( 1) ) ZDRIRES/ASIDE(])

IFCTHEWCT) .GT. TNEWC I-1)) THAX=THEWC )
CONTINUE

pv=C(v-v) /DTAL

\gaV

TU181) =THEWC 1A1)

RcTURN

EHD
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APPENDI1X C
MEASURE

To approximate the signals at the folls from the charge-exchange products,
we treated the plasma center as a point source. Charge exchange, in reality,
oceurs throughout the plasma, and an injected particle may ultimately result
in a secondary or tertiary (or greater) product belng 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 relacion to the angular distribution of the plasma. MEASURE can
provide these answers.

MEASURE (see printout and Table Cl at 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. Cl). Ome
would expect this output te 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, + r cos O sin ¢, etc.).

The particle is advanced in l-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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- so that the probability of charge exchange is
cxmr)

PCX = 1. - & (7'71

and the mean free path is A = 7.71 cm. The mean free path has been calculated
from Ref. 5 for a deuterium plasma of my ~ 1.2 X 1014, <E>ion = 9 keV and
@)beam ~ 14.7 keV. We have an interaction rate of 1.25 x 10 ' em /s and the

velocity of each beam particle 1s now
2E
i
ORI YR
i

2E, (keV) 10% ev/keV) (1.6 x 102 y/ev)

- z £
& 1 N (2 % 1.67 x 10°27 kg)

3.1 x 10° (0.5 /20 + 0.4 /10 + 0.1 V6.7

1.16 106 m/s

A=( Y
interaction rate x n

[ 1.16 x 10° w/s ]
Lat.2s x 2077 en®fs) 1.2 x 104 cn )

0.0771 m

= 7.71 cm.

When a charge exchange takes place a new 8 and ¢ are chosen to reflect
the charge exchange of the parent ion; 8 is chosen from the angular discribu-
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 1s determined to have left the plasma when it reaches the
spherical radius of the foil from plasma center. To simulate collimation
(Fig. 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 © of the particle is within
+7.5° that of a detector. A4s 7.5° is greater than the maximum acceptance angle
of the collimated detectors( arcsin %;gfiigﬁiff§§¥§F = 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
aceepting any particle that falls in a particular angular band as a candidate
for detection. In reality, the foil takes up only one small portion eof 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 ramdomly positicned
within one foil radius of the particle’s projection on the center line
{(Fig. C2). The particle must be less than a foll radius from the foil centar
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 1f it passes
through both the collimator top and the foil,

Preliminary runs of the MEASUPE 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 oand

x
captured total area number of injected particles

- 2103 03043 i0.) , 10 000
1]
(13 1.2
= 165

so that we would obtain %%§'§ 29,7% isotropic inm the first channel. While the
signal would he less than previously estimated, it would nonetheless be quite
significant.

We cannot fgnore 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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* 0.2]1 and the signal for the second channel =1x (cos 81° - cos 69°) = D.20.
The area for both bands is about equal. Therefore, we must either calibrate
the signal to obtain the correct distribution or adjust the amount of calibration

to vbtaln a more accurate direct measure.

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

DETECTCR( 1)« 4
DETEETCA 2)=
DETICTC™( 3=
DETECTCRC A) =
DETECTORC S)»

\u

Cagar>n
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Code MEASURE

MEASURE IS A PRCGRAM DESIGNED TO SIMILATE THE CAPTURE DF NEUTRALS
Q7 THe DETECTOR. 171 SUSSEQUENTLY CALCULATES THE NUMBER OF MSUTRALS
2ECIEVED AT EACH DETECTOR FOR A GIVEN AMGULAR DISTRIBUTION AT THE CENTER.
DIMENSION THC(93) ., ANG (50, 99) LNDET(S) . ANGLE (98)
DATACHDETC1), 1=1,5)/5:+0,08/
OPENCUMIT=21,ACCESS=* SEQDUT . BISPOSEs"PRINT” .FILE="DTCT")
CALL DDE0IDH(SHIRUCE .SHSMITH)Y
DATACCANG (M. MY LM+ 1.58) . Ne1.98)/450859. 0/
€ THE FOLLOWING THO STATEMENTS CRUSES THE FILE CREATED BY ANGLE TO
C BE DPENED AHD THE CESIRED AHGULRR DISTRIBUTION TO BE READ.,
ORPEH{UNTT=01.ACCESS="SEQ 14", FILE="ANG] ")
READ(B1, 133 TH1aV, QMUY THCAV. NLC. (ARGLE (K} , THC(K) .K=1.29)
CLOSECUNIT=81,RCCESE="SEQIN’ ,FILE="ANGI")
TYFE 13, THIGV, QMUGY, THCAV, NLEC., (ANGLE(K) , THC(K I .K=1,98)
13 FORMAT A rrrrrrss7. |4 EHTHIAV=,F10.5, 10X, 6HAMIAVS,F 18, 5.
C  10X,6HTHCAV=.F 13.5.3%. 44NLL=, [6., 7/
€ 1B(’ (SOOI, AUTHC (LFd.1,2H) =, F 16.3, 450111
C MAPS 1S CALLED SO THAT A PLOT OF CHRREE EXCHANGE LOCATION CAN BE MADE.
C ANGZ "TIME-AYERAGES' THE ANGULAR DISTRIEBUTIOM FROM BANGLE,
CALL MAPGSL(0.9.58.,.891..5)
CALL ANGZ { THC. 246
C DETECT SIMULATES T'E INTERRCTIOM OF INJECTED NEUTRALS. THEIF CHARGE EXCHANGE
C RND SUZSSQUENT LAPTLRE AT THE LETECTOR.
CALL FRAM=
CaLL MaPS(~1S,,15.,=15..15,)
CALL DETECT(RHE.NDET)
PAUSE
St FORMAT ( 2/ /27 72/.5(/, 18%, SHDETECTOR (L 12, 2H) =, 14))
C WRITES A FILE CONTAINING THE MUMBER DOF MEUTRALS DETECTED AT EACH OF THE FOILS.
WRITE(21.5@), (N,HDET(N).N=1.5)
] TYPE S6.H.NDETNY
CALL PLOTE
CALL EXIT
END
SUBROUTINE ANGZCTHC,ANG)
DINMZHSION THCCSD) .ANG(SH,99)
po 1 I=1,58
THCTCT=0.8
MZ=1-0.5
2=HZ
Z21=N2~.5
DO 2 NH=1,590
2222141,
TFCTHE (Y)Y 2.2.3
3 ANGM=(H-,5):#3,14-189
C 2t 15 THE TURH-eROCUND POINT FOR MIRRORED PARTICLES WITH PITCH ANGLE ANGN.
ZMAK=75. ‘CC’(ﬁ‘fNJ/SIN(R GN)
JF(2I=Zrad) «.2,2
4 JE(Z2ITIBKY 22=22vA%
€ FTIME 15 THE FPACTION OF TIME SPENT IN THE CELL (Z2-Z1).
FTIMZ=(2,%(RSIN(Z2,2MAR) -RSINC21/ZMAXY ) /3. 14
ENGL LN =THC (M) #F TIHE
2 THCLTOT=THCTOTHEHG (1. MY
C PLOTS Z ¥S., THCTET(DENSITY).
aLL POINT(Z. THCTGTS
DD | M=1.99
1 BNGC 1.N)=2PNGC 1. MY/ (THCTOT+1 . E-9)
RETLRM
END

[glnly]
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SUBROUTINE DETECT(ANG.NDET)
DIMEINGION RA(12,2) .NDET(5),.ANG(S5H.92) ,ANSD(S) .RHOD(S) . ZD(5)
DATA((RAC(1. 1) . 151.12).J=1.2) /2¥~375.66.2%~370.91 ., 2%-389. . 22324.1
C 2,2%327.BE.2%529.76.57.25.-57.26.29.71.,-28.71.249.,62.62.-62.02.
C 27.25.-37.36.12.4B.-12,48-,DR/1.0-.CXINT/0.0~
P1RAD=3. 14/1€C.
RD=13.%2.54
C THIS DO LOOP INITIALIZES THE VALUES OF DETECTOR ANGLE. 2 LOCATION AND
C DISTANCE R FROM THE 2-AXIS.
Do 7 i=1.5
ANGDIC 1) s (P5+15%1)RPIRAD
ZD(]) =RD=COS (MG 1))
4 RHOD( 1) =RI=S INCANGD (1))
RF=,43%2,542,
RC=4,%2.54 -
NJal@goe
DO 1@ J=1.MJ
HUM3ER=0
CHDOSE SOURCE.
T1alF [X(C12.¥2AN(WY X +1.8)
Cc ~8. Ya;cgzg. R{H?:’.l SPECIFY THE INITIAL LOCATICH OF THE NEUTRAL.
=RACI, 1)

202-27 .5+35. BERAN ()
RHO9=SDRT (023 224Y0:Q)
€ THZ 15 CHDZEN FRON A GAUSSIAN DISTRIBUTION AND THE PARTICLE IS
C *STEPPEDY TO RHD = IS.(35 CM. FROM THE Z-Ax1S.)
PHI=ATAN2(-Y., -¥2)
THZ=2,%3URT (-ALOG(RAN(W) ) ) HLOS (6. 2334 (RANCL) )
C THT IS THE ANGLE BETUZEN THE SOURCE POINT AND THE TARGET POINT.
THT2QTAH2( (- 1%, +28) .RHED)
THI=(98,.-(THZ+THT) )%3. 14180,
R=88S ((RH00-15,) /SINCTHI)?
£=ZO+RACO5(THD)
X=xR+RHCOS (PHDASENCTHD
Y=Y@4+R¥S5 [M(PH] )25 INCTHD)
C CXi~™ 15 THE CHARGE EXHANGE INTEGRAL WHICH MJUST EXCEED THE CHARGE
(52 EXCHANGE PROZASILITY ESSORE THE EVENT MAY TAKE PLACE.

CXINT=3.hA
RO=SORT (}:ADA»247102)
DR=1.0
€ PROBCX 18 iVE FRO332ILITY FOR CHARGE EXCHANGE.

DSC‘*-I.-"R ‘
€ THIS LOJP "STEPS® THZ FRRT!CLE THROUGH THE PLASMA UNTIL CHARGE EXCHANGE
OCCURS OR THE PARTICLE LEAVES THE PLASHA.

P9 1 1C=t,iB3d
RHO=50RT (ireu@4Yrol2)

R2S0R T (RBD 27 m2)

CAINT=CXINTEYP (= (RHO/7 . 35 ) 83:2) 2EXP (~RBRS (2} 17 . ) #DR

PCHa ] -EXR (~CHINT/8.96)

IF(PCIFROEC:: GO 70 3

1F(r>=RD AND.TE2<RD. OR IC>1)) GD TO &

SHTRACOS(PH]) #SIN(THI?

Y-Y+DE1‘$]N(PH])=$!N(THI)

Z=2+DR4COSCTHI)

COMTIMUE
C N DEFIHIES WHICH AMZU_AR DISTRIBUTIGN AS A FUNCTION OF Z WE SHALL PICX.
3 NoIF iX(ABS(Z) ) +1

RHEP-..HN(LI)

ANET=8.8 .
C THIS LOOP CHODSES THE ¢ ° °  —H ANGLE.
DO 4 1=1,99
ANGT=ANG (N, S1-1)+ANST
IF (ANGTCANGPY G0 TO 4
C CGMPUTE Mgu INITIAL VALUES AND TRAJECTORY FOR THE NEUTRAL.
Yo=Y
28aZ
RHCD=SORT{ Xum24ysok2 )
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THTA=1-.5
ARG=SORT( (1. +(Z/75. )2 (S IND (THTN #%2))
IF{ARG>!.) BRG=1.

THTA=RSIM(ARG)
THI=3.14/2, =701

(1=2IF IX(RANLWI 2, ))
}

PH1=2.43. 14
GO T0 S
-3 COMTINUE
C IF THIS COMDITION HOLDS WS ARE EI1THER HITTING THE OPPOSITE SIDE OF THE MACHINE
C OR MISSING BY A LOMG WAYS,
6 IF (ABS (R-RD) >ABSC(DRY+,.01) GO TO 18
C THESE STATEMENTS CAUSE THE PARTICLE TD BE STEPPED TD WITHMIN .81 CM
C OF THE FUIL RADIUS (=90‘1 PLASMA CENTER)
IF(R¥RD) DR=-.52¢
IF(R{RD)Y DR=.%
NaX+DRUCOS(FH1 )
Y=Y+DPR%S ] N(PHI) %S INCTHI)
Z2=2+DRULOS(TH!)
R=SORT(Xnu2ay i =,
IF(ABS(R-RD) >.01) [
RHD=E0RT (341524 =mi2)
1rms=;<zm<z «) CF' ', POINTCC1HS.X0.YR)
I3 9 I=t
IF(ABS(ANGD(1)-THIY¢=7.5%3,14/1685.) GO TO B
9 CONTINUE
GO TC 18
C THE PRRTICLE IS CONZIDERED TD BE CAPTURED IF IT STRIKES WITHIN A BANP OF
C TRE SGMZ WIDTH AS THE FOIL AN WITH THE SAME ANGLE (THETA). DELZ
C THEN PICKS THE DISTANCE FROM THES GREITRARY
C FOIL LOCATION. COLLIMATION CAM THEN BE COMSUTER
C RS WHETHER THE PARTICLES STRIKE WITHIN THE CIRCLE
C CF FEII! RS WELL RS THE TOP CIRCLE OF THE COLLIMATGR.
8 L =REA(  S=RAN )
PHID ATAN2 (Y, ) +DEL/RHD"
C COIPUTE THE DIFFERENCE IN Z AND FERPENDICULAR DISTANCE FROM THE Z AXIS
C BETWEEN THE PARTICLE eMD THE DETECTOR.
DELZ=Z=ZD(I)
DELRHOQ=RHO-RHOD (1)
g THESE ARE THE X AND ¥ CODRDINATES OF THE PARTICLE RS DEFINED IN

PLANE %NESENING THE FGIL AND WITH THE FOIL CENTER AS THE AXIS CENTER.

YC=5GRT(DEL2:2+DELRHO##2 Y % (=DEL Z) /ARS (DELZ}
IFCSTRT GCa24YC42) JRF) GO TO 18
PHI=ATANZ (Y-YE, ~18)
DELPHI=PHI-PHID
DELTHI=THI-ANLD (L)
C THESZ ARE THE COCRDIMNATES AS SPECIFIED I8 THE COLL IMATOR
C TOP COORDINATE SYSTEM
DELX=RCAS IN (DZLFHIY /COS(DELPHI)~XL:
DELY=RC*5 INCDEL THII ACOS(PELTHI Y
IF (5077 (DELWeiZ=JZLY:a2) DRF) GO 70 18
NDET(II=NDET(1)+]

TYPE 16
1€ FORMATC CRPTURE )
16 COMTIHUE

RETURN

END
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