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INTRODUCTION

This report presents the physics rationale that established the

engineering design of ZTH. The physics criteria are given and the

implications regarding the engineering design ace presented.

Experimental and theoretical background evidence is given in support of

the criteria but the justification is left to other reports and peer

reviews. In the interests of controlling the length of this report the

physics criteria to be discussed here are limited to the ones deemed to

be of highest engineering priority.

The issues and physics criteria are not presented in a

mathematically closed fashion. The process of developing the physics

criteria is a complicated procedure; constraints related to available

resources are involved in the process, but are not discussed here. The

final engineering specifications are the result of an intricate interplay

of physics requirements coupled vith engineering constraints. The values

presented here represent an intense effort on the part of the ZTH

*Work performed under the auspices of the USDOE. MASTER T
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Technical Steering Committee to determine priorities and resolve the

issues.

The ZTH design issues are listed in alphabetical order in the first

section of this report, along with the design specifications for each

issue. The physics criteria that generated the values for the design

specifications are addressed in the same order in the following section.

This method of presenting the information will cause some repetition and

requires premature presentation of some new criteria. These criteria

will be justified later in this report. The author asks the reader to

accept the procedure in the interests of simplifying this presentation.

ZTH DESIGN ISSUES

ZTH ISSUE
ASPECT RATIO A=R/a
BETA THETA &»
CURRENT Ix(MA)
CURRENT RISBTIME Tr(ms)
FIELD ERRORS

INTERNAL INDUCTANCE1 1,
LINER RESISTANCESmS)
MAJOR RADIUS OF LINER R(m)
MINOR RADIUS OF LINER a(m)
SHELL TIME CONSTANT T (ms)
TERMINATION VOLTAGE (kV)
TOROIDAL VOLTAGE V+(V)

VOLT-SECONDS (Wb)
WALL-LOAD LIMITS (MW/m2//s)

VALUE
6

DESIGN VALUE =0.1; RANGE 0 TO 0.
DESIGN VALUE =4; RANGE 0.5 TO 4

50
FIELD LINE DEVIATION ±5mm VRT LINER
AND/OR MAX. ISLAND WIDTH AT REVERSAL
SURFACE + 0 . 0 8 7 5 a VRT REVERSAL

SURFACE (MBFM)
DESIGN VALUE =1.4; RANGE 0.5 TO 2.0

8.5
2.400
0.4

z 50
20

4MA DESIGN VALUE = 7;
2MA DESIGN VALUE =10;
IMA DESIGN VALUE =14;

0.5MA DESIGN VALUE =20;
28.8*
10/t

RANGE 15 TO - 9
RANGE 30 TO -18
RANGE 60 TO -30
RANGE 60 TO -36

*For 60kA in the Ohmic Heating coil.
DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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PHYSICS RATIONALE FOR SPECIFICATIONS

ASPECT RATIO

The aspect ratio is selected by using criteria based on equilibrium

and thermal vail loading specifications. Because of the possibility of

highly localized thermal flux either damaging the first vail or

increasing the impurity level of the plasma, a criterion is established

(see Vail Load, this report) to keap the outer flux surface tangent vith

the liner surface by ± 5 mm. However, the presence of a highly

conducting shell surrounding the liner limits control of the equilibrium

position by vindings outside the shell. Attempts at equilibrium control

vill generate an m = 1 toroidal current in the shell. This current vill

generate field errors in the area of the ports and the poloidal field gap

in the shell. Limits on the magnitude of the field errors then constrain

the degree of achievable equilibrium control. Reducing the time constant

for the vertical field fro penetrate into the shell allows an increased

degree of equilibrium control for times greater than the shell time

constant. However, there are bounds to the smallest allowed value for

the shell time constant (see Shell Time Constant, this report). Since it

is difficult to gain equilibrium control on time scales less than the

shell time constant, it becomes necessary to design the system so that

the ± 5 mm limit to equilibrium shift is passively obtained. This is

accomplished by selecting the most likely value for expected plasma

parameters that is, design values, and, in addition, a range of possible

values for the relevant plasma parameters. The equilibrium position1

depends on geometry (aspect ratio) and the plasma parameters, 3Q, and lj.

For the expected range of these plasma parameters the aspect ratio is

selected so that the maximum shift of the outer flux surface is within

± 5 mm of the equilibrium shift for the design values of the plasma
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parameters. The liner is then shifted outward in major radius by an

amount equal to the design value. Figure 1 illustrates the concept and

shows that an aspect ratio of six satisfies the condition. Increasing

the aspect ratio beyond six will increase the cost.

BETA THETA (6e)

The design value for PQ is selected from the ZT-40M data base and

from an evaluation of the international Reversed Field Pinch (RFP) data

base. The range is selected on the basis of the lowest possible beta

that could be considered, for example at times early in the discharge, to

the highest value, which derives from experimental experience and

consideration of resistive MHD stability theory.

CURRENT

The selection of the current is based on the requirement for ZTH to

achieve specific goals. It is expected that ZTH will achieve parameters

that address confinement issues at the Proof-of-Principle (POP) level.

One of the significant issues is the potential for ohmic heating to

ignition level temperatures. This goal has to be considered in the light

of available resources. The achievement of 4 keV temperatures by ohmic

heating alone, without auxiliary heating, is deemed to be at the POP

level and is a major factor in the determination of the current for ZTH.

Scaling data from the ZT-40N experiment is used to predict the

current necessary to achieve a 4 keV electron temperature. Temperature

data from ZT-40M are shown in Figs. 2a and 2b. Figure 2a shows the

electron temperature measured by Thomson scattering vs. the toroidal

plasma current and illustrates that the temperature for a specific

current can vary over a relatively wide range. Figure 2b presents the

same data but the ordinate is now the product of density and temperature.

The improved fit to the data illustrates the interdependence of the
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density and temperature for this scaling run. From these data the

temperature is taken to scale as T(keV) = I(MA) with I/N = 3 X 1 0 ~ " A - B .

This scaling is referred to as the "Design Point Scaling" in the ZTH

Technical Specifications. Depending on experimental conditions various

scalings for the temperature have been measured and documented in other

publications.2"7 The reported scaling has varied from IQ 1 *2 tolg0'6. The

significance of the various scalings on the performance of ZTH is

discussed later in this report in the section "Toroidal Voltage."

The above justification for the current simplifies the procedure of

generating the global parameters for ZTH. An overall set of design

values for plasma parameters is established consistent vith the goals of

ZTH2. Variations around the design values are then determined to allow

for experimental exploration.

CURRENT RISETIHE

The selection of the current risetime is dictated by a balance

between technological limits and physics requirements. In principle,

there are no direct plasma physics criteria that specify the current

risetime. The specification is initially constrained by the recognition

that a longer risetime will require a larger ohmic heating coil. The

initial magnetic flux in the ohmic heating coil must be sufficient to

establish the magnetic.flux associated with the inductance of the plasma

discharge as well as the resistive voltage drop of the plasma. The fux

associated with the plasma inductance is independent of time, being equal

to LI. However, with a long risetime for the current, the discharge

remains in a relatively low-current high resistance state for a longer

period of time and more volt-seconds are required.
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Some of the constraints that are put on the system to establish a

risetime involve deciding on the maximum voltage that can be applied to

the ohmic heating coil, total current that can be switched with an

inductive energy storage system, aspect ratio, minor diameter of the

plasma, and the diameter of the ohmic heating coil. These constraints,

together with mechanical stress limits for the ohmic coil, determine the

available volt-seconds as a function of the diameter of the coil. The

results are then compared to the volt-second predictions based on scaling

results8 from the present data base. The selected constraints are:

Maximum voltage at a coil terminal, 50 kV; Aspect ratio six or greater;

Mechanical stress limits in the OH coils at accepted fusion engineering

levels; Maximum current in the OH circuit 200 kA (the specific ZTH

design9 uses four 50 kA inductive energy storage opening switches); Minor

radius ~ 0.4 m. The result of these iterations is the specification of

50 ms for the current risetime with the additional constraint of a

specific form8 for the evolution of the current.

FIELD ERRORS

Magnetic field errors can arise from the construction and

installation of the coils, the discrete nature of the coils, skin effect

of the conductor, currents induced in structures, and magnetic field

fluctuations induced by the plasma. Whatever the source, specific

conditions can be established with the goal of maintaining good flux

surface geometry. The consequences of some of the field errors, and the

criteria applied to limit their effect on the ultimate performance of ZTH

will be considered next.
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HAGNETIC ISLANDS

Magnetic field errors can change the topology of the flux surfaces

producing a structure termed magnetic islands.10"12 The criterion

established here for the allowable size of the magnetic island deals

specifically with the m = 0 perturbations. These perturbations can

resonate for all values o£ toroidal mode number n at the position where

the toroidal magnetic field in the plasma goes through zero. Since this

position is near the liner (~ 70 mm for ZTH), relatively small holes or

other perturbations in the liner and shell can produce large magnetic

islands. The width of the magnetic island, in vacuum, can be calculated

from the following equation,10

bBr U / 2

InBGq'
r(b)J (1)

Where, b is the radial position, in this case the position at which

the toroidal magnetic field reverses in direction, Br(b) is the magnitude

of the error field, n is the toroidal mode number, Bp(b) is the magnitude

of the poloidal field, and q'(b) is the derivative of q (q = bBi/RBg) at

the reversal position.

The criterion established for the maximum size of the magnetic

island limits its width to be equal to the distance between the reversal

position and the wall. Since the island is centered on the reversal

position, this criterion limits the breakup of the magnetic flux surfaces

by the magnetic islands to one-half of the above distance. Figure 3

displays the results of the error field calculation as a function of the

toroidal mode number n. The MBFM13 is used to calculate the derivative
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of q at the reversal position (q' = 6xlO~3 cm"1), assuming that the

cut-off value for the MBFM is 0.7a.

Detailed numerical calculations of the size of the magnetic field

islands for the actual arrangement of ports in the ZTH shell are reported

at this workshop.14

The engineering implications regarding the tolerances for the coil

manufacture and mounting can be noted by referring to Fig. 3. Specific

calculations have to be done for each coil set to translate the allowed

field error into a manufacturing tolerance. A general observation can be

made regarding the toroidal field coils. The specification on the

location of one toroidal field coil with respect to its neighbor is not

severe because of the high toroidal mode number (n) of the toroidal coil

set (n = 48). However, the global position of the entire coil set must

be aligned with the axis of the shell, liner, and other coil sets with a

high degree of accuracy to assure that the low n resonances are of small

amplitude. This would imply that provision for in-place measurement of

the magnetic field be provided in the design along with the ability to

use shims to locate the coils.

The allowed field errors for higher m modes are taken to have the

same n dependence as the m = 0 modes. Note that the resonance condition

m/n = q means that for m - 1 the resonance modes are n > 10 for the RFP q

profile. In general, imposing the same allowed error is found li to be a

conservative procedure for the ZTH design.

GLOBAL DISTORTION OF FLUX SURFACE

A toroidally symmetric field error induces a global distortion of

the magnetic flux surfaces. These distortions can result in magnetic

field lines that are close to the liner or first wall intersecting the

surface of the liner or first wall. Also, a localized field error from a
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port in the liner or shell can produce a local distortion of the magnetic

flux surface without inducing a large magnetic island because of high m

and n mode numbers associated with the perturbation and the rapid

decrease of the amplitude of the field error with distance from the port.

It is possible that the field error from a pump port can satisfy the

island criterion but induce a local deviation of the magnetic field line

that is unacceptable. The criterion that defines the limits on the

distortion of the flux surface is presented in the section on thermal

wall loading. The deviation of the magnetic field line at the surface of

the liner is specified to be < to 5 mm. The 5 mm limit derives from the

requirement to limit the localized wall loading to be no more that twice

than average. This limit then constrain:, the size of ports in the liner

and shell and the magnitude of liner and shell currents.

INTERNAL INDUCTANCE

The value of internal inductance is essential to establishing the

basic equilibrium characteristics of the plasma. Its value has been

calculated15 for the RFP as a function of the parameter 6 (6 = B Q

(a)/Beverage). The design value for 0 is taken to be 1.5, from

operational experience with ZT-40M. Theta can range from 0 at t = 0 to

as high as 1.9 or 2. The zero value is by definition at t = 0, and the

high value again comes from operational experience with ZT-40M. The

range for 1^ is obtained from Ref. 17 for the range of 6 from zero to 2.

LINER RESISTANCE

If the liner resistance is too small, toroidal and poloidal voltages

will drive currents in the liner that can give rise to magnetic field

errors in the form of localized field errors of relatively high toroidal

mode number near diagnostic ports and gaps in the shell, and a global

(n = 0) addition to the vertical magnetic field required for equilibrium.
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The voltage that drives the liner current is induced by the time

variation of the flux in the ohmic heating coil (toroidal current drive),

time variation of the flux associated vith the toroidal magnetic field,

and time variation of the vertical magnetic field used for equilibrium

control.

Constraints that bound the high values of liner resistance are

limits on the allowed termination voltage, liner material, and mechanical

stress. The termination voltage is discussed later in this report.

Liner material is specified as stainless steel or Inconel, based on

present experimental experience. Limits on the resistivity of the liner

material have not been established in a controlled way; however, highly

insulating materials such as ceramic are not materials of choice.

To develop the value for the specification for the liner resistance

first consider the relative magnitude of the field errors.

GLOBAL DISTORTION OF EQUILIBRIUM

A poloidally uniform current flowing in the toroidal direction on

the surface of a torus gives rise to a vertical magnetic field. The

magnitude of the vertical field, in the absence of a conducting shell

surrounding the liner, can be calculated1 using the equation,

Bv = — ^ [ln(8R/a) - 1/2J . (2)

Where, Ij is the liner current, R is the major radius, and a is the

liner radius.

This value of the vertical field is to be compared to the vertical

field required to keep the plasma in equilibrium as given by Shafranov,1
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U_Ix

Bv = -2-? [ln(8R/a) + X - 1/21 . (3)Bv

Where, IA is the toroidal plasma current, and

X = |Se + lj/2 - 1 . (4)

For the design values of ZTH the last two terms in Eq. 3 (X - 1/2)

are relatively small compared to the natural log term (~ 20%).

Therefore, a substantial vertical field can be generated by the current

in the liner, depending on applied toroidal voltage and liner resistance.

For example, the initial voltage in ZTH will be ~ 700 volts, if the liner

resistance vere one milliohm, then the initial liner current would be

~ 700 kA. Since the plasma current would be starting from zero, the

equilibrium would be severely distorted for a substantial fraction of the

current rise to the 1 HA level. The situation is somewhat more

complicated by the fact that the liner has a time constant for

penetration of the vertical field. Therefore, at time t = 0 the vertical

fiald inside the liner will be zero. It will build up on a time scale

for vertical field to penetrate the liner (~ 1 ms) to the value

determined by the toroidal loop voltage and liner resistance.

The presence of shell surrounding the liner modifies the amplitude

of the vertical field. In addition to the functional dependence on the

toroidal liner current and aspect ratio, the vertical field now depends

on other factors like the position of the liner in shell and the time

constant of shell.
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Assuming an infinitely conducting shell, the vertical field in the

liner is reduced by image currents in the shell that are generated by the

in<e dependent liner current. In fact, the vertical field can be

cancelled1 by selecting the position of the liner with respect to the

shell. However, for the particular geometric and plasma parameters of

ZTH, the horizontal position of the liner with respect to the shell that

vould zero the vertical field is neither the geometric axis nor the

plasma equilibrium position defined in the section on aspect ratio.

The time evolution of the vertical field inside the liner can now be

examined. At t = 0+, the vertical field inside the liner is zero. Then

on the time scale for field to penetrate the line (~ 1 ms), the field

builds up to the maximum determined by the cancelling effect oi. the image

currents in the shell. The resulting vertical field is still relatively

small, being on the order of 10X of the vertical field if there were no

shell (for the parameters of ZTH). Then on the time scale for the image

currents in the shell to resistively decay (50 ms for ZTH), the vertical

field builds up to the no-shell value determined, in part, by the

toroidal voltage. Of course, the toroidal voltage is decreasing in time

as steady state conditions are achieved. The approach taken here to

resolve the question is to establish the liner resistance, initial and

steady state (flat top) toroidal voltage, si&a of the diagnostic ports,

time constant of the shell, and aspect ratio based on satisfying other

design constraints, and then verifying that the global distortion of the

equilibrium flux surface, resulting from the vertical field produced by

the liner current, is within the criteria. The effect is illustrated in

Fig. 4. A liner resistance of 10 m2 is assumed and the shell time

constant is assumed to be 50 ms. The resulting normalized shift of the

equilibrium is less than the specification of 0.0125 (5 mm/400 mm) for
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the assumed liner resistance. Note that the shift is directly

proportional to the current in the liner.

A 10 mQ liner satisfies the specification for the global equilibrium

shift sr the test case examined above. The assumption of a toroidal

voltage that linearly decreases vith time is vithin the expected variance

for ZTH. Specific details will not be the same for other experiments,

however.

Other constraints on the liner resistance are considered next.

LOCALIZED DISTORTION OF EQUILIBRIUM

Pump ports, diagnostic ports, poloidal field gaps cause a localized

distortion of the magnetic flux surface. Two conditions are established

to control this distortion. One condition is based on the size of the

magnetic islands generated by the field error (see Magnetic Islands, this

report), and the other on the magnitude of the distortion of the flux

surface from a circular geometry and the resulting localized heating (see

Wall Loading, this report). The limitation on the liner resistance

imposed by the size of the magnetic island criteria will be considered

first.

Magnetic Islands. The liner planned for ZTH has a sixteen-fold

toroidal symmetry (imposed for structural strength). Each of the 16

toroidal positions has some magnetic field perturbing element such as,

diagnostic ports and pump ports. (There is a single poloidal field gap

in the shell.) A detailed analysis of the final design is under way.14

For the purpose of establishing an initial design, simplifications are

required. A conservative approach assumes that the mode number n = 16

dominates the field error spectrum and the poloidal mode number is m = 0

even though the ports are localized in the poloidal direction. The

radial field error (Br) is calculated
16 assuming a circular hole in the
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liner vith a uniform parallel magnetic field (BE x T) on one side of the

hole.

The maximum value of the ratio Br/Bg x T is found to be equal to

- 0.02 using 50.2 mm as the radius of the pump port, and 101.1 mm for the

distance from the port to the reversal surface. The latter distance is

the sum of 67.4 eun, calculated from the MBFM,13 and 33.7 mm, the distance

from the port to the plasma surface. The value of 50.2 mm for the radius

of the pump port is determined by compromise between field errors and

vacuum system requirements. Referring to the section on magnetic

islands, it is noted on Fig. 3 that for n = 16 the maximum allowed field

error is - 0.008 BQ(a), where Bg(a) is the value of B Q at the liner.

Therefore, the field error exceeds the allowed value by a factor of two

and one-half if the liner current were equal to the plasma current. This

situation then limits the liner current to be < 0.4 of the plasma

current. Using the ZTH voltage specifications for the 0.5 MA flat-top

current phase, a liner resistance of > 0.3 mfi (60 V/(0.5 HA x 0.4)) would

satisfy the island width criteria. However, the start-up voltage

(~ 700 V) can be ten times the flat cop voltage (< 60 V) and the plasma

current is initially zero. It is impossible therefore, to satisfy the

island criteria for all time. A cut-off value for the plasma current

must be chosen below which the criterion does not apply. Since the

plasma experiences large fluctuations and low confinement until the

reversed field is established, a plasma current cut-off could logically

be established at -0.2 MA or about 5 ms after current initiation. All

these conditions would require the liner resistance to be ~ 9 mQ

(700 V)/(0.2 MA x 0.4).
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Locallzed Perturbations. The selection of 5 mm as the limit for the

localized deviation of a magnetic field line near the liner is presented

later in this report. The basic premise is that a localized perturbation

vill result in an increase in the vail loading of the first vail, driving

the local vail tenperature above specified limits. The limit thai this

criterion places on the liner resistance is essentially the same as

presented earlier. The new feature is that the deviation of a magnetic

field line in the presence of the field error is now calculated by

integrating the equation for a magnetic field line in the vicinity of the

port. The geometric parameters of the problem are essentially the same

as defined earlier. The field error is generated by the same liner

current floving around the 50.2 mm radius port. The field line deviation

is calculated with respect to the first vail rather than the toroidal

magnetic field reversal surface, as was done earlier. All the other

aspects of the problem, such as a cutoff current concept, still apply to

the calculation.

The definition of the problem is further complicated by the need to

define the location and material of the first vail. Two cases can be

considered: the first vail is the liner, completely exposed to the

plasma; the first vail is the surface of a graphite armor that entirely

covers the liner. In the first case, the first vail vill be located

18.7 mm radially inward from the port; in the second, the first vail is

designed to be 33.7 mm from the port (the Technical Specification for ZTH

allows as much as 20 mm for the armor). This difference in radial

position for the metal and graphite first vail results in a factor of two

in the calculated magnitude of the field line deviation. For the same

case as treated earlier, namely the liner current being equal to the

plasma current, the field line deviation is ~ 20 mm and ~ 10 mm for the
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metal and graphite wall, respectively. The specification of 5 mm

deviation can be exceeded by a factor of four or two, depending on the

location of the first vail, which is to be compared to the factor of two

and one-half based on the magnetic island criterion. A factor of two and

one-half required that the liner resistance be ~ 10 m&. For this armored

vail case, the magnetic island criterion controls the liner resistance.

It should be noted that if ZTH is operated without armor to protect the

metallic liner, the temperature of the liner in the vicinity of the pump

ports should be monitored.

The specification that the liner resistance be - 10 mP. satisfies the

physics criteria established for the ZTH project within the restrictions

discussed above. The reader may wonder why the resistance is not made as

high as possible, subject only to material constraints. There is a

definite upper bound on the resistance as discussed in the section on

Termination Voltage.

MAJOR RADIUS

The major radius is defined by the aspect ratio once the minor

radius has been specified.

MINOR RADIUS

The primary constraint bounding the lover value of the minor radius

is the projected power loading on the first vail. Upper bounds are

established by the requirements to keep relatively high values of the

current density to maintain power densities in the range of the present

experimental experience, and to operate in the region of current density

where DT ignition by ohmic heating is possible in a compact reactor.17

The current-density constraint is in fact met by present RFP

experiments. Compact reactor current densities range form - 6 MA/m2 to

10 MA/m2, and present experiments are in the range from ~ 2 MA/m2 to
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lOMA/m2. Using the current density range noted above for the present

experiments, the radius for ZTH would range from ~ 0.36 m to - 0.7 m, at

4 MA. A selection is made by considering the thermal loading of the

first vail.,

The thermal loading of the first wall is determined by assuming that

all of the resistive input power is deposited on the surface of the first

vail with some local peaking taken into account. The functional

dependence for the first-wall thermal load can then be determined through

a scaling law for the resistive energy loss. The scaling2'18 of plasma

resistance is taken to be,

0.85 T-^CevJiL^I M™> (ohn)S)[a(m)J 1.14

Average vail loading is calculated by multiplying the resistance by

the square of the current and dividing by the wall area. The local wall

load is assumed to be greater than the average by a peaking factor of 10

(see Vail Loading). The local wall loading is shown in Fig. 8. The

maximum local wall loading is limited by specifying the maximum

temperature, of an assumed graphite first wall, of 1500°C.19 This

temperature constraint combined with other fusion experience20 related to

maximum transient wall loading of - 10 MW/m2/t, determines the lower

bound on the radius of the first wall. Referring to Eq. 8, the lower

bound is ~ 0.37 m. Making an allowance of 1.5 or 2 cm for the material

of the first wall would place the radius of the metal liner at ~ 0.4 m.

Moving to even larger values for the radius increases cost at the expense

of reduced current density and decreased wall loading. The selection of
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0.4 m for the minor radius is considered to be within the operational

experience of the fusion community.

SHELL TIME CONSTANT

Physics criteria that are used to determine the shell time constant

are:

(1) The time constant of the shell must be sufficient to sustain

passive control of the global equilibrium within the limits imposed by

the bandwidth of equilibrium feedback control system. This condition

would impose a lower limit on the shell time constant of - 20 ms.

(2) The time constant should be small enough to allow external

control of the plasma global equilibrium position within the limits

imposed by the field errors that result from shell currents induced by a

time dependent vertical field. >

(3) A time constant that is large enough to assure passive control

of the equilibrium against slowly growing kink modes, for the entire

duration of the current pulse.

The above criteria impose conflicting demands, but experimental

evidence indicates that a solution can be found. The importance of good

equilibrium conditions to obtain optimum performance has been illustrated

experimentally.21~23 Host present RFP experiments use thick shells that

have a time constant greater than the duration of the discharge. The

equilibrium position in these experiments is modified by applying a dc

vertical field before the plasma discharge. Licits exist however, on the

magnitude of a dc vertical magnetic field that can be applied and still

achieve electrical breakdown of the neutral gas in the discharge chamber.

Equilibrium control can be obtained with these "thick" shells by

overdriving the external vertical field. The resulting large m = 1 shell
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currents then cause field errors at holes and gaps in the shell that can

degrade23 the performance of the device.

The decision on the time constant must reflect a balance between the

need to control the equilibrium and the risk that slowly growing kink

nodes will destroy the equilibrium. Based on experimental22'24 and

theoretical25 work that indicates that the shell time constant can be as

small as one-tenth of the duration of the discharge, 50 ms is chosen for

the shell time constant. A shell time constant of 50 ms will satisfy all

three conditions, but the degree of equilibrium control on a comparable

time scale will be limited by the allowable field errors.

It is this mandate to obtain the maximum degree of equilibrium

control within the limits imposed by the field error constraints that

established the ZTH design for the poloidal field gap in the shell. The

poloidal field gap is an overlapping tapered structure specifically

designed26 to reduce field errors arising from vertical magnetic fields

penetrating the shell.

TERMINATION VOLTAGE

The physics understanding of the current termination in RFP's is not

yet fully developed. The maintenance of sufficient density has a major

role in controlling the termination27 and discharges have been extended a

significant amount by controlling28 the density. In fact the current can

be decreased to approximately zero without thi occurrence of a

termination.29 »30 Since the guaranteed absence of terminations is not

possible, it is necessary to plan accordingly. The approach taken is to

consider the worst case termination on ZT-40M (time scale for the

termination is ~ 100 us) and scale the termination time as predicted for

the resistive tearing mode. The time scale for the growth of the tearing
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mode is predicted to scale as the square root of the product of the

Alfven and resistive diffusion times giving,

t z

This scaling predicts a termination time of = 1 ms in ZTH. Computer

simulations, shown in Fig. 5, of a ZTH termination on a millisecond time

scale with a resistive liner predict the termination voltage to be 24 kV.

This is to be compared to a predicted 40 kV resulting from an

instantaneous termination at 4 MA with EI 10 mS liner resistance. To a

first approximation, the termination voltage can be scaled by the ratio

of the final design liner resistance to the 10 mQ value used for these

calculations.

It is recognized that the present experiments do not experience a

rapid current termination when operating at higher current. In ZT-40M

the current will slowly decrease from ~ 300 kA to ~ 100 kA before a

current termination occurs. The design voltage specified above is

considered to be very conservative,- A primary reason for the

conservative approach is the serious nature of the fault that would occur

if the poloidal field gap in the shell arced over. Breaching the voltage

insulation in the gap at a time when the ohmic heating coil is fully

charged could result in substantial damage to the front end.

Termination voltage specifications tend to force the liner

resistance to the lowest value possible. In view of the constraints

imposed by the magnetic field errors from liner currents, and the fact

that the technology is available to design for voltages - 25 kV, a liner
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resistance of = 10 mfi appears an acceptable compromise value.

TOROIDAL VOLTAGE

The flat-top toroidal voltage (V^ = I^R) is obtained using Eq. 5.

Therefore, the functional dependence of the voltage on current will

depend on the scaling of. temperature with current. Depending on

experimental conditions, the scaling of the electron temperature with the

current can have various functional forms.

The voltage for ZTH will be specified by first establishing a

"design voltage" and then a "voltage range" that allows for variation of

experimental parameters. The design voltage is specified by scaling the

temperature with the current as

Te(keV) = I^(MA) , (7)

and substituting into Eq. 5.

A range of electron temperature for various scalings of temperature

with current is shown in Fig. 6a. Figure 6b shows the predicted voltage

for the various temperature scalings. As noted e'arlier, the experimental

temperature scaling has varied from I^1"z to Ix°'6.

The range for the toroidal voltage must be sufficient to allow

exploration of the scaling predictions together with a reasonable

variation of experimental parameters that effect the voltage, such as the

value of 9 and the electron temperature. This programmatic need has to

be balanced against the resources available because the pover system is a

major cost in the project.

At this time, a variation of the toroidal voltage by a factor of two

greater than the design voltage at the highest operating current is

requested by the ZTH Technical Steering Committee.
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It can be seen that the factor of two in the toroidal voltage

specification allows operation over slightly less than a factor of two

variation in the temperature of A MA. At lower current the voltage can

be larger. The magnitude of the voltage depends on the modularity of the

pover supplies. The ZTH Technical Steering Committee has requested 60

volts at 0.5 MA.

VOLT SECONDS

The primary externally controlled factor determining the

volt-seconds derives from the specification of the time scale for the

duration of the discharge. This can be explained by noting that the

volt-seconds can be divided into two parts. One of the parts is the flux

that must be supplied to establish the magnetic field of the discharge.

Since the flux can be expressed as LI* where, L is the inductance of the

discharge, calculated in an appropriate manner, and I a, is the toroidal

plasma current, this part of the volt-r^conds is proportional to the

current. The second part i; the volt-seconds required to maintain the

.esistive voltage drop, integrated over the time scale for the discharge.

The first part of the volt-seconds is easily specified for the

designer once the design current is established. Evaluation of the

second part of the volt-seconds (resistive) is achieved by detailed

experimental8 investigation of various RFP formation and current

programing techniques. The details will not be covered here. Rather the

rational behind the specification of the time scale for the duration of

the discharge will be presented.

Since there is an obvious penalty for long duration discharges in

terms of the resistive volt-seconds that must be supplied by the OH coil,

the tendency is to make the duration as short as possible. Factors that

constrain this tendency are limits to the maximum toroidal voltage at the
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terminals of the OH coil, the amount of power available to ramp the

current in time, and the time to reach an equilibrium by ohmic heating.

The first two constraints are limited by technology and available

resources, and are discussed in other papers in this workshop. The last

can be investigated using numerical modeling. Figure 7 shows the results

from a 0-D model 31 used to predict the temperature as a function of time

for an assumed current waveform. The assumptions used in this model are;

Tj = Te, n = 2.5 x 1017, ohmically heated electrons with Zeff = 2, and

the energy containment time scales as (IA/N)IA3 2 .

By definition, the ohmic heating time will be the same as the energy

confinement time, expected2 to be < 85 ms. Having a total current

duration of ~ 0.6 s is considered to be compatible with the technological

constraints and the physics requirement to reach an equilibrium.

VALL LOAD

The specifications and assumptions for the first wall thermal load

strongly influence the design by placing a lower limit on the minor

radius of the liner. It is taken as a given that the metal wall of the

liner will have to be protected from the plasma discharge. ZT-40H has

experienced impurity from the plasma discharge. ZT-40M has experienced

impurity influx and physical damage to the liner caused by locally high

thermal flux. Driven by the requirement to protect the liner under any

condition results in the specification that the liner will be completely

covered by a protective cover. The material selected for this protective

cover is graphite because of its low Z and the extensive experience with

this material in tokamaks.

Experience regarding the use of graphite in tokamaks is used to

establish limits to the maximum wall loading. Figure 8 presents

operational results reported22 for tokanaks operating at various thermal
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vall loading and pulse durations. Also shown on the graph is a

calculation of the highest vail loading based on limiting the maximum

temperature of the graphite to 2300°K. The curve marked "Los Alamos

design spec." is obtained by reviewing the comments20 regarding

operational experience and excluding wall loads that have resulted in

substantial impurity influx or graphite tile damage. The resulting curve

is plotted a s Q : 10//t(HW/m
2/s) which implies a maximum temperature for

the front surface of the graphite. The references on the figure are

given in appendix A.

Having established a limit for the maximum thermal vail loading, it

is nov necessary to establish a relation betveen the maximum vail loading

and the average vail loading. Average is defined by dividing the

resistive power input by the surface of the first vail. The ratio

betveen the maximum and average vail load is termed the "peaking factor."

Contributors to the peaking factor are listed belov.

CONTRIBUTOR FACTOR

a) Unidirectional energy flov32 2

b) Displacement of flux surface with respect 2

to the first wall.32

c) Enhancement to allow for a factor of two 2.5

increase in the toroidal voltage and

experimental flexibility.

Considering the catastrophic effect on the performance of the device

if the wall impurities restrict its operation, a conservative value of 10

is assumed for the peaking factor.
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An analytic expression for the first wall radius as a function of

the plasma current can be obtained using Eq. 5 for the resistance. The

dependence of the ohmic input power on the current is obtained by

assuming T e a IA. The average wall load is then obtained by dividing by

the area of the first wall. Including a peaking factor of 10 the

following equation is obtained)

a > 0.3(I(MA)t(s))l/fi (meters). (8)

For a 4 MA plasma current and total pulse duration of one second

(the current run-down time is included), the value for a is > 0.37 m.

This is the position of the graphite first wall so allowance must be made

for the thickness of the material when specifying the linei radius.
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FIGURE 2a
Temperature at a function of
plasma current for various
plasma densities.

FIGURE 2b
The product of density and
temperature as a function of
plasma curent.

FIGURE 3
Magnitude of the m«0 field errors normalized to B« at the wall. The
solid line defines the maximum allowed error for a specific
toroidal mod- number.
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FIGURE 5
Computer simulation of a termination from 4MA on a millisecond time
scale. The liner resistance is taken to be 10mQ.
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Figure 7
0-D Computer simulation of the plasma temperature aa a function of
tine. The plasma is ohmically heated with a Zm of two.
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For information regarding "remarks" see reference 32.


