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O 1.0 Summary

1

1) []

.L )

l_' .
= The main effort this vear is to understand the physics of the hybrid plume and heating

Pl A

of the plasma in a tandem mirror device. In the theoretical area three tasks have been

I e )

, 5

accomplished: (1) A major advance has been made in the development of a numerical

\

:'_': method for solving the time dependent fluid equations for both ions and electrons in the
.: plasma. Realistic physical properties and nonuniform magnetic fields were considered. (2)
"::_ A mathematical model has been formulated for studying the radio frequency-heating of
g the hot plasma in cylindrical geometry. (3) An analysis on the performance characteristics
:.;-: of the hybrid plume rocket has been carried out.

o
:'f Under the funding of the instrumentation program some effort has been dedicated to
_ the construction of a tandem mirror device. The component fabrication began in May after
?‘ several months of contract negotiations since authorization of the fund, and is progressing
. well.
"
{ _\\ To obtain a quick but crucial understanding of the hybrid plume concept, a steady
3 state fluid model code for studying the interaction of hot plasma with neutral gas jet
ES was developed in past years. In that code a uniform magnetic field was assumed. It was
D) found that the transition region has been formed and an exhaust duct can be protected
v
:. by surrounding the hot plasma with a supersonic gas jet. Therefore the simplified version
’ :' of the computation code has fulfilled the purpose of verifving the hvbrid plume concept.
5’3 To further understand the detailed flow dyvnamics of the exhaust. a time dependent fluid
E.' model for plasma in a general magnetic field configuration has to be solved with realistic
. : physical assumption. To develop such a model was the task undertaken this vear. After
::' overcoming many difficult numerical instability problems, a fundamental two dimensional
' time dependent code is now operational. More importantly, the plasma is now treated as
‘ j_: two fluids, the ions and electrons, instead of one fluid used in the previous code. However,
EE many difficult problems have to be worked out in order to use the code in a parametric
O

study. The outflow boundary has to be properly treated. The neutral gas jet, atomic

reactions and radiation have to be included. Solving the outflow boundary problem will
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i-j be the next major task for the coming vear.

3
b Previously a slab model for studyving the ion cyclotron range of frequency heating
: was developed. It was shown that the heating efhiciency can be improved by optinzing
S the antenna loading impedance. The loading impedance on the antenna was found para-
: metrically dependent on the magnetic field strength. the distance between the antenna
*:i and vessel wall. the plasma density and the dimension of the antenna. C‘urrently. a more
" accurate and realistic cyvlindrical model for the power absorption in the plasma has been
. formulated analvtically. In order to learn the heating mechanism and to optimize the effi-
ciency, we would like to obtain an explicit parametric dependence of the power absorption
;. in the plasma on machine and plasma parameters.

N For the construction of the tandem mirror device the central cell coils and one mirror
‘( coil have been delivered. The liquid nitrogen coil casings are in the process of being
'_‘_ fabricated. The fabrications of the vacuum vessel is progressing well. The assembly of the
"‘:: device is expected in November.

’

L4

o]

<

3 2.0 Concept

"
D .

': It would be useful to reintroduce the concept in this section and to investigate the
o

': physical problems in the next section. A hyvbrid plume rocket is one where the macroscopic
.' properties of the exhaust fluid (i.e.. temperature. density. fluid velocity, etc.) exhibit a
' drastic variation from one radial position to another 1,5 . In a hybrid plume rocket, the
' . . .
~ temperature at the core of the exhaust is extremely high; whereas, near the edge. it is quite
W .. . . .

[ low. In fact, the variation in temperature from the plume centerline to the outside can be
" many order of magnitude. while the exhaust fluid at the center is a fully ionized plasma (at
. 5 to 1 keV'). at the edges it actually becomes a neutral gas (at .1 to .3 eV'). As a result. the
0 cool flow at the edges relaxes the heating constraints on the nozzle material while the hot
. central core preserves and even enhances the allowable power density and specific impulse
- of the device. The concept has a potential application in racket propulsion.
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Figure 1 shows the tandem mirror device with a hot plasma column. One could

envision a very hot plasma exhaust surrounded by an annular laver of insulating gas.
The hot plasma is generated by a two stage process involving an initial source of cool
dense plasma injected axially into a straight tandem mirror device from the left end. Once
magnetically confined. the plasma can be heated to the ke\' regime by microwave injection.
The plasma then escapes through one end into an exhaust nozzle on the right end. The
nyvbrid plume is formed slightly downstream of the nozzle throat. as the hypersonic annular
gas layver is injected and a stable boundary is established.

The rocket propulsive efficiency 1 is in free space and in the absence of gravitational

2v,u

1iT @ interms of vehicle velocity v and exhaust velocity u. Optimum

effects is n, =
efficiency occurs when v = u. The hybrid plume would produce a variable specific impulse
I,, which allows the engine to be optimally tuned for all phases of flight. The terminal

velocity of the hybrid is nearly ten times the initial velocity when reaching burnup.

3.0 Physical Problems

The physics of high temperature hydrogenic plasmas, interacting with hypersonic
gas Jets are not well understood. Analvtical and numerical modeling of these interac-
tions requires the simultaneous, self-consistent solution of particle, momentum and energy
transport equations for each particle species. Therefore, the crucial area of investigation
pertaining to the phvsics of hybrid plumes is the numerical modeling of the plasma;gas

interaction in the exhaust.

The numerical modeling results have to be tested experimentally. The plasma con-
ditions achieved in the fusion program have exceeded the need for propulsion purposes.
However, the devices used for fusion experiments are usually large because the purpose is
aimed at power reactors. To find a light and compact device suitable for propulsion has

to be carefully investigated. The basic plasma physics for the compact device and control

of plasma flow are not known and need extensive experimental study.
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4.0 Time Dependent Fluid Modeling

As discussed in the summary. the parametric study obtained by the code developed
previously has shown the viability of the hybrid plume rocket 2.3. The interactions
between the neutral gas jet and plasma have been demonstrated to form the transition
region required to form the hybrid plume. Also, with varving the amount of neutral gas
introduced into the svstem. one can modulate the central core temperature. This is an
important parameter in controlling the plasma flow. The next critical issue to address is
the detailed flow dynamics of the hyvbrid plume concept. Specifically. whether the plasma
flow will derach from the nozzle and produce usable thrust at high I,,. Preliminary results
show that the neutral gas jet can provide the momentum needed to cause the plasma to
form closed magnetic flux surfaces which will flow out the exhaust duct like a ring and
eventually disconnect from the main field line. This phenomena will be referred to as field

line disconnection in this write-up.

[he previous code used a cyvlindrically svmmetric duct with the plasma flowing axially
and diffusing radially. This assnmption was used to understand the principle mechanisms
involved with the hyvbrid plume concept and to study the feasibility of the hyvbrid plume
concept. The code was not designed to specifically study the disconnection process. The
n.agnetic field was assumed constant in time and essentially constant in space (a modified
diffusion coefficient was used to model the weakly diverging magnetic field). The code
calenlated density. n. temperature T, and axial velocity V.. The radial velocity was not
needed because of the diffusion model used. This iimited the interactions between the
neutral gas and plasma to the diffusion time scale. In reality, the plasma will physically
flow radially along the diverging field line. In a real nozzle, V. will be important. Depending
on the strength of the interactions between the neutral gas jet and the plasma. the plasma
may cling to the field lines and actually reverse directions as the magnetic field bends
around the edge of the nozzle. Also. the dyvnamics of the flow can alter the local magnetic
field. so the field would be non-stationary. Thus to accurately model the hybrid plume,
and the separation of the plasma from the field lines. one must improve the numerical

model significantly.
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A simple mass and momentum balance argument shows that the neutral gas jet can
provide the momentum needed to drive the disconnection and separate the plasma flow
from the field lines. Since the neutral gas jet is located near the wall of the exhaust. the
interaction region will form downstream from this point. The magnetic field will be falling
off rapidly in this region. Thus. the momentum required in the neutral gas jet can be small
while still driving the reconnection process. A potential sequence is shown in Fig. 2. The
neutral gas jet flows axially down a duct immersed in a diverging magnetic field. As the
neutral gas jet becomes ionized. its resistivity and flow profile modify the magnetic field
and the remaining plasma flow. This allows the flow to disconnect from the nozzle and
continue down the duct. This detachment mechanism is presently under study and will be

one of the new modifications to the present code.

Our current effort has been to improve the computational model to include a more
realistic magnetic field geometry. Further refinements in a physics of the interactions
between the neutral jet and plasma will also be included. In an actual machine it is not
obvious that a true steady state will be obtained (periodic operation can be envisioned).
The new model will be time dependent. two dimensional in space. and three-dimensional
in velocity and electric and magnetic fields. For fullv ionized plasma the ion and electron
density are approximately equal. These two species of particles have different mobility
and <hould be treated as separate fluids in an open system like our case. ['he complexity
i~ double that of the single fluid treatment. However. the electron is much lighter than
the 1on. It 1s reasonable to make the zero-electron mass assumption. A zero-electron-mass
hyvbrid code is being developed. It is a two-fluid. two dimensional (r and ). quasi-neutral
code. This code can adequately model the complex flow and evolution on the hybrid plume

dvnamics.
With zero mass the electron momentum equation reduces to

VopTe ue xE

ep c

E -n-d. (1)

where E is the electric field vector. p is the particle density, T, 1s the electron temperature. €

is thor charge of an electron. 11, is the electron velocity vector. E is the magnetic field vector.
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n is the resistivity tensor. and J is the current density vector. The fluid equations for ions
are the same as reported previously. Using the Darwin limit of Maxwell's equations and
also the magnetic vector potential A. the electron momentum equation can be rewriiten

in a form for the time evolution of A,

. . 2
A-c P uux(TxA) - —p . UxVTxA. (2)
€p T 4w

One actually only needs the theta component of the above equation and one can obtain

both B, and B.. A similar transformation results in an equation for the time evolution of

Be.

The electron fluid velocities are calculated according to the currents. In other words.

B
Lrer = L'ir - Jfé&o s
imep 0Oz
- g c 24,
L‘eO - L19 - Vod 0 (3)
mep
lve: - (’zz - ‘ ) !QQ‘@ .
iTepr Or

All that is needed to complete the picture are the fluid quantities, and they are

calculated using the normal fluid equations for mass. velocity. and temperature.

The goal of the current development will be the ability to model the detailed behavior
of the plasma, gas flow in a complex magnetic field. This is important because the plasma
will tend to cling to the field lines (which diverge). while the neutral gas will tend to go
straight. The bulk flow will be some complicated balance between the two. The higher
the plasma temperature, and thus higher potential /,,. the more the plasma flow will be
frozen the field lines. To obtain realistic thrust predictions, detailed characteristics of the
flow field must be determined. The code solves for the evolution of mass. momentum,
»nergy, and magunetic field. The plasma equations are solved explicitly. with the coupled

field equations solved implicitly.
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5.0 Plasma Heating
"~ il
o
) Progress made in ICRF heating this vear includes the theoretical study. the power
e : : . . .
o absorption of the plasma, and design of the power svstems for ICRF heating. An engi-
L, . . . . .
“ neering design of the rf power transmission svstems was performed with the assistance of
A
‘.’* the radio frequency power transmitter expert from the Alcator group.
i
:: On the theoretical side. further work was done in the optimization of antenna heating.
:: Last year, power absorption calculations were performed in a slab Cartesian geometry.
R While the results obtained using Cartesian geometry proved insightful. thev are not very
P~ physically applicable. The geometry of the device is such that the free space wavelength
- of the RF waves generated A are much larger than the physical size of the plasma and or
~ the device a. Since the Cartesian approach means that the plasma is in effect of infinite
e . . . g .
3 size such that the geometric effects of its cylindrical shape do not affect the results, it
f’
'; means that we need A >> a. which is not the case here. So while the calculations obtained
3 using slab geometry are useful in that thev vield intuitive results, they are not a very
X
effective model of the physical conditions of the experiment. This vear, calculations using
e the cyvlindrical model are performed and are being examined. Collisions are included to
- examine what eifects collisions may have on the heating of the plasma. In the future. finite
19
R temperature effects will also be introduced to better model a laboratory plasma.
-
v . . . o
:. [he electromagnetic field structure inside a cvlindrical plasma was calculated and
-
‘:: examined to maximize the power injected into the plasma by the antenna.
L
Define:
1 L, = I(vr) . (1)
“
,I“ Jnir = Ja(vir) . (5)
4 Jazr = Jnlrver) . (6)
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- From Maxwell’s equations. the fields inside a cvlinder can be calculated to be:

- Region I (Plasma Region)

.'
: }{:(T‘) = IIIJnlr - :lE'.?Jn'.’r s (9)
]-::(T‘) = EQJn2r - yZHlJnlr . (1())
. Region I {Vacuum Region)
{ N i
H.r)y=H; I, - Hy Knr (11)
L E.(r) = EJ I, - E; Kp»r (12)

-\-: Region [II. (Vacuum Region)

", H,(r)=HS I, - Hy Kp,, . (13)
N E.(r)=EJIis + E5 Knr . (11)
( »

K-. T'he coefficients of the fields can be found subject to the following boundary conditions:
i

- B.C.

::

= (1) Atr=c,

? Ee = E. 0. (15)
I Ho = 0. (16)
F. (2) Atr=b

N

- -
™ Eorr = Eor11 . (17)

“

q E.r = E:rnr . (18)
!

" Herp = Heprp - Jeo (19)
o Herrr = Her - Jss . (20)
E 3) Atr-a

"

i 9
K
q
Y
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oAy .'
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Egrr = Eoryr .

<

E.rr - Ezrpr .

o ws e s

AR

Horr = Eoryy {

%N us

N H.ip = E.pqr .

L5
“

After calculations were performed to find the field coefficients. the power injected into

[
444.1&

~

the plasma can be evaluated by

S

S = Ex H*,

dk.

it

, T
T

and

Ces

» “'{ . ’

P,

< d
plasma —‘/ ‘—})’dkz :

 dk. (26)

’.'A'A'.L.l.
v N

Define elements of the dielectric tensor (including collisions of collision frequency v, ):
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The radial power flux is found by
S 1E H”
= = X
T2
= EgH,; - E.H; . (15)

Assuming a loop antenna, the formula for the power flux through the plasma’s edge

{r=a) 1s found to be:

2.I"(:]ZJH?QQ {- > f V1 A‘?‘I’Dn
SY‘ — B - B E-FD.- - o . >‘;‘77 '"'"7‘_*'7—_
weg | ¥ aP(¥2 - D?2k}) (k2 — k3S ~ pk2))
A (M ke kekES (25 - nUD
v Uidnzadnze’  LJuzeOosKncPsP(W2 — D2k3)(k2 - k26 — 3
k2WS(2S ~ n?) (16)
P(\pz Dzk4)Ab bknan2aP3
*A{"(K R2 ~ KWnDak? S*(2S -n2)(25" -n?) ﬂ
\\pJnZaJnZG JngaP2(\p - D2 k*)(l‘.z kgb - ;kgl)nﬁ'anaAb/b'ng

The real power flux absorbed by the plasma can then be found by taking the real part
of the radial Povnting flux, Re(S,). The total power into the plasma can then be found

by integrating the Poynting Flux with respect to k,.

In future work, the cyvlindrical analysis will be extended to warm plasmas so that
a more realistic model of a laboratory plasma can be obtained and compared to future

experimental results.
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o 6.0 Performance Characteristics of the Hybrid Plime Rocket
f::v
Y
..a.
v - . . . . . - . .
This discussion focuses on the basic physical laws governing the operation and opti-
-r »
\l . . . . . .
ey mization of the hybrid plume. It assumes a suitable power soirce can be provided which
N
.
Y ' : S
':;.y can deliver a power level. P, to the plasma. Microwave and other rf efliciencies are not
>
) discussed here as thev are experimental quantities which need to be measured in a real
2] . . . .
I device. As such. these values neither add nor subtract to the physics to be discussed here.
T
" With these considerations. the basic momentum and energyv relationships as thev would
WO \ )
N
"
- ! . . .
% apply to the hybrid plume engine will not be explored.
N
N 6.1 Basic Assumptions
<
. The basic momentum balance for a rocket in free space and assuming no gravitational
Fo effects can be e..pressed as
\'h“ !
NS , um -
o ro=- - - (-ll)
- m
N
( where ' and m' are time derivations of the vehicle velocity with respect to a fixed point
- (i.e.. the Earth) and rocket total mass respectively. u is the exhaust velocity as measured
e
- in the frame of the rocket.
A
N ;
9 The rocket exhaust power flow. P, can also be expressed as
L) ‘_’ 2
Y U
N, P-m - . i 18)
b o 2
b
? \.w
% Also. the various masses can be related a follows:
]
- m(t) = mem(t 4
"y (t) 0 f( ) ( )
.(-.‘./
o]
ok : ; -
o where my is the total mass of rocket and fuel at ¢ = 0. and m(¢) is the total mass of fuel
. .'
0. exhausted through the nozzle at time ¢,
i
o~ We not define the propulsive efficiency of the engine. n,. as the fraction of the total
-~ A
o . . . . . . . .
:\, power available which i1s converted to vehicle kinetic power. That is.
Yo .
™Y N v .
v T = w2 (50)
- v~ (v - u)
N
o
~
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where T is the instantaneous thrust, m'u and the quantity m'(v - u)? ‘2 represents the
residual power which is carried out by the exhaust. In terms of the velocity ratio (v/u),

Eq. (30) can be recast as follows:

Np = —VA)—QT . (51)

Equation (31) is shown plotted in Fig. 5 as a function of the velocity ratio. It can be seen

that the optimuni occurs when v = u.

With the above requirement, one can now rewrite Egs. (47) and (18) in terms of v

along; that is

v = - (52)
m
and
2P = v2m' . (53)

Equation (532) can be integrated to give
v dv ™ dm .
i - (54)
vo v ma m

v Mo v
— = = 29
To m ( )

<o that

and. defining the mass fraction 5 as my, mg

N (1{7) . (56)

Equation (56) is shown plotted in Fig. 6 as v/vp as a function of 5. For comparison,
the same velocity ratio profile for a constant I,, chemical rocket. with u/vg = .5 is shown as
a dashed curve. One can view this result in two ways; first, for the same mass fraction. the
hvbrid plume rocket can achieve significantly greater velocities, and second, for the same
terminal velocity the hybrid plume rocket represents a substantially lower mass fraction

and hence a substantially greater payload capacity.
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- In this regard. it must also be pointed out that a constant, high I,, rocket is also
b, attractive. However, the hvbrid plume concept presented here has some added advantages
v over even this latter approach. This will be shown next.
L. 6.2 Rocket Performance With Variable I,,
:' In order to be desirable the hvbrid plume rocket must also have sufficient acceleration.
Y Accordingly. it is important to obtain a relationship for v as a function of time. Such a
relationship will be derived next. Using Egs. (33) and (53) one can write
2P dm ,
' —hz dt = —2 . (57)
(vormo) m
J Integrating this expression
' 2Pt " dm
! -5 (58)
4 (vOmO) mo
L where the negative sign has been introduced to account for the mass decreasing. The result
! after integrating is
A 1 2Pt 1
R —— e = — (39)
. Mo (vomy) m
s and solving for m as a function of time gives
.
, 1
v. 7"1:‘\ - (1‘.1mfl2
; From this expression one can calculate the burnup time = which defines the dry mass of
( the rocket m,.
: 2 2
¥ m Vamn
. T = 1———”>_°—°. (61)
mo 2Pmr
o Equations (55) and (60) can now be combined to obtain velocity as a function of time:
(
2Pt
i v(t) = vo ~ (62)
. Voo
'y
: and an additional integration yields the distance x as a function of time:
( Pt2
x(t) = vot = - — . (63)
UnMMo
)
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{
A

o L T N DS N T ‘N’ .f'f -l' 4. .’ \{. Y T VA
.l' I‘ -’ l' ™ J' J‘ s vf' -l' -f‘ f -f‘ BT .P AR IEREN 4‘ . o -f _\ oL Hw
‘.' SN, AN - - \' -' !‘ 5 \ '- .’ \ ~ ‘. > ’\‘ \ - “ \ N \.\‘ \ $ N ' .“‘" s .l~ . .'. q.n. L)




CAEMENENE TS

‘e

P

Do

‘l "
P

»

.~
s TN

A e i)y,

B AP

Acrl
PSR

3

DNOY RN

- i g -
> ~ gt '.‘.'./.' ,.f

O K

oo "el e o " SR Y

-

‘s 4 ¥, i
3!‘0".::'..:‘-".':'. Yoh t"%"'t.:‘:!:':.:::’hoeﬁ!:%,.' W n'l o'fo'l Yot .o’i

Note from Egs. (62) and (63) that the acceleration is constant and equal to 2P/vemy.

6.3 Constant I,, Rocket Performance

By a similar process. the conventional rocket equation can be shown to be

1
l‘(i) = lp — U In li_.?t (64)

where u is the exhaust velocity and 3 is defined by the equation

!
m m ¥ .
g= L2 (65)
mo mol t

and where the mass flow rate m' is considered to be a constant. The integration of Eq. (64)

vields the distance as a function of time,

“3t - g (66)

: 1
x(t) = vot —u |t +

and relating 3 to power through Eq. (48) one can use

f)
3. 2P (67)

u27n0

Equations (65) and (67) can be combined to vield an expression for the exhaust

velocity or I, in the case where it is a vonstant.

1/2
‘- (E’i‘) . (68)
moYy
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‘ 6.4 Illustrative Examples
bf
N Two cases have been considered to compare a variable I,, rocket to a constant I,
.: one operating at the same power lcvel.
o First. consider a distance of 7.8 x 107 Km. as in a trip to the planet Mars. and consider
\
b two power levels: P .3 MW and P - 1.0 MW. One inquires as to the total trip time
o for a rocket plus pavioad of 1.122 < 10" Kg delivered at the destination as a function of the
\
L total fuel on board. The analvs's produces two times: t . from Eq. (66), which denotes the
. trip time for a constant /,, rocket and t,. from Eq. (63). which denotes that quantity for
)
" a hybrid plume rocket operating with its exhaust velocity optimally tuned in accordance
o)
:' with Eq. (49). The results are plotted in Fig. 7. Note that the solution of Eq. (63} gives
# only one point for a given value of P and hence. the two power levels under consideration
r here vield the two values of t; shown in the graph. For t.. on the other hand. the solution
. of Eq. (66) vields a continuous curve simply because one has flexibility in the m' and I,,
}' combination chosen to meet the power level requirement.
{
j Note rom Fig. 7 that all the values of ¢, are higher than the value of ¢, at the
; corresponding power level. Additionally. decreasing or increasing the power level has a
!/ corresponding effect on trip time but does not change the relative comparison. There 1s a
v minimum trip time and hence, an optimum fuel mass for the constant I, rocket. given a
! ‘ pavload and a power level. Physically, this means that too much fuel can significantly slow
': down the ship and too little means a verv low acceleration for the trajectory. The hybrid

plume, on the other hand, while using more fuel. insures that the acceleration is constant

and trades off thrust for /,, as the rocket velocity increases.

- -

The second example is shown in Fig. 8 for a much longer trip and a smaller payvload.
The results are qualitatively the same: however, the gain in performance of the hybrid

plime over the constant /,, vehicle is much greater in this case.

These considerations show the fundamental advantage of variable I,, propulsion. How-

ever. these results must be taken in the context of rectilinear motion in gravity-free space.

- 4 - g
Sl VL Qs r 22 23 2 A 2 IPIT P 2F

The same analvsis for the gravitational two-body problem of orbit transfer is now being
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.‘ pursued by our research team. In principle. the important quantity to follow is the vehi-
N
e cle’s state vector (i.e., velocity and position) with respect to the Earth (if the fuel is loaded
.
there). Under these circumstances. the relative velocity of the rocket mav varv from a low

o , \

. value at apogee to a high value at perigee or gradually decrease as the vehicle spirals out.
o~ The control law for the operation of the engine may be different in form: nevertheless.
) variable [,, propulsion will probably vield substantial advantages in this realm as well.

o

-

X 7.0 Experunental Facility

o The purpose of this work is to investigate the basic physics of the small tandem
B mirror device. The goal is to establish a generic tandem mirror plasma facility ~uitable
o

g for investigating the hyvbrid plume and other high power variable I,, plasma propulsion
. concepts 1.2.3.

L4

: [he tandem mirror design is shown in Figs. 1 and 3 and has the following major
N : : : -
- components: the magnetic containment coils. the vacuum vessel. a cold plasma injector at
{ the closed end. an rf antenna for ion cyclotron resonance heating (ICRH) and capability
» for a hvbrid plume exhaust at the open end. The plasma i~ injected by a gun and heated to
- a few 100 eV in the central cell by ICRH. I'he hybrid pinme can be produced by injecting

a hypersonic. coaxial gas jet at the exhaust end which partiallv mixes with the hot plasma

K. to produce thrust. The exhaust can be controlled by a combination of varving the injector
1
b current. the electric potential in the anchor. the magnetic field and gas jet stagnation
VQ I £ J g
> pressure. During the design phase it was decided to quadruple the magnetic field intensity
q
M reported previously 1 to increase confinement time. This was done with minor changes to
w
& the coil configuration. The design of a crvogenic coil svatem. vacunm vessel and structure
* were kept as simple as possible.  Alignment is minimal. Initiallv. only the central cell.
\
. booster coil and mirror coils will be required. The loffe and saddle corls will be added

»

L]

. . . . . . . . .
”, later. Ingenious design and fabrication methods have been devised to facihitate a drastic
, saving in fabrication costs. Table I lists the major parts for the device. the parts being
+

M . . . .
P built. and the parts deferred for future upgrade. The central coils and one mirror coil
" have been delivered and electrical tests have been performed. The waveform of the tests
'
-
' 8

Y

4

4

y

*
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i~ shown in Fig. 1. The mirror cotl has been energized up to 1000 amp for up to I sec time
duration without cooling. The true values of inductance and resistance are also measured.
['he assembly will begin in the fall. The objectives of this experiment are listed in Table

I and are also discussed below.
tai Plasma containment. replenishment. and exhaust

[he bulk plasma will be generated by rf breakdown of gaseous hydrogen in one of the
closed mirror end or in the central cell. The central cell plasma buildup wili be observed
and the exhaust through the other end will be measured. Tuning of the magnetic field
coils and electric plug potential profile will be performed to obtain the best grade central
plasma and the most useful exhaust. Means of plasma replenishment such as central cell
gas injection. a gas blanket. pellet injection. and streaming gas from the closed end will be
investigated. The effect of these repleniching methods on the exhaust properties at both

low and high particle confinement times. will be the center of interest.

iby  Plasma heating

Plug and central cell plasima heating by ion cvclotron resonance heating (ICRH} will
be n<ed. The efficiency of this energy injection method is highly dependent on antenna
design and magnetic field shaping. Accordingly. a major objective of this research i1s to
optimize the antenna design for this particular application and investigate the operational
regimes and power levels which can be achieved. Other forms of energy loss. such as
radiation and charge exchange affecting the overall power balance. will be measured as

well.
{c) Stability and control

One of the major objectives of this experiment is to generate stable and well-behaved
plasmas over as large a set of operating conditions as possible for the compact device. A
great deal of existing experimental knowledge and raw data. derived from similar fusion
experiments will be utilized here to achieve the best plasma operation under varving con-
ditions. This will become useful later, in future experiments with variable [,, exhausts.

Clearly then, stability and control of the plasma will be an important area of investigation.
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_"C Moreover, the very fact that a preferential flow direction exists in this case will mean a
-
v ertain asy -in the configuration of the machine in the longitudinal direction. Tt
certain asymmetry in the conhiguration of the machine in the ongitudinal direction. The
[
- ¢ffects of such asvinmetries on plasma stability will be investigated.
.~
- The bulk of the experimental data will be integrated in the form of an “ouperational
. envelope”™ map for this device. Such a map will continue to be ref...ed as more experience
, i~ gained and will form the basis for the next phase. where a wide variety of high thrust.
o variable [, rocket experiments will be investige.red.
o
<. .
.. (dy  Instrumentation
14
L)
N A control system will be developed to achieve high reproductivity of the plasma and
14
- exhaust properties with minimum monitoring for reliable operation.
.
‘-\
.
48
® References
-
s
N - . . -
- I Chang. F. R.. Fisher. J. L.. Nucl. Fus. 22 (1982).
,“
‘--

C‘hang. F. R.. Krueger. W. A.. Yang. T. F., Fisher. J. L., “Plasma-Gas Interaction

L ¥
to

b Study in a Hybrid Plume Plasma Rocket™.  AFOSR/AFRPL Chemical Rocket Re-
%
b search Meeting. paper 51. Lancaster. CA. March 1985.
o
P 3 Chang, F. R.. Kureger, W. A.. Yang. T. F.. “Numberical Modeling of the Hvrid
_‘\-‘:' Plume Plasma Rocket”, AFOSR/AFRPL Chemical Rocket Research Meeting. paper
E 30. Lancaster. CA, September 1986.
"-J
;J‘ ! Chang. F. R.. Krueger. W. A.. Yang, T. F.. ATAA 'DBLR/JSASS Int. Electric Propul-
_:: sion Conf.. paper AIAA-85-20-{9, Alexandria, VA, September 1985.
.::: 5 Yang, T. F.. Miller, R. H.. Wenzel, K. W., Krueger, W. A.. ATAA 'DBLR/JSASS Int.
. Electric Propulsion Conf., paper AIAA-85-2054, Alexandria. VA, Sept. 1985,
Ve
:-: 6 Yang, I. F.. Chang-Diaz. F. R., Peng, S. Y., Krueger, W. A.. AFOSR, AFRPL Chem-
:-:: ical Rocket Res. Mtg., paper 29, Lancaster, CA (1986).
°
v
o
o
7 20
[
e
. \j
"

- -
Ly J

P e P s
v \f‘,-., -ﬂ-r"

¥, -I‘!




:; W. ¥ "l Sl AN AN Sl Al Sl A AFE a0 AR a R
)

?

(~ TABLE I

;n

'

i Major Parts Parts Being Built Parts for Upgrade
.

! Central Cell Coils Central Cell Coils

;_ Vacuum Chaniber Vacuum Chamber

» Booster Coils Booster Coils

e Saddle Coils Saddle Coils
Ioffe Coils Ioffe Coils

P2 RF Transmitter RF Transmitter

. and Antenna and Antenna
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W
)
e Experimental Objectives
L
™ .
') 1. Plasma containment.
Y
"l RF breakdown of hydrogen gas.
A
v .
Lo Central plasma buildup.
-l
- Scanning of magnetic field and electric plugging field for best grade central
-’:'
NS
7 plasma.
N\
w* .
N 2. Plasma Heating.
] : :
s Plug and central cell plasma heating by ion cyclotron resonance heating
RS
10
A method.
f\
4
I . . .
" Optimize heating efficiency.
- 3. Stability Control.
VA
i G ble and well-behaved pl er a large s |
s enerate stable and well-behaved plasmas over a large set of operating
o
‘
D) conditions.
P4
I\l .
o 4. Instrumentation
.x-'
o o :
oyl Minimize instrumentation.
-““i
o'l
R 5. Thrust and I,, study.
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