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6.1. INTRODUCTION

A typical reversed-field-pinch (RFP) experimental discharge can be divided into four
phases: (1) breakdown and formation, (2) current ramp-up, (3) sustainment, and (4) ter-
mination. A representative time history of an RFP discharge, taken from ZT-40M exper-
iments [1], is shown in Figure 6.1-1. Ignition and fusion burn in a reactor are achieved
during the current ramp-up phase, and operation of the current-drive system is required
during the sustainment phase. The breakdown and formation phase encompasses the time
from the start, which begins by establishing a toroidal magnetic field inside the discharge
chamber in the absence of the plasma, to the formation of a “seed” RFP plasma. At the
time of peak toroidal magnetic field, poloidal-field windings are activated to produce a
flux change through the center of the torus and, consequently, a toroidal voltage around
the discharge chamber. This voltage typically ionizes the gas in a few microseconds and
the toroidal current is initiated in the resulting plasma. The toroidal plasma current
and the toroidal magnetic field within the plasma increase while the toroidal magnetic
field at the wall decreases, keeping the average toroidal field (and the toroidal flux) in
the chamber almost constant. Eventually the toroidal magnetic field at the wall changes
sign and is crowbarred in the reverse direction relative to the back-biased condition of
the breakdown and formation phase.

The plasma current is then increased to the peak value during the current ramp-up
phase. The poloidal-field (PF) coil system provides the poloidal flux and the majority
of toroidal flux contained within the full-current plasma by the RFP dynamo. The
duration of an RFP experiment is extended by using either a passive crowbar applied
to the poloidal circuits, to give a decaying waveform, or an active (power) crowbar to
produce a flat-top current waveform. For a steady-state device, the sustainment phase
requires operation of the current-drive system (oscillating-field current drive for TITAN).

Reversed-field-pinch discharges normally end abruptly and the plasma current de-
creases rapidly to zero. Accompanying this fast current “termination” is a positive pulse
in the toroidal voltage at the liner, as is also shown on Figure 6.1-1. This current ter-
mination is in contrast to the negative spike in toroidal voltage that accompanies the
current disruption in a tokamak, indicating a difference in the flow of magnetic energy to
or from the plasma during the respective events. Furthermore, the RFP current termi-
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Figure 6.1-1. Typical matched-mode RFP formation for ZT-40M leading to the values
of ©,, F,, and I, [1] used as initial conditions for start-up, ignition, and
burn simulations.
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nation can be influenced through the control of the density or toroidal magnetic field [2];
generally, the RFP terminates only when toroidal-field reversal is lost.

It became evident towards the end of the early RFP reactor studies [3] and during
the scoping phase of the TITAN study [4] that the design limits for both the toroidal-
field (TF) and PF coil systems would be determined more by the plasma breakdown,
formation, and ramp-up transients than by the steady-state operational phase. The
desire to use the RFP dynamo to generate internal toroidal flux (rather than injecting all
the toroidal flux by the TF coils) and the constraints on bias stress and power strongly
influence the TF and PF coil designs. Furthermore, the PF-coil configuration determines
the coupling of ohmic-heating (OH) coils with the plasma, the magnitude of the stray
vertical field, and the degree of multipolarity of field nulls in the plasma chamber. These
in turn influence the breakdown and RFP formation conditions through the amount of
initial (vacuum) toroidal field, By,, and ultimately affect the TF-coil design.

Section 6.2 reviews the existing RFP experimental data base for RFP formation
and start-up, which is then applied to the TITAN designs (Section 6.3). The ignition
requirements for ohmically heated RFPs are studied (Section 6.4) in order to identify the
optimum path for TITAN start-up. Using the TITAN seed RFP conditions, a 0-D, profile-
averaged plasma-circuit code is used to simulate the evolution of the TITAN plasma
through current ramp, ignition, and burn transients (Section 6.5). Current termination
is a safety and economic concern because of large magnetic stored energy in the TITAN
plasma. Techniques for control of current termination and plasma shutdown, leading to

a “soft-landing,” are discussed in Section 6.6. Summary and conclusions are given in
Section 6.7.

6.2. RFP START-UP DATA BASE

A body of experimental evidence is beginning to accumulate that better defines the
windows for RFP breakdown, formation, and current ramp-up. The status in each of
these areas is summarized. Although much of this information is not fully understood
theoretically and extrapolation from ZT-40M-class experiments to a reactor is uncertain,
nevertheless this information and experience is assimilated for the first time and used as

part of the TITAN study [4].

Three modes of operation are generally used for RFP formation in present-day experi-
ments: self-reversal, matched, and aided-reversal. In the self-reversal mode, a conducting
shell maintains and conserves the toroidal flux inside the chamber. The self-reversal mode
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of RFP formation is used on OHTE/RFP and often on HBTX1A. In the matched mode,
the external circuits are programmed to conserve the toroidal flux inside the chamber by
maintaining the poloidal electric field, Ey, near zero at the liner, thereby simulating the
action of a conducting shell. This mode is usually used on ZT-40M. In the aided-reversal
mode, the external circuits supplement the plasma self-reversal effect, as is typically
used on ETA-BETA-II. Field control during the formation phase provides flexibility in
varying the pinch parameter, ®, on which the configuration depends. The choice of the
formation mode also affects the consumption of the poloidal flux during this phase of the
RFP discharge. The final plasma parameters, however, are not particularly sensitive to
the mode used for RFP formation.

In a conventional start-up sequence, the peak current is nearly reached at the time
the toroidal field at the wall reverses (end of the formation phase). This start-up mode is
undesirable in a large experiment or in a reactor because: (1) the RFP formation phase
is power intensive until reversal is reached, and (2) large voltages are required. It is
advantageous to set up the RFP configuration in a relatively short time at a low current
and low stored energy and then slowly increase the current to the desired value while
maintaining the RFP profiles. This mode of RFP start-up, called the ramped start-up,
has been demonstrated on the ZT-40M experiment. Figure 6.1-1 shows such a ramped
start-up, as well as the formation phase and key notation.

The ramped start-up scenario relies on the plasma relaxation process. During the cur-
rent ramp, the toroidal flux must be increased proportionally to the current to maintain
the RFP profiles while holding F' and © constant. This process requires the generation of
toroidal flux by the RFP dynamo, since the toroidal field at the wall is negative while the
average toroidal flux within the conducting shell is positive. The plasma must generate an
equal and opposite amount of negative and positive flux to satisfy Faraday’s law and then
expel the negative flux from the plasma to generate a net positive flux increase. Indeed,
the ramped discharges show that toroidal flux (Figure 6.1-1) continues to be generated,
and negative flux is expelled from the plasma; this process occurs on a multi-millisecond
time scale. Ramped start-up operation has also recently been reported for the HBTX1B
experiment [5]. The TITAN reactor design also relies on a rapid formation of a “seed”
RFP followed by a slow plasma-current ramp to the final value.

6.2.1. Breakdown and Formation

Plasma discharge and subsequent RFP formation generally occurs for values of the
ratio of toroidal electric field to initial filling pressure, E,/ P,, that are similar to tokamak
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values, but closer to electron runaway conditions. For example, for the JET experiment, a
value of E4/P, > 0.66 x 10* V/m-torr is reported [6], compared to 1 to 2 x 10* V/m-torr
for ZT-40M (7], which is close to electron runaway conditions. Figure 6.2-1 gives typical
breakdown and formation characteristics for a range of tokamaks [8] and for ZT-40M |9,
10]. Generally, breakdown and discharge formation are not problems for RFPs, but
the degree of pre-ionization can greatly influence the discharge quality and poloidal-
flux consumption [9,10]. Since, to date, stable and reliable RFP formation appears to
require a high E,, the generally common Ey/ P, values for both RFPs and tokamaks give
significantly higher values of P, required to create a robust RFP. An initial electric field
of E4 = 55V /m is indicated in Figure 6.1-1 for matched-mode operation.

A toroidal-field line of strength, By,, in the presence of a vertical field, By, will
intersect the first wall and thereby prevent the formation of a continuous discharge if
the ratio By /By, is too large. The condition for the confinement of a single toroidal
trajectory with a field null at a minor radial position, r,, is given by

'BV €
E;; _<_ 51—‘_ 1—(7‘0/Tp)2, (6.2-1)

where € = r,/Rr is the inverse plasma aspect ratio. For TITAN with 1/e ~ 6.5 and
setting r, ~ r,/4, Equation 6.2-1 results in By /By, < 0.02.

In addition, a drift constraint, E4/(By/Bg,) > 10> V/m, has been suggested for
JET [8]. This drift constraint together with Equation 6.2-1 results in E4; > 22V /m,
which is about a factor of 2 below experimental values derived from the ZT-40M expe-
rience. Therefore, breakdown voltage in the range 500 to 1,000V may be required for
the reactor. Careful designs that minimize field errors can possibly reduce these start-up
voltages.

Therefore, in characterizing the TITAN initial conditions, the following possible con-
straints on the toroidal electric field were considered:

% > 6.6 x 10® V/m-torr JET breakdown

) =22 > 103 V/m JET drift - (62-2)
By /By,
% ~ 1-2x10* V/m-torr ZT-40M

\ o
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Figure 6.2-1. Typical breakdown curves for (A) tokamak (8] and (B) RFP formation [9,
10].
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In order to establish the parameters of the seed RFP, the relationship between By, and
the average toroidal flux within the initial RFP, (By), must be determined (Figure 6.1-1).
Generally, (B;) ~ By, for RFP formation. Figure 6.2-2 shows the relationship between
By, and (B,) for a range of ZT-40M discharges, illustrating the experimental basis for this
assumption. For a given (By) and the initial pinch parameter, ©,, the initial (minimum)
RFP current or current density is determined from

Iyy = 5x10°r,0,(By). (6.2-3)

Hence, for (By) ~ By, = 0.05T at formation, and TITAN plasma conditions of ®, ~ 1.5
and r, = 0.6 m, the initial RFP current is I, ~ 0.2 MA.

Although the specification of ©, and (B;) at formation determines an initial cur-
rent density (e.g., jgo =~ 0.2MA/m? for above example for TITAN), other more domi-
nant constraints may exist. For example, the ZT-40M experiment exhibits a minimum
current-density limit which translates empirically to j4, > 0.4 MA /m?, below which RFP
formation is difficult. This constraint is not well understood, but the application of such
a constraint to TITAN represents a conservative connection to experiment and for the
above condition would require a doubling of By, ~ (By). Secondly, a number of RFP
experiments [11] have shown an impurity burn-through constraint, shown in Figure 6.2-3
for ZT-40M. For these conditions, burn-through requires that

’;‘l > 1004 Am. (6.2-4)
This constraint, however, when applied to the 0.2- to 0.4-keV plasmas expected for these
formation conditions may place the plasma strongly in the electron runaway regime. If the
runaway regime is to be avoided, which may or may not be a requirement, higher densities
will be required (e.g., for § = vp/vrge ~ 0.01, 7 > 2 X 10 m~2 for j, = 0.4 MA/m? and
T ~ 0.2keV).

Generally, if the density pump-out is too great prior to toroidal-field reversal for a
given initial filling pressure, P,, unreliable RFP formation occurs [7], as is shown in
Figure 6.2-4(A). Similarly, for a given P,, a maximum initial bias field, By, is found
above which RFP formation does not occur [7], as is shown in Figure 6.2-4(B). Al-
though RFPs form at lower values of By,, these RFPs have excessive poloidal-flux con-
sumption, as is also shown in Figure 6.2-4(B), for the ZT-40M conditions examined. It
should be noted that a variable and poorly controlled wall condition creates hystereses
and related unpredictable effects in many of these data correlations. The constraints of
Figures 6.2-4(A) and (B) have been com.bined in Figure 6.2-4(C) to eliminate the filling
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Figure 6.2-2. Relationship between By, and (B,) for a range of ZT-40M discharges |7,
10] where robust RFP formation occurred, as well as no RFP formation
and/or very shallow, spheromak-like RFPs were formed.



6.2. RFP START-UP DATA BASE

1 1 ] ]
0.5} |
X
0.4} -
X
2 A
w 0.3} A A -
~
g
(s
W oo2} % _
4
X x
0."— Xxx1§ -
III I
I
| ] 1 M |
Y 05 1.0 1.5 20
2 18 p-1 =1
Ta nFILL/Imux(lO A'm-!)

Figure 6.2-3. Typical impurity burn-through constraint for ZT-40M (7).



6-10

PLASMA TRANSIENT OPERATIONS

10 . | T T v
2 *
o | mELUBLE mep PR
«~N
) ° 7
-~ 7”7
205~ S -
< A :
°%// .
- @  UNRELMRLE RFP -
0 o
0 20 30 40
PRESSURE (mTorr)
0.5
ly='90-170ka' ' ' U 1 )
oal Ta® 1.5ms Po(mtorr) = 3.5
E | ~
-7
6&n 0.3} RELIABLE RFP _
FOE 2.5
ac
28 0.2 .
g;' “r UNRELIABLE RFP
S W
>
2 o4l -
L [ 1 1 1
(o) 20 " 40 60 80 100 120 140 160 180
INITIAL TOROIDAL BIAS FIELD, B4,°(mT)
Figure 6.2-4. Typical RFP formation windows showing: (A) dependence on a critical

plasma density, (B) magnitude of the initial toroidal bias field, and (C) a
combination of the two constraints [7].



6.2. RFP START-UP DATA BASE 6-11

pressure as a variable and perhaps to reduce the impact of these unresolved wall effects
on these data. The result is a relationship between minimum plasma density and initial
bias field that may be useful in assuring robust RFP formation:

101° for By, < 0.036 T
n > : (6.2-5)
2.78 x 1020 B¢o for B¢o > 0.036 T

Most present-day RFPs experience a significant loss of density or pump-out upon
formation, as is shown in Figure 6.2-5. The degree of density reduction between the
initial filling pressure and the final RFP formation is not well understood but it depends
strongly on wall preconditioning. Hence, the pump-out is expressed in terms of the ratio
of initial filling density, n,, to the final RFP plasma density, n, and the assumption must

be made for the reactor that pump-out and P, can be minimized, thereby minimizing
the Ey4 required under start-up conditions.

1.5
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Figure 6.2-5. Loss of density or pump-out for a typical ZT-40M discharge. Also shown
is the impact of pellet fueling on reducing pump-out [12].
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6.2.2. Current Ramp-Up

While the formation phase leading to the low-current (~ 0.2-MA) seed RFP is char-
acterized by a rapid current rise (150 MA /s for the case shown in Figure 6.1-1), and the
flux consumption can be a small fraction of the inductive flux delivered to the plasma, the
subsequent current ramp to ohmic ignition and burn in the TITAN plasma (I, = 18 MA)
represents a greater concern from the viewpoint of resistive flux consumption and the
implication on OH-coil and related power-supply designs.

Figure 6.2-6 shows that slow current ramp rates (9 MA/s) have been achieved in
ZT-40M. These current ramp rates are still large compared to those typical of tokamaks
(1 to 2MA/s) and are possible in RFPs because of the anomalous penetration of magnetic
flux. The slow current ramps of the kind shown are desirable for reactors since the bulk
of the flux injection can be supplied directly from the electrical grid at relatively low
power, rather than from an expensive on-site energy storage.

A significant decrease in plasma loop voltage is measured upon reversal of the toroidal
field and formation of the RFP. This behavior is shown for ZT-40M in Figure 6.2-7, which
also shows an optimal value of the pinch parameter from the viewpoint of loop voltage and
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Figure 6.2-6. Slow and fast current ramps in ZT-40M [7].
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resistive poloidal-lux consumption. The reduction in resistive flux consumption upon
controlling © at the optimal value is shown in Figure 6.2-8, which gives the resistive
volt-second consumption for a range of conditions, including the volt-second efficient
matched-mode operation. The ZT-40M data shown on Figure 6.2-8 indicate a constant
(resistive) voltage scaling (Vergs ~ 32.5V), which implies that the plasma resistance is
decreasing inversely with plasma current in this region. The implication of this scaling
on the TITAN-I reactor design is examined in Section 8.5.3.

6.3. FORMATION OF THE TITAN PLASMA

In this section, the set of constraints and options for breakdown and RFP formation
described in Section 6.2 are applied to the TITAN plasma formation. The notation used
here follows that of the previous section in that a o subscript denotes the parameters
of the seed RFP with the exceptions of Bg,, n,, and P, which denote, respectively, the
initial (bias) toroidal field, and the fill gas density and pressure. It is further assumed that
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Figure 6.2-8. Dependence of flux input on current risetime for a range of ZT-40M
operating conditions [1,7].
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during the RFP formation phase, the toroidal flux inside the plasma chamber remains
constant (i.e., (Bs) = By,) and the density pump-out is minimized (i.e., n = n,).

Vertical-field constraint. Applying Equation 6.2-1 to the TITAN designs with 1/e
= 6.5 and 7, < 7,/4 results in By /By, < 0.024. The stray vertical field for TITAN-I and
TITAN-II designs are, respectively, 0.43 and 2.3mT (Section 4.5). Therefore, minimum
initial bias fields are By, > 18 mT for TITAN-I and B¢o > 97mT for TITAN-II.

Density and current-density constraints. The impurity burn-through constraint,
Equation 6.2-4, results in a minimum value for js/n. Assuming that By, > 0.036 T in
Equation 6.2-5 and substituting for (Bs) = By, from Equation 6.2-3 results in a maxi-
mum value for jy/n. For TITAN plasma conditions of ©, ~ 1.5 and r, = 0.6 m, then

107 < lnf(A m) < 1.43 x 1074, (6.3-1)

Although the specification of ©, and (By) at formation determines an initial current
density, other more dominant constraints may exist. First, the ZT-40M experiment ex-
hibits a minimum current-density limit, which translates empirically to jg, > 0.4 MA /m?,
below which RFP formation is difficult. This constraint is not well understood, but its
application to TITAN represents a conservative connection to experiment. Second, the
maximum value of the poloidal beta of the seed RFP, By,, results in another constraint
on the minium value of js and/or the maximum value of n. The temperature of the seed
RFP should also be reasonable for the chosen value of js;. Third, high values of current
density (and/or low n) may place the plasma strongly in the electron runaway regime.
If the runaway regime is to be avoided, which may or not may be a requirement, the
electron drift parameter should be limited to £ < 0.01, where

vp 1.05 x 103 ._72

= = 6.3-2
— T n’ (6.3-2)

and SI units are used except for temperature which is in eV.

Based on the above discussion, the current density in the reference seed TITAN
plasma is set at jg = 0.4 MA/m? in order to provide a conservative connection to the
ZT-40M experiment. This choice results in Iy, = 0.45 MA and By, = (By) = 100mT
which satisfies the stray vertical-field constraint for both TITAN-I and TITAN-II designs.
The temperature and density of the seed plasma are set, respectively, at T, = 100eV and
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n, ~ n = 2.8 X 10® m~3. The corresponding gas (D,) fill pressure is P, = 0.4 mtorr. This
value of n is the minimum density that satisfies Equation 6.3-1 and it is chosen to ensure
Bso = 0.1. The resulting drift parameter, however, is { = 0.015.

The above set of parameters for the TITAN seed RFP is not unique and reflects a
compromise among breakdown and formation constraints. For example, higher plasma
temperatures can be obtained for higher values of (35,, which also reduce the value
of £ (T. =200eV and £ = 0.011 for B¢, = 0.2). Alternatively, one can increase n to .
4 % 10" m~2 (corresponding to js;/n = 107'* A m) to have £ = 0.011 and Bg, = 0.14 for
T. = 100eV. Finally, in order to reduce formation energy and flux consumption, js, can
be reduced to 0.28 MA/m?, relaxing the j4, = 0.4 MA/m? connection to ZT-40M. Then,
choosing n, ~ n = 2.8 x 10" m=2 (j,/n = 107* A m) results in £ = 0.011 and B¢, = 0.2
for T, = 100eV. For this case, however, the initial bias field is By, = (Bs) = 70 mT,
which satisfies the stray vertical-field constraint for TITAN-I but violates this constraint
for TITAN-IL

Toroidal electric-field constraint. Given the reference parameters of the TITAN
seed RFP, the necessary toroidal electric field can be found from Equation 6.2-2 to
be E4, 2 2.6 V/m from the JET breakdown condition and Eg, > 4 to 8 V/m from the
ZT-40M constraint. Note that the E,, value from the ZT-40M constraint is an order
of magnitude lower than that actually used in the ZT-40M experiment (~ 40 V/m) be-
cause the gas fill pressure in TITAN is much lower. The JET drift condition results in
E¢o 2 4.3V/m for TITAN-I and Eg, 2 23V/m for TITAN-II. This wide range of Ey,
translates into a loop voltage, V,, = 2w R E,, in the range of 100 to 500 V.

Low values of loop voltage are desirable because they reduces the requirements on the
power supplies and the insulation of the vessel. On the other hand, higher loop voltages
reduce the RFP formation time and may result in reducing the necessary resistive energy
and volt-seconds. In order to estimate the resistive energy consumed during the formation
phase, we ignore the compressional and resistive voltages during the initial phase of
the RFP formation, and approximate the current rise time by a sinusoidal, inductive
waveform (capacitor power supply). The current rise time, 7g, is then:

o _ 2V

~ T (6.3-3)

where L, is the plasma internal inductance (L, = 13.3 pH for the TITAN plasma). For the
ZT-40M experiment, I, /Tr ~ 30 to 40 MA/s while for TITAN, I4,/7r ~ 4.5 to 22MA/s
(for Ego ~ 4 to 20 V/m).



6.3. FORMATION OF THE TITAN PLASMA 6-17

Poloidal flux consumption. In addition to the required inductive flux, L,l4,, the
resistive flux consumption during the breakdown and formation phase can be estimated
using the average resistivity of

n = 491 x1072 0%, (6.3-4)

which has been reported for the matched-mode start-up of the ZT-40M experiment [1]. It
can be assumed that the above relationship can be directly applied to the TITAN plasma.
Alternatively, one can assume that plasmas with similar current densities have similar
resistivities. In the latter case, the resistivity of the TITAN plasma during formation is

n = 3.85x107 2004, (6.3-5)

which indicates a fivefold increase in the TITAN plasma resistance compared with esti-
mates from Equation 6.3-4.

Assuming that the resistivity remains constant during the formation phase, the resis-
tive portion of the formation energy is

TR
Wres = (27rRT)(1rr3)/o njsdt

Ry
FUI;OTR , (6.3-6)
p

]

and the resistive flux consumption is

/ T Vydt = 2 Wrss. (6.3-7)
0 I4o

The parameters of the TITAN seed RFP are given in Table 6.3-1. The formation time,
energy, and flux consumption are calculated for both estimates of the TITAN plasma re-
sistivity (Equations 6.3-4 and 6.3-5). The formation parameters are reported for three
values of toroidal electric field of 4, 8, and 20 V/m to cover the range of required loop
voltages discussed previously and also to study the resultant resistive lux consumption.
Table 6.3-1 shows that as Ey, is increased from 4 to 20 V/m, the formation time is reduced
from 100 to 20 ms and the resistive flux consumption and formation energy decrease by
fivefold. For Ey, = 20 V/m and plasma resistively scaling with current (Equation 6.3-3),
the resistive components of flux consumption and formation energy become small com-
pared to the total values, while for Eg, = 4 V/m, the resistive components dominate.

In summary, the conditions for plasma breakdown and subsequent RFP formation
for the reactor are expected to differ little from the conditions in present and planned
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Table 6.3-1.

PLASMA TRANSIENT OPERATIONS

PARAMETERS OF RFP FORMATION PHASE FOR TITAN

Plasma current, I, (MA)

Plasma current density, js (MA/m?)

Initial toroidal field, By, (T)

Average toroidal field, (By) (T)

Toroidal field at r,, By(rp) (T)

Poloidal field at r,, Bgo(rp) (T)

Pinch parameter, ©,

Reversal parameter, F,

Poloidal beta, G4,

Drift parameter, ¢

Fill pressure, P, (mtorr)

Plasma density, n (m™3)

Electron temperature, T, (keV)

Toroidal electric field, Eg, (V/m)

Loop voltage V4, (V)

Formation time, Tg (ms)

Resistivity from Equation 6.3-3
Resistive flux consumption (Wb)
Total flux consumption (Wb)(®)
Resistive formation energy (MJ)
Total formation energy (MJ)(®)

Resistivity from Equation 6.3-4
Resistive flux consumption (Wb)
Total flux consumption (Wb)(®)
Resistive formation energy (MJ)

Total formation energy (MJ )(“)

4.0
98.0
101.

11.7
17.9
2.64
4.06

47.5
53.8
10.8
12.2

0.452
0.400
0.100
0.100
—0.010
0.151
1.5
-0.1
0.1
0.015
0.395
2.80 x 10!°
0.100
8.0 20.
196. 490.
50.4 20.2
5.8 2.33
12.1 8.62
1.32 0.53
2.74 1.95
23.8 9.5
30.0 15.8
5.38 2.15
6.80 3.57

(a) Including L,I, = 6.29 Wb and 0.5L,I7 = 1.42MJ.
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RFP experiments [13]. Likewise, the conditions of the seed RFP plasma required to start
up the TITAN reactor, except for plasma size, are similar to present-day RFP param-
eters (I, = 0.2 to 0.4MA, n =110 3 x 10"m™3, T'=0.1 to 0.4€V). For the reference
formation scenario, loop voltage in the range of 200 to 500V is necessary to ensure short
formation time and acceptable resistive flux consumption and formation energy. The
scaling of plasma resistivity during the formation phase is an important issue that may
be resolved with data from larger RFP experiments. Better density and impurity control
during the breakdown and formation process may also be required.

Formation of a seed RFP with somewhat smaller js (and lower By, and n but
higher B,) would reduce the formation time and is desirable (but requires the relax-
ation of jg =0.4MA/m? connection to ZT-40M). For example, jg = 0.28 MA /m?
and n, ~n =28 x10®m™3 (j;/n = 1071* A m) result in £ = 0.011 and [, = 0.2 for
T. = 100eV. This 30% reduction in jg, results in 30% reduction in 7r, 40% reduction in
resistive flux consumption, and 60% in resistive formation energy for the same value of
E4,. For this case, however, the initial bias field is By, = (By) = 70mT, which satisfies
the stray vertical-field constraint for TITAN-I but violates this constraint for TITAN-IIL

6.4. IGNITION REQUIREMENTS

The steady-state analysis of global plasma power balance provides useful information
for the optimization of the plasma approach to ignition. Results of this type of analysis
for auxiliary-heated fusion devices are usually presented in the form of required auxiliary
power for power balance as a function of plasma density and temperature. This informa-
tion is then used to identify the path to ignition that requires minimum auxiliary heating
power. Similar analysis can be applied to compact RFP reactors in which the plasma is
heated to ignition by ohmic heating alone (no auxiliary heating).

The plasma models used for this analyses are reported in this section and they are
also used for the plasma-circuit interaction code of Section 6.5. The plasma parameters
reported throughout this section are all volume-averaged quantities, that is

n= = [" n(r)rdr, (6.4-1)

r2 Jo
except as otherwise noted. For example, the temperature is defined as:

2 T
T = n_rg Opn(r)T(r)rdr, (6.4-2)
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which is density-weighted volume averaged so that the plasma pressure represents a
volume-averaged quantity.

The plasma profiles used in the transient analyses are based on the equilibrium anal-
yses of Section 5.2. For the TITAN plasma analysis, two distinct sets of u and p profiles
have been used. For start-up and transient calculations of this section, a standard set of
profiles,

wr) = pO)[t = (/) ], (6:4-3)
n(r) = n(0)[1 — (r/rs)*"] , (6.4-4)
T(r) = TO[1 - (/) ], (6.4-5)

are used. At steady-state full-power operation, the TITAN plasma is deliberately doped
with a trace amount of Xe impurity to enhance core-plasma radiation and to reduce the
heat load on the divertor target plates. One-dimensional transport analysis (Section 5.3)
has been performed and the following plasma profiles were obtained:

u(r) = 2.843[1—0.44(r/r,)® — 0.56 (r/r,)] (6.4-6)
14.40 — 46.94 (r/rp,)2%% (0. < r/r, < 0.25)

T.(r) = { 16.07—10.29(r/r,) (0.25 <r/r, <0.833) , (6.4-7)
8.111 — 7.886 (r/r,)149%  (0.833 < r/r, < 1)

n(r) = 1.23x 107 [1 — 0.8577 (r/r,)**] . (6.4-8)

These profiles have been used in the simulation of the steady-state, burning plasma
of TITAN designs. The normalized profiles of plasma parameters (n, T, P, and pu),
magnetic field, current density, and safety factor, g, for both sets of profiles are shown in
Figures 5.2-1 through 5.2-4.

6.4.1. Particle Balance

The particle balance equation for ion species “j” (j = D, T, “He, etc.) is

n;
= Sj_—

Tpj

dnj
Ty —R;. (6.4-9)

Here S; is the particle source strength, 7,; ic the effective particle confinement of species

“” (including recycling), and R; is the loss rate of particle due to fusion reactions (if
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they fuse). The electron density is obtained from charge neutrality condition,

> Zin;, (6.4-10)
J
where Z; is the atomic number of ion species “j”. The effective plasma charge, Z.s; is
given by,
Zesy = — Zn,Zz (6.4-11)

In the study of TITAN start-up, ignition requirement analyses of Section 6.4.4 are
used to find an “optimum” density evolution, n(t), which results in the shortest and most

effective approach to ignition. Equation 6.4-9 is then used to compute the corresponding
fueling rate, S;.

6.4.2. Power Balance

The power balance equation for ion species “j” (j = D, T, *He, etc.) is

3d 3ngkT; 3 (T-—T Tj—TJ> (6.4-12)

n; kT; ; n L=t
ga (FD) = P g TB; 2 Tie +; 753
Here P,; is the power deposited into ion species “}” by energetic a particles as they slow
down (Section 6.4.3), 7g; is the energy confinement time and summation on “J” is carried
over all ion species. The energy equilibration time between Maxwellian species “j” and

“s,” 154, is given by

3v/278 ‘m, . 1\ 32
s 2m3e¢g m;m (kTJ + kT) , (6.4-13)

js = 4 2 72).
€ ZJ-Z,}‘J,

m,

where )j, is the coulomb logarithm, Z; and m; are, respectively, the atomic number and
the mass of species “j,” k is the Boltzmann constant, and €p is the permittivity of free
space.

The electron power balance equation is

3d 3 n kT,
2dt(n¢kT) ac+P — P, - =

OHM RAD 2 TE
e

_%XJ: (T TJ), (6.4-14)

TeJ
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where P, is the radiative power loss. The ohmic heating power into the plasma, P,,,,,,
is

2 T
P = 73_/(; m(r)Ji(r)rdr, (6.4-15)

p

where 7)), the classical resistivity of the plasma, is

42 ml? 1 e \?  Z.y
= 0.5 < < el ~3/2 o=
i 175 Ton (4“0) NZe) e (M), (6:4-16)
2
N(Z.ss) ~ 1+ 0.718 (—Zfizi—_-—l) : (6.4-17)
ejif

The plasma-resistance composite-profile factor, g,,,,,, which includes the effect of the

temperature profile as well as the field-line screw-up factor, was defined in Section 5.2
such that

POHM = Youm (77||> (JII>2 ’ (6'4'18)

where (7)) is the classical resistivity computed by using the average electron temperature,
T.. The parameter g,,,,, includes all profile information, is independent of plasma current
and size, and only depends on the plasma profiles (u, n, and T'), B, and F or © values
(Section 5.2). For F' = —0.1 and power profiles (Equations 6.4-3 through 6.4-5), gy,
ranges from 4.0 to 3.4 as (3 is increased from 0. to 0.2.

The radiative power loss from plasma, P, ,,, includes bremsstrahlung, synchrotron,
and line radiation losses. For the TITAN plasma, synchrotron radiation losses are usually
very small. The burning TITAN plasma is deliberately doped with xenon impurities to
spread the plasma losses uniformly over the first wall, which reduces the heat load to
the divertor plates. In this case, most of the plasma power is radiated in the form of
line radiation caused by xenon impurities (Section 5.3). These impurities, however, are
introduced into the plasma after the ignition phase in order to reduce the time and
energy needed to achieve ignition and steady-state burn. Therefore, line radiation is

ignored during start-up transient simulations. The radiative power, therefore, is mostly
by bremsstrahlung,

P.p =~ Ppem = 423 %1072 g, 12 Z.ss (KT.)/?, (6.4-19)

where girem is the bremsstrahlung profile factor,

2 .
Gorem = — szf(r)Tel/z(r)rdr. (6.4-20)
2 Jo
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The parameter, gyrem depends only on the profiles of electron density [fi, = n.(r)/n.(0)]
and temperature [T, = T.(r)/T.(0)]. For power profiles (Equations 6.4-3 through 6.4-5),
Gbrem = 1.329 and for radiative profiles (Equations 6.4-6 through 6.4-8), gyrem = 1.172.

The reactivity profile factors, g,,,, can be defined in the same manner,
32 _____(av)[fl"'i(r)] rdr, (6.4-21)
2 Jo (ov)(T3)

where 7 is the normalized density profile and (ov)(T;) is DT reactivity computed for the

plasma average temperature, T;, while (ov)[T;(r)] is the local DT reactivity. Then, the
a-particle power, P,, is

7', R R
9pr = nD(T) nT(r)

P, = kE4g,.(T:)npnr{ov)(T;), (6.4-22)

where E, = 3.52MeV is the birth energy of a particles. Note that g,, is a function of
average temperature, T;.

Finally, the RFP electron energy-confinement time, 7g., is assumed to scale from
values obtained in present-day experiments (Section 2.3.5) according to

B = C,Iy72 f(Bs), (6.4-23)

with typical values of the current scaling exponent, v, and the corresponding numerical
coefficient, C,, summarized in Table 6.4-1 and Figure 2.3-20 for 7g; = 4 Tg.. The function
f(Be) models the soft 3 limit and is assumed to have a value of one for 3 values below the
B limit, Bg., and to go to zero when the 3 limit value is exceeded. For TITAN transient

analyses, a value of v = 0.05 is used and f((¢) is modeled by a Fermi-Dirac probability
function,

f(Bs) = [l + exp (a ?Lg;ﬂ—o)] B , (6.4-24)

with a = 50 and (. = 0.22.

6.4.3. Energtic Alpha Particles

The distribution function of the fusion product “a” (e.g., a particles) in the plasma
can be found using the Fokker-Planck equation, which for isotropic distribution functions
is given by

8fs 18 8f. e
5 Z;vz 5 [Pas(v) 5 + Qas(v) fa(v)| + Sa(v) = La(v) . (6:4:25)
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Table 6.4-1.

RFP ELECTRON ENERGY-CONFINEMENT
SCALING PARAMETERS®)

v C, (s/m2-MAY)
1.50 0.1400
1.40 0.1140
1.25 0.0837
1.20 0.0614
1.10 0.0620
1.05 | 0.0554
1.00 0.0500
0.90 0.0407
0.80 0.0331

(a) TE = Z(I/TEe + l/TEi)_l,
TBe = Cy I§ r2; TBi = 47E..

Here, the summation is carried out over all plasma species (i.e., electrons, ions, and fusion

products), S, is the source of fast particles (e.g., fusion products), L, is the fast-particle
loss term,

La(v) = f“—w—) (6.4-26)

Tpa

Tpa is the fast-particle confinement time, and P and Q are given by

Pos = ‘—11 | I [/v fs(w) ut du + v? [,oo fs(u) udu] , (6.4-27)

Cas

4 —r.,, / Folw) e du (6.4-28)
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where

4 ZC,ZI-,e2 2 |
T = — Aas - 4-29
™ ( 4T €g ) (64 )

The density and pressure of fusion products, then, can be found from f,(v):

ne = 4 f°° falv)v?dv, (6.4-30)
(1]
dtm, [ 4
Pa = —3 /0 fa(v)v®dv. (6.4-31)

The power transfer due to collisions from species “a” to species “s” is

dP,,
dv

P, = 4mm, /Ooo [’Pa,(v) +v —v Qa,(‘v)] fa(v)dv. (6.4-32)

If species “s” has a Maxwellian distribution, f,(v) = (n,/7%?v?) exp(—v?/v?), P,, and
Q.. can be written as

2
Pas(v) = ﬁ Ny Uy ey G(v/0,) , (6.4-33)
2 2m,
Qas(v) = \—/—7? Ny Vs Las — G(v/v,), (6.4-34)
dp,, 2 v\?2 v?
Pas + v T = ﬁ Ny Vs [as (U_a) exp (— v—f) , (6.4-35)

where v, = {/2kT,/m, is the thermal speed of species “s,”

G(z) = g erf(z) — %exp(——:cz) , (6.4-36)

and erf(z) is the error function.

For the TITAN transient simulations, Equation 6.4-25 is solved using the numerical
method of Reference [14], which is an extension of Chang and Cooper technique [15].
Equation 6.4-25 is nonlinear (functions P,, and Q,, depend on f,). Therefore, at each
time step, an iteration scheme over the distribution function of fast species, f,, were
used: P and Q functions are evaluated using the old values of f,, new values for f, are
calculated based on these P and Q functions, these new values of f, are used to update
P and Q functions, and f, values are again updated until convergence is achieved. The
distribution of background plasma species are assumed to be Maxwellian. Because the
ion temperature is much smaller than the fusion a-particle birth energy (T; < E,), the
a-particle source is assumed to be a delta function at energy F,.



6-26 PLASMA TRANSIENT OPERATIONS
6.4.4. Ignition Analysis

The steady-state analysis of global plasma power balance provides useful information
for the optimization of plasma approach to ignition. Results of this type of analysis for
auxiliary-heated fusion devices are usually presented in the form of required auxiliary
power for power balance as a function of plasma density and temperature. This informa-
tion is then used to identify the path to ignition that requires minimum auxiliary heating
power. Similar analysis can be applied to compact RFP reactors in which the plasma is
heated to ignition by ohmic heating alone (no auxiliary heating).

Addition of the ion and electron power-balance equations (Equations 6.4-12 and
6.4-14) for steady state results in

g (% + ; n;EfJ) = Po+ POHM - PRAD ’ (6°4‘37)
where P,_,., Pr.p, and P, are given, respectively, by Equations 6.4-18, 6.4-19, and
6.4-22. Equation 6.4-37 can been solved for the required plasma current for power bal-
ance, Iy, as a function of density and temperature for a given plasma size, ion mix-
ture, plasma profiles (n, T, and p), F or © values, and the scaling of 7 as given by
Equation 6.4-23 and 6.4-24 (current exponent, v, and the soft 3 limit, B84.). Because of
the high density of RFP plasmas, the electron/ion energy-equilibration time, 7.7, is short
resultingin T, ~T; ~ T.

Results of this analysis for the TITAN plasma (r, = 0.6 m) are shown in Figure 6.4-1
for a 50:50 DT mixture, n. ~ n; >~ n (Z.s; = 1), plasma power profiles (Equations 6.4-3
through 6.4-5), and F = —0.1. A current exponent of » = 1.05 and a soft B limit of
Bee = 0.23 are used. Figure 6.4-1(A) shows a “ridge” in the I4-n-T space above which
the path to ignition and burn should be located (similar to corresponding diagrams
for auxiliary heated devices where a ridge for auxiliary heating exists). The optimum
ignition scenario attempts to pass over the ridge at its lowest height (saddle point).
This saddle point, which is denoted by a filled circle in the figure, is at T' ~ 7keV and
n~ 3 x 10°m™3 with a current of I, ~ 16 MA. The TITAN start-up path through
ignition and burn passes close to this saddle point (Section 6.5.3).

The corresponding contours of constant I are shown in Figure 6.4-1(B). The chain
dashed line in this figure is the contour of 8y = 0.2 and the points above this line all
have 3 values of ~ 0.2 because of the assumption of the 3-limited confinement. This
point is emphasized in Figure 6.4-2, which illustrates the 3y corresponding to Iy values
of Figure 6.4-1. The flat part of the B¢ surface at high T and n represent the operating
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Figure 6.4-1.
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point at the 3 limit. Note that the path to ignition should stay below this B¢ surface
since it should stay above the current surface of Figure 6.4-1. The By value for the saddle
point is about 7%.

The sensitivity of the structure of the I;-n-T ignition surface to the various assump-
tions has been also studied. The SB-limited confinement assumption does affect the ridge
structure and only changes the current values above the chain-dashed line of Figure 6.4-1.
If the confinement scaling is more favorable with current (higher v values), the saddle
point moves towards lower currents and slightly lower densities. For example, for v = 1.2,
the current is reduced to 12 MA. Increasing Z.s; from 1.0 to 1.7, increases the current
by about 10% and electron density by 50% (note that line radiation is ignored).

6.5. CURRENT RAMP-UP TO IGNITION AND BURN

The TITAN start-up scenario through current ramp, ignition, and burn transients
is chosen such that the start-up power is directly extracted from the power grid with-
out requiring an on-site power-storage system. This start-up scenario is described in
Section 6.5.1 and its implications for the poloidal-field-coil system are reviewed. The evo-
lution of the TITAN plasma through the start-up sequence is investigated by using a 0-D,
profile-averaged plasma-circuit code. The plasma models were described in Section 6.4.
The circuit model for the plasma, the poloidal-field (PF) system, and the eddy currents
in the FPC are reviewed in Section 6.5.2. A description of the plasma-circuit code as
well as the simulation results are presented in Section 6.5.3.

6.5.1. Start-Up Sequence

The current in the TITAN plasma is initiated and then ramped to full value through
induction by the PF-coil system. In addition to producing the required flux change, the
PF system must also generate the necessary equilibrium-field distribution. The most
efficient way to produce a net flux change is through bipolar operation of the coil system
since the stored energy, magnetic-field strength, coil stress, and joule losses would be
minimized. Plasma equilibrium depends on the magnitude of the plasma current and

the equilibrium field produced by the PF coils should closely match the required vertical
field for equilibrium.

For the TITAN designs, the PF-coil system is divided into two sets of coils: the ohmic-
heating (OH) coil set, which produces most of the flux swing but does not produce any
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equilibrium (vertical) field; and the equilibrium-field (EF) coil set, which produces the
necessary vertical field and may or may not contribute to the flux swing. This approach
allows the OH coils to be operated independently of the magnitude of the plasma current.
Futhermore, we will show that the magnetic properties of the OH- and EF-coil sets and
the start-up switching sequence can be chosen such that the EF coil produces the required

vertical field approximately, without any need for a highly controlled power supply for
the EF coils.

The TITAN-I start-up scenario is chosen such that the start-up power is directly
extracted from the power grid without requiring an on-site power-storage system (other
than the coils themselves). The start-up switching sequence is shown in Figure 6.5-1. An
illustration of the corresponding current and voltage waveforms are given in Figure 6.5-2.
The TITAN start-up sequence uses a bipolar swing of the OH-coil currents and begins
with charging the OH coils to their full back-bias values. The OH coils are then discharged
into a transfer resistor, while the EF coils are connected in parallel to the OH coils (“for-
mation and fast discharge” phase in Figures 6.5-1 and 6.5-2). The value of the transfer
resistor is set by the constraint on the maximum voltage across the superconducting EF
coils. The fast-discharge phase lasts about i to 2 seconds.

As the OH coils are discharging, the voltage across the circuit drops. When the
voltage across the OH coils reaches that of the grid power supply, the transfer resistor
is disconnected from the circuit and the grid power supply is directly applied to the OH
and EF coils (“slow-ramp” phase). The OH coils are driven to their full, forward-bias
current value and the EF coils and the plasma to their respective steady-state currents.
The voltage of the grid power supply is usually a few kilovolts and its value is determined
by the maximum power from the grid. The current-drive system begins operation during
this phase and will be fully operational at the burn phase, maintaining the steady-
state current in the plasma. After achieving the steady-state burn condition, the OFCD
system is initiated while the OH coils are discharged slowly, from the full forward-bias
current value to zero, in order to minimize the recirculating power and the coil-cooling
requirements. Initiation of OFCD operation during the slow-ramp phase is advantageous.

With the proper magnetics design of the OH and EF coils, this start-up scenario
will provide approximate plasma equilibrium throughout the start-up sequence. To find
the magnetics design requirements, we consider the fast- and slow-ramp phases of the
start-up sequence (Figure 6.5-1). Ignoring the trim-coil circuit and eddy currents that
may be induced in the fusion power core (FPC), the circuit equations for the plasma and
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Figure 6.5-1. Start-up sequence for the TITAN reactors: (A) Charge-up — OH coils are
charged to full back-bias value, (B) Formation and fast discharge - OH
coils are discharged through a transfer resistor (EF coils are connected
in parallel to the OH coils), (C) Slow ramp — grid power drives the OH
coils to full forward bia: current and the EF coils to their steady-state
value, (D) Transition — the OH coils are slowly discharged while OFCD
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ational. Initiation of OFCD operation during the slow-ramp phase is
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Figure 6.5-2. Schematic of coil currents and voltages during the TITAN start-up se-
quence corresponding to Figure 6.5-1: (A) Charge-up, (B) Formation
and fast-discharge, (C) Slow-ramp, (D) Transition, and (E) Steady-state
phases. Note that the time axis is not in scale.



6.5. CURRENT RAMP-UP TO IGNITION AND BURN 6-33

the OH and EF coils are, respectively,

dI, dlon dlgr
LP It + MOHp 7 + MEF,p 7 = —RpId, , (6.5-1)
dI dIOH dIEF VOoH
M, L M = — Rog I 5
oHp g, + Lon ——= + Meron —; Nog ~ fon lon (6.5-2)
dl, dlog dIgF VEF
—2 — - R 5-
Mgrp —, + Meron T Ller— Nog  Fer Igr, (6.5-3)

where the direction of the plasma current is taken to be the positive direction for the
current in all circuits, L and M represent equivalent single-turn inductances, currents are
given in Ampere-turn, and N denotes the number of turns in each coil set. Eliminating

Iog from Equations 6.5-1 through 6.5-3 and noting that vomg = vgr during both fast-
and slow-ramp phases, one has

N, dI
[NZH(MOHP Low Ly) — (Mon, MgFp — Mo EF Lp)] =% 4
N dI
[N(;H(MOHP Mown gr — Lon Meryp) — (Mo Ler — Mon,er MEF,p)] %
N, N,
= RPIqb (NIOE: LOH - MOH.EF) MOHp (NLEH ROH IOH RE IE) . (6.5-4)

If the resistances are ignored (circuit /R time is much longer than start-up duration),

Equation 6.5-4 can be integrated subject to the initial condition of Iy = Igr = 0 at time
t =0 to get

N .
Igp OH(MOH » — Lorly) — (Monp,Mgrp, — Mon,grLy)

T Non . (6.5-5)
¢ Nor ——(MoupMougr — LouMgrp) — (MoupLer — Mou,erMErp)

For a fixed PF-coil set, the vertical field produced by the EF coils directly scales with
the EF current, while the vertical field necessary for plasma equilibrium scales directly
with I,. Hence, the needed ratio of the final EF-coil current to the final plasma current,
—I#p/If = |Igg/1}|, and the single-turn inductances are known. Equation 6.5-5 can

then be used to find the value of Nog/Ngr so that the proper equilibrium is maintained
during the discharge:

Norn _ Monsr(Ci—Cs) (6.5-6)
NgFr Lou(Ci —C3) ’
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where

6 = 1 (L, Mgr, |ZE (6.5-7)

' = Mon, ik I* ’ e
1 Igp

C, = Monp — Mongr |+ (6.5-8)
LO I¢

Co = —+ (Mery— L Ir | (6.5-9)

3 = MOH,EF EF,p EF I;. . .

Parameters C; through Cj reflect the degree of coupling between various circuit elements.

Since the eddy current induced in the FPC and resistances in various circuits are
ignored in arriving at Equation 6.5-5, the equilibrium provided by the EF coils during the
start-up sequence is an approximate equilibrium. The TITAN PF-coil system, therefore,
includes a pair of small, normal-conducting trim coils to maintain exact equilibrium
during the start-up sequence. Using this approach, only the power supplies for the EF
trim coils have to be feedback controlled to ensure proper equilibrium. The EF trim

coils are also used during the steady-state cperation for plasma equilibrium control and
OFCD cycles (Section 7).

The magnetics design of the PF-coil systems for the TITAN designs is given in
Section 4.5 and magnet engineering issues are discussed in Section 10.5. The relevant
circuit parameters for the TITAN PF coils are given in Table 6.5-1.

6.5.2. Circuit Model

The time-varying electromagnetic fields incurred during the plasma transients induce
eddy currents in all the conducting materials surrounding the FPC (i.e., those of the
first wall, liner/conducting shell, vacuum vessel, blanket, shield, and structures). These
eddy currents retard and modify the plasma response to externally applied magnetic
fields. Furthermore, these eddy currents give rise to magnetic fields affecting the plasma
equilibrium, to electromagnetic forces on all conducting materials that carry the eddy
currents, and to an additional energy drain from the external circuits to compensate
for joule losses by eddy currents. Eddy-current modeling is, therefore, critical and it is
usually the most difficult task in plasma-circuit interaction analysis. The approach to
this problem, adopted for the TITAN study, is to divide the conducting material into
small strips that simulate the actual eddy-current path and distribution. Each strip
is modeled as an element of a complex circuit that also includes the external circuitry
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Table 6.5-1.
CIRCUIT PARAMETERS FOR TITAN PF-COIL DESIGNS(®)

TITAN-I TITAN-II

Self inductances (uH)

- L, 13.29 13.29
- Loy 2.74 3.68
- LgFr 15.02 13.35
« Lrvim 18.36 19.35
Mutual inductances (pH)
. Mo, 2.87 3.92
. Mog gr 2.26 3.04
- MoHTrim 2.99 4.03
. Mgr, 3.86 4.12
© MgrTrim 8.69 8.22
* Mrrimp 5.60 6.15
Current levels (MA-turn)
. I 17.75 17.82
- Igrp 19.24 18.60
- Aloy 55.80 40.82
Magnetic fluxes (Wb)
- Plasma 236.0 236.9
- EF coil 74.5 77.1
- OH coil 161.5 159.8

(a) Equivalent single-turn inductance values are given.
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and an equivalent circuit element for the plasma. The interaction of these elements is
taken into account through the circuit-inductance matrix, L, containing self- and mutual
inductances for all elements. The matrix circuit equation describing the evolution of
currents in various circuit elements is

-;t-(L-I) = V-R.I, (6.5-10)

where I and V are column vectors of currents (Ampere-turn) and voltages (volt/turn)
and R is the diagonal matrix of resistances. For a given time history of voltages and
switching sequences, the above matrix equation can be solved to obtain the currents and,
then, magnetic fields and power flow through the circuits. In principle, the accuracy of
such a procedure should be improved by increasing the number of the equivalent eddy-
current circuit elements, which, in turn, increases the complexity of the overall circuit
analysis as well as the computation time.

The starting point of this procedure is the division of the conducting material into
equivalent eddy-current circuit elements. Such a division, however, requires a prior:
knowledge of eddy-current paths and distributions. Furthermore, introducing resistive
breaks to suppress the magnitude of eddy currents and associated effects results in “sad-
dle” current loops. Circuit simulations for the TITAN start-up transient analysis is
limited to the equivalent circuits for the poloidal field. Each eddy-current path is ap-
proximated by a toroidal “conductor” model, whereas the effect of the resistive breaks is
modelled only as a dramatic increase in the resistance of the eddy-current circuit. The
poloidal component of the saddle current loops that impacts the toroidal-field system is
ignored. Note that both poloidal and toroidal components of saddle loop currents are
included in the circuit simulation of OFCD of Section 7.

Special attention is also given to the EF-coil circuits. At all times, the current in the
EF coils should provide the necessary vertical field to maintain the plasma equilibrium.
The required value of this vertical field at the magnetic axis is given by Shafranov [16]:

_ moly 8Rr L
By = o [ln( - )+Ba+ >~ 15|, (6.5-11)

where [; is the plasma internal inductance per unit length. It has been shown [17] that the
Shafranov formula is an accurate measure of the required vertical field for an RFP over
a wide range of plasma conditions. In the presence of conducting material, the vertical
field produced by the EF coils, together with contributions from other external coils and
eddy currents, should be equal to the vertical field given by Equation 6.5-11:

> (B.); = Bv, (6.5-12)

J#plasma
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where (B,); is the vertical field produced by circuit “j” and By is the required vertical
field. Since (B,); « I; and By « I,, Equation 6.5-12 can be written as

> ¢lLi+cel, = 0, (6.5-13)
J#plasma
where ¢, = —By /I, can be found from Equation 6.5-11 and constants c; depend only on

coil or conductor geometry and location. Taking the time derivative of Equation 6.5-13,
one finds

-(% (Z Cj Ij) = 0, (6°5'14)

J

where the summation is over all circuits (including the plasma).

6.5.3. Plasma-Circuit Simulations

The evolution of the TITAN plasma through current ramp, ignition, and burn tran-
sients is investigated by using a 0-D, profile-averaged plasma-circuit code. The plasma
profiles (n, T, and ) used in the transient analyses are the power profiles given by
Equations 6.4-3 through 6.4-5. Equilibrium calculations of Section 5.2 are used to com-
pute the plasma-resistance composite-profile factor, g,,,,, and the plasma internal in-
ductance per unit length, I;. It is shown in Section 5.2 that these two parameters are
independent of plasma current and size, and only depend on the plasma profiles, (3,
and F or O values. It is assumed that the value of F' is held constant during start-up
transients by proper programming and/or feedback control of the TF coils at F' = —0.1.
Therefore, g,,,,, and [; change only in response to change in 8y during the start-up tran-
sients, as is shown in Figure 6.5-3. To save computational time, a table for values of
9omne and I; as functions of B4 is made at the start of the calculations and the necessary
values at each time are found through interpolation.

The plasma-circuit simulation code solves the ion and electron power-balance equa-
tion (Section 6.4.2) and the Fokker-Planck equation for fusion « particles (Section 6.4.3)
using an implicit time-differencing scheme. The desired evolution of the plasma density,
obtained from the ignition requirement analysis of Section 6.4.4, is used together with
the particle balance equation (Equation 6.4-9) to determine the required fueling rate.
Between each time step, a circuit-analysis package integrates the circuit equations using
an adaptive Rung-Kutta method [18]. At the start of the analysis and for the given
FPC geometry and external coil sets, the code divides the FPC into small sectors and
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Figure 6.5-3. The plasma-resistance composite-profile factor (A) and the plasma inter-
nal inductance per unit length (B) as functions of B¢ for F = —0.1 and
power profiles (Equations 6.4-3 through 6.4-5).
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models each as an eddy-current circuit element. The self- and mutual inductances of the
various circuit elements are then calculated (as described in Section 4.5), and the overall
inductance matrix is constructed.

Ignoring changes in the plasma position during the start-up transients, only the
plasma inductance in the circuit inductance matrix changes in time since plasma in-
ternal inductance changes as By evolves. Including the I./p term in the plasma resistance,
the circuit equation (Equation 6.5-11) can be written as

I =L (V-R-I), (6.5-15)

where L~! is the inverse of the inductance matrix. Because the plasma inductance
changes, a new L~! should be computed at each time step. Instead of inverting L at
each time step, however, one can use the Sherman-Morrison formula [18] to find L™?
since only one element of L changes. A special case of this formula for matrices L and
L*, which are identical except in element L,,, is

L7PL7 (L3, - L
L™ = L -2 2Y (L = L) (6.5-16)
1+ Ly (Li — Lu)
The TITAN PF-coil system includes a pair of EF trim coils to provide the exact
equilibrium through the plasma transient operations. The code computes the necessary
voltage that should be applied to the trim coils through the following procedure: Denoting

I* as the solution to Equation 6.5-15 for vr,;m = 0, then

I, = Ir+1r3},,, ~Zrim. (6.5-17)
' Nrrim

Substituting the above equation in Equation 6.5-14 results in a first order equation in

UTrim that can be solved to find the necessary voltage that should be applied to the EF

trim circuit. The same procedure can also be applied when the main EF coils reach their

steady-state value and are crowbarred (Igr = 0), and when the plasma current reaches

its final value and the OH coils are crowbarred (jOH = 0).

In addition to the plasma size and the magnetics information, the input to the plasma-
circuit code includes the final values of the plasma and EF-coil currents, the back-bias
current for the OH-coil set, the grid voltage, and the value of the transfer resistor
(Figure 6.5-1). These latter circuit values determine the evolution of the plasma cur-
rent during the start-up transients. An analytical estimate of the circuit behavior can be

found by ignoring the EF trim-coil and eddy-current circuits and using Equations 6.5-1
through 6.5-3.
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Charge-up phase. During the charge-up phase [Figure 6.5-1(A)], the OH coils are
charged from the grid. Denoting the back-bias OH-coil current by I5y and the duration
of the charge-up phase from —t., to t = 0, we have

tey = —Teln (1— lon ) , (6.5-18)
G,CU
t+ tew
IOH(t) = Igcu [l—exp (— -: )] , (6.5—19)

where 7., = Lox/RoH, VG, is the voltage applied to OH coils during the charge-up
phase, and Ig e, = vg,cu/(Non Ron). Using the expression for Iog(t), the maximum
power extracted from the grid, Pu, pmaz, is

vg.culp _
PotMes = —Gﬁ—-—"ﬂ = Ron Ieeu 5y - (6.5-20)
OH
The total energy extracted from the grid, Wg «,, including both the magnetic energy
stored in the OH coils (Wps,c,) and the joule losses during the charge-up phase (Wg cu)

18

WG,W = IG,cu. ('UG,cu tcu - LOH I(;H) , (6.5-21)
and a measure of the inefficiency of the charge-up phase is
Wa,cu Ig e I3 216 o,
8w _ (%—) In (1 - —Q‘f’—) —1 -8 (6.5-22)
WM.cu IOH IG,cu IOH

Normalized values of t.,/Te, and Wq o,/ Wy o are presented in Table 6.5-11 for differ-
ent values of Ig cu/Igy. This table shows that for an efficient charge-up phase (relatively
small joule losses in the OH coils), values of Ig ./Ioy of 3 or larger is desirable. Smaller
values result in large joule losses that should be removed by the OH-coil cooling circuit.

Fast-ramp phase. During both fast- and slow-ramp phases, the OH- and EF-coil
circuits are in parallel, that is vog = vgr. The circuit equations (Equations 6.5-1 through
6.5-3) then can be solved by using a perturbation expansion on the small parameter R/L
of each circuit. Assuming that the number of turns in OH and EF coils are set according
to Equation 6.5-6, the circuit equations car. be solved to get

dI¢, 1 VYOH
aly _ _ , 6.5-23
dt (C1 — C2) Loy Now ( )
Tou(t) = Igg—CiIyt), (6.5-24)
Iy
Igp(t) = - T Iy(t), (6.5-25)
P
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Table 6.5-I1.
NORMALIZED PARAMETERS OF THE CHARGE-UP PHASE

Charge-Up Voltage, Joule Losses, Charge-Up Time,
Ig.u/Iog = ve.eu/ (Ror Non Iog) Wa e/ Wit eu —teu/Teu @)
1.01 6.40 4.62
1.1 2.60 2.40
1.2 1.76 1.79
1.5 0.94 1.10
2.0 ‘ 0.55 0.69
3.0 0.30 0.41
5.0 0.16 0.22
10.0 0.07 0.11

(a) For the TITAN-I design, 7., = 20.7s.

and

C, — C2) Lon
2C,

1
WM(t) = 5 Lon I(;H2 —(C1 —Cy) LOHI¢(t)IaH + ( Ij‘;(t) , (6.5-26)

where W)(t) is the total magnetic stored energy in the system (plasma and OH and EF
coils), parameters C; through Cj3 are given by Equations 6.5-7 through 6.5-9, and

£ )_1 : (6.5-27)

During the slow-ramp phase, the OH coils are discharged into a transfer resistor, R;,,
while the EF coils are connected in parallel to the OH coils [Figure 6.5-1(B)]. Substituting
for voy from

I
lon | Ier ) (6.5-28)

vo# = vgrF = —Ry, (-— —
Non  Ngr
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in Equations 6.5-23 through 6.5-25 results in

t
vor(t) = UMaz €Xp (— ——) , (6.5-29)

Tir

L) = Cilzy [1 —exp (— i)] : (6.5-30)

T_f,.

and the evolution of OH- and EF-coil currents can be found by substituting for I, from
the above equation in Equations 6.5-24 and 6.5-25. Also,

N&y Cy(Cy — C,) Lon

T = R (6.5-31)
and
UMaz = _R_t_rI__O_{I_ (6.5-32)
Non

is the maximum voltage that appears on the OH and EF coils. The value of R,, is chosen
such that v, satisfies the electrical-engineering design constraints of the coils.

The fast-ramp phase continues until the voltage across the OH and EF coils becomes
equal to the grid power-supply voltage, vg. The duration of the fast-ramp phase, ts,, is

tf,. = Tfr ln( ve ) ) (6.5-33)
UMaxz

and the plasma current at ¢ = ty, is

Ijtsy) = Calig (1— e ) (6.5-34)

VUMazx

The maximum joule heating in the transfer resistor is at the initiation of the fast-ramp
phase (Ry, I5 /N3y ) and the total joule losses in the transfer resistor, Wg ., are

C4(Cy — 2
Wae = _4‘£—12—'_C'2—)L0H ) [1—( ve ) ] . (6.5-35)

VUMazx

The joule losses in the OH and EF coils can be found by using the appropriate expressions
for the current evolution in each circuit.

Note that larger values of wvpr., result in larger R;. and shorter duration for the
fast-ramp phase. However, the plasma cur:ent at the end of the fast ramp, as well as
the energy loss in the transfer resistor, is insensitive to the value of vps,, since usually
vG/ UMaz K 1.
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Slow-ramp phase. During the slow-ramp phase, the grid power is directly applied to
the OH and EF circuits, driving the OH current to zero and in the forward-bias direction

[Figure 6.5-1(C)]. Substituting for vog = vgr = —vg in Equations 6.5-23 through 6.5-25
results in

L) = Loltw) + g (t—ts) (6.5-36)

m(C1 —C2) Lon
and the evolution of OH- and EF-coil currents can be found by substituting for I from
the above equation in Equations 6.5-24 and 6.5-25. At the end of the slow-ramp phase,
t,r, the plasma current has reached its final value. Therefore, the duration of the slow-
ramp phase, t,, —t;,, is

fe—tg = Nou (C1 — C2) Lon [

- I — Iy(ts)] - (6.5-37)

The power extracted from the grid, Pg, is given by

Ps(t) = C;;\G,OH [15(t) — CaI54] - (6.5-38)

The grid voltage, vg, in the above equations is set based on the constraint of the maximum
power extracted from the grid, Pg ez, Which occurs at the end of slow-ramp phase:

Cy Non
vg ————— P Max - 6.5-39
I —Cylgy ( )
The total energy extracted from the grid during the slow-ramp phase is
Cy — C3)Lon -
we = & 20? [ = Lo(ts)] [I3 + Io(tsr) — 2CaI5g] . (6.5-40)

The above equations show that the plasma current and power extracted from the grid
increase linearly in time during the slow-ramp phase. At the beginning of this phase,
P < 0 indicates that the OH coils are still discharging into the shunt resistors of the grid

power supply, but this part (Ps < 0) is of short duration. Also, using Equation 6.5-36,
one finds

Alop = Iog— 1y = Gil§, (6.5-41)

which shows that parameter C; directly reflects the degree of coupling between the OH
and plasma circuits.
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Equations 6.5-18 through 6.5-41 provide estimates for the evolution of the plasma
current during the current ramp-up phase. In addition to the coil geometry and values
If and Ifp, the input data for these equations include the OH-coil back-bias current
value, Iy, grid voltage for the charge-up phase, vg,c, (or the maximum power extracted
from the grid during the charge-up phase, P, paz), the maximum voltage allowed on
the OH and EF coils, g (or the value of the transfer resistor, R, ), and the maximum
power extracted from the grid during the slow-ramp phase, Pg pma. (or the grid voltage
during the slow-ramp phase, vg). As mentioned before, the value of the plasma current at
the end of the fast-ramp phase is insensitive to the value of vn02. A value of Ve, = 80kV
is chosen for the TITAN analysis, which results in a maximum voltage of 40kV on each
superconducting EF coil. It is further assumed that the same power supply is used during
the charge-up and slow-ramp phases (v, = vg), and the maximum grid power is set
at 500 MW. For these conditions, the solutions to Equations 6.5-18 through 6.5-41 are
reported in Table 6.5-111I for different values of OH-coil back bias, ranging from I, = 28
(symmetric swing for TITAN-I) to 50 MA-turn.

Table 6.5-II1 shows that as Iy is increased, the voltage of the grid power supply also
increases and, thus, I ., increases such that the ratio of Ig ../I5y assymptotes to about
1.4. As a result, the duration of the charge-up phase asymptotes to ~ 25s and the ratio
of Wa cu/Wn,eu to ~ 1 (Table 6.5-II). Since the magnetic stored energy in the OH coil
at the end of the charge-up phase increases as I, joule losses during this phase also
increase as the square of the OH back-bias current.

For larger values of I, and for fixed values of vprar, the transfer resistor should be
smaller (Equation 6.5-32), resulting in longer 74, and t;.. The plasma current at the
end of the fast-discharge phase is also larger and directly scales with I5y. As a result,
Equation 6.5-38 shows that for a fixed Pg pax, the voltage of the grid power supply is
larger, as was mentioned before. Large values of Iy, together with the resultant larger
values of vg, increase the plasma-current ramp rate during the slow-ramp phase and
decrease the duration of this phase. The OH forward-bias current will also be smaller,
such that the total current swing in the OH coils remains the same. The total joule losses
in the OH coils during both fast- and slow-ramp phases is approximately constant and
independent of I .

Even though the duration of the current ramp-up phases becomes shorter as Iy is
increased, 7., also increases such that the total duration of start-up remains the same.
The total energy extracted from the grid increases for larger values of I, mainly because
of increased joule losses in the OH coils during the charge-up phase but also partly because
of larger losses in the transfer resistor.
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Table 6.5-II1.

ESTIMATES OF TITAN-I START-UP PARAMETERS®

6-45

Back-bias OH-coil current, Igy (MA-turn) 28.
Grid voltage, vg = vg oy (kV) 2.50
Transfer resistor, Ry, (2) 1.06
Charge-Up Phase
I e (MA-turn) 50.7
Duration, t., (s) 16.6
Maximum power from grid, Pg e, (MW) 188.
Joule losses in OH, Wg ., (MJ) 695.
Energy from the grid (MJ) 1770.
Magnetic stored energy, Wa(t = 0) (MJ) 1075.
Fast-Ramp Phase ;
T4r (8) 0.19
Duration, ts, (s) 0.65
Plasma current, Iy(ts.) (MA) 4.72
OH-coil current, Iog(ts,) (MA-turn) 13.1
Joule losses in R,, (MJ) 561.
Joule losses in OH (MW) 324
Magnetic stored energy, Was(ty,) (MJ) 514.
Slow-Ramp Phase
Rate of increase in Iy (MA/s) 0.82
Duration, t,. — t, (s) 16.0
OH-coil current, Iog(t,.) (MA-turn) -28.1
Joule losses in OH (MJ) 299.
Energy from the grid (MJ)® 3955.
Magnetic stored energy, W (t,.) (MJ) 4470.
Start-Up Total
Current ramp-up duration, ¢, (s) 16.7
Total duration, te, + ta (s) 33.2
Energy from the grid (MJ)®) 6056.
Total joule losses in OH (MJ)(® 2101.

40.
2.98
0.74

60.5
224
321.
2030.
4223.
2193.

0.27
0.88
6.70
18.9
1144.
91.2
1049.

0.97

11.4
-16.1

242.
2780.
3829.

12.3
34.6
7336.
2718.

50.
3.55
0.60

72.0
24.5
478.
3544.
6970.
3426.

0.33
1.04
8.31
23.8
1787.
172.
1640.

1.16

8.18
-6.09

193.
1957.
3597.

9.2
33.7
9292.
3960.

(a) For vprar = 80kV, Pg por = 500 MW, the TITAN-I magnetics parameters

of Table 6.5-1 (C; = 3.16, C, = 0.154, C3 = —5.47, C4 = 0.174),

Non = 372, Ngr = 156, single-turn equivalent Roy = 0.133 uf2, and Rgr = 0.
(b) Does not include joule losses in the plasma during the current ramp-up.
(¢) Including joule heating during the transition phase (see text).
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As mentioned before, the maximum voltage on the coils, vpq., has only a small
effect on the overall start-up scenario since vg/vpmas < 1 (Equations 6.5-34 and 6.5-35).
For example, increasing vpsq, from 80 to 100keV for the case of I5y = 40 MA-turn of
Table 6.5-III reduces ¢4, to 0.75s but has negligible effect on any other parameter.

Analysis of Table 6.5-II1 shows that the start-up scenario strongly depends on the
values of Iy and Pgaa.. For a steady-state reactor where start-up is an infrequent
event, the total energy absorbed from the grid is not an issue and the cost of the start-
up power supply is directly proportional to its capacity, Pg pe-. The OH-coil back-bias
value, on the other hand, has important implications for the design and cost of the OH-
coil system. Equation 6.5-41 and values from Table 6.5-II1 show that for a fixed final
plasma current and coil geometry, the current swing in the OH coil, Alpg, is constant
(56 MA-turn for TITAN-I). Therefore, a symmetric swing I5y = 28 MA-turn results in
smallest peak stresses in the coils.

It is preferable for the OH-coil cooling circuit to only be designed to handle the
steady-state heat generated in these coils by nuclear heating and by the oscillating-field
current-drive (OFCD) system. For the TITAN-I design, the steady-state heat generation
in the OH coils is about 14 MW (Section 10.5.1.1), which is much lower than the heat
generated during start-up. The start-up joule losses are absorbed by the thermal inertia
of the coils, adiabatically raising the temperature of the conductor. Larger start-up joule
losses are associated with larger values of I5g. On the other hand, smaller values of Igy
result in larger values of I}y and larger joule losses during the transition phase to steady
state [Figure 6.5-1(D)] where the OH coils are discharged very slowly (L/R time). Since
the smallest resistance possible is for short-circuited OH coils, the longest transition time
is the same as 7., (21s for TITAN-I). For this case, the magnet energy stored in the
forward-biased OH coil appears as heat in the OH coils. The total OH joule losses for
the start-up, listed in Table 6.5-11I is based on this assumption and shows that the heat
deposited in the OH coils scales roughly as I5y (and not the square of the current).

The magnet engineering constraints point towards a symmetric OH current swing as
the preferred mode of operation. However, it should be noted that during the transition
phase, the current-drive system should work harder to oppose the electric field generated
in the plasma by the discharging OH coils. Since the maximum decay time of the OH
circuit is set by t., and is independent of Iy, smaller values of back bias (larger I}y)
will require higher excess capacity for the OFCD system. Finally, lower values of I5
increase the duration of the slow-ramp phase such that the amount of energy supplied to
the plasma during this phase may not be enough to balance the transport losses. In fact,
for TITAN-I start-up simulations, ignition could only be achieved for I, = 50 MA-turn
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as is discussed below. This is partly caused by the assumption of a constant-voltage, vg,
power supply for the grid. This assumption causes grid power used by the system to
increase linearly in time (Equation 6.5-38), and the full capacity of the power supply is
utilized only for a small portion of the start-up sequence. In principle, one can envision
a scenario in which a large voltage is applied at the beginning of the slow-ramp phase
(larger plasma-current ramp rate) and then slowly reduced, step by step, such that large
power can be extracted from the grid at all times. This procedure reduces the duration of
the slow-ramp phase by up to 50% and will allow for symmetric OH-coil current swings.

The above discussion shows that the optimum value of Iy can only be obtained
through complex analyses of the detailed OH-coil design, the OFCD-system excess-
capacity requirements, and the extra cost that may be associated with a variable-voltage
grid power supply. Because of the complexity of this optimization problem, and because
the cost of the OH system and the start-up equipment represents a very small fraction
of the cost of the TITAN reactors, such an optimization was not performed.

The plasma-circuit analysis of the TITAN-I design uses I, = 50 MA-turn and other
relevant parameters that are similar to those listed in the footnote of Table 6.5-III.
Figures 6.5-4 through 6.5-9 show the evolution of the TITAN-I plasma during the start-
up sequence, ignoring the eddy currents that may be flowing in the FPC. Figure 6.5-4
shows the time histories of the plasma and PF circuit currents. Because of the effect of
plasma resistance, the EF-coil current reaches its final value before the plasma current
and is crowbarred first. These figures also show the required current for the EF trim coil
to achieve the exact equilibrium throughout the discharge. The vertical field provided by
the main EF is shown in Figure 6.5-5(A) and is compared to the required value from the
Shafranov formula (Equation 6.5-11). The vertical field provided by the EF trim coil to
produce the exact equilibrium is also shown. The value of Non/Ngr is slightly adjusted,
as compared to the value from Equation 6.5-6(A), to minimize the power to the EF trim
circuit. The values of currents and the duration of the the discharge are comparable to
the estimates of Table 6.5-II1.

Figure 6.5-5(B) shows that total power extracted from the grid and the power deliv-
ered to the OH and EF coils during the start-up sequence. which, again, are in good
agreement with the analytical estimates. At t ~ 11s, final EF-coil current is achieved
and the EF coils are crowbarred resulting in a drop in EF-coil power (and grid power).
Since the plasma and OH-coil currents are still changing, power has to be supplied to
the EF-coil in order to maintain the EF-coil current. Full plasma current is achieved at
t ~ 13s and OH coils are crowbarred, resulting in decreases in OH- and EF-coil powers.
Between t ~ 13 and 15s, (3 and, therefore, plasma inductance, are changing rapidly.
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Figure 6.5-4. The TITAN-I start-up simulation results for the evolution of the current
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Figure 6.5-7. The TITAN-I start-up path projected in the I4-n-T space as found by the

analysis of the ignition requirements (Figure 6.4-1). The start-up path
(solid line) passes close to the saddle point.

During this period, the trim-coil current is also dropping to zero. Some power still has
to be applied to the EF-coil to counter the two effects. The OH-coil power after ¢ ~ 13s
is mostly due to joule heating in the OH coils. It should be noted that the current,
voltage, and power to the EF trim-coil circuit is calculated to keep the plasma in exact

equilibrium (no shift in magnetic axis). Permitting small shifts in the plasma position
will greatly reduce the power required for the EF trim circuit.

Figure 6.5-6 shows the evolution of plasma density and temperature during the start-
up sequence. The evolution of plasma density and temperature in the ignition I;-n-T
space is shown in Figure 6.5-7. The ion density evolution is an input to the plasma-
circuit code and was adjusted to ensure that the start-up path is located close to the
ignition saddle point. The corresponding fueling rate is calculated from the particle
balance equation and is shown in Figure 6.5-8(A). The evolution of the plasma density
is also chosen such that the plasma streaming parameter remains small and the electron
runaway condition is avoided [Figure 6.5-8(B)]. The evolution of B¢ and the volt-second



6-52 PLASMA TRANSIENT OPERATIONS -

L e —

()]

o;—
-\
2 m
8 .
e
S 6} -
T
[ 3]
L~
2
U4_ n
[-]
:
H
3
2 + N

10 —r————ry

Streaming Parameter, I /N ao™ Am)

0 1 " i " ) " . n J " " "
0 4 8 12 16

Time (s)

Figure 6.5-8. The TITAN-I start-up simulation results for the required fueling rate (A)
and the resultant plasma streaming parameters, I,/N (B).



6.5. CURRENT RAMP-UP TO IGNITION AND BURN 6-53

0.25 ———————————

Poloidal Beta, 8,

300 ————————————

(B)

200 - B

Volt Seconds

100 | -

0 A " " | I " { A A i | A N
0 4 8 12 16

Time (s)

Figure 6.5-9. The TITAN-I start-up simulation results for the evolution of 3¢ (A) and
the consumed volt-seconds (B).



6-54 PLASMA TRANSIENT OPERATIONS

consumption during the start-up sequence are shown in Figure 6.5-9. It can be seen that
plasma ignition is achieved at (35 values of about 8% and that the final value of Gy is
achieved only after ignition.

The impact of the eddy currents on the start-up sequence has also been studied.
The TITAN-I FPC is located in a thick vacuum tank with no resistive break. However,
resistive breaks are used in the FPC itself. As a result, the eddy currents in the tanks
produce the dominant effect on the start-up. Because the magnitudes of the eddy currents
are small, the evolution of the plasma current is not affected. The vertical fields produced
by the eddy currents, even though small, affect the plasma equilibrium during the fast-
discharge phase (Figure 6.5-10) and programming voltage to the EF trim coils should be
modified to keep the plasma in exact equilibrium. However, the power requirement for
the EF trim power supplies is not increased by the presence of eddy currents.
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Figure 6.5-10. The TITAN-I start-up simulation results for the evolution of vertical
fields produced by the superconducting EF-coil, EF-trim coil, and eddy
currents, and the required vertical field from the Shafranov formula.
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6.6. SHUTDOWN & TERMINATION OF TITAN PLASMA

In RFPs and tokamaks, in addition to the plasma thermal energy, a significant amount
of energy is stored in the poloidal magnetic field. At full operational conditions, the stored
energy in TITAN-I plasma includes 0.1 GJ of kinetic (thermal) energy and Wpy ~ 4.3GJ
of magnetic energy (~ 5.2 GJ for OH coils with full forward-bias current). The magnetic
energies internal to the plasma are 0.3 MJ in the toroidal field and 0.4 GJ in the poloidal
field. The magnetic energies outside the plasma are < 2MJ in the toroidal field and
3.6 GJ in the poloidal field. Any rapid release of these stored energies (e.g., similar to
disruptions in tokamaks) may lead to severe consequences.

Operating RFP experiments usually end with a “current termination” phase where
the plasma current is rapidly reduced to approximately zero. Current termination is
characterized by the loss of toroidal-field reversal and is accompanied by a positive volt-
age spike (as opposed to a negative voltage spike for tokamak disruptions) and large
density and magnetic-field fluctuations. A number of variables, such as plasma density,
toroidal-field reversal, magnetic-field errors, and impurities appear to affect RFP termi-
nations. A complete and satisfactory explanation of RFP current terminations is not yet
available. Evidence, however, suggests that the onset of termination may be related to
a loss of density, possibly leading to a streaming parameter that exceeds a critical value
for runaway electrons. Since the value of the streaming parameter for the TITAN plasma
is only a percent of the critical value for runaway electrons, a current termination is not
expected during normal, steady-state operation of the TITAN reactor; rather only fail-
ure of plasma support technologies leading to an uncontrolled ramp-down of the plasma
current will result in a current termination.

A method of controlled current ramp-down has been tested on the HBTX1B exper-
iment in which the TF-coil circuit is controlled so that the pinch parameter (and the
field reversal) is maintained at a given value as the current is decreased to a relatively
low level [2]. Maintaining the field reversal in this way is found to delay termination,
and the current can be reduced to between 10% and 20% of the maximum value (and
the stored magnetic field energy reduced to 1% to 4% of the maximum value) before the
termination occurs. Controlled ramp-downs of this kind forestall the loss of toroidal-field
reversal as long as possible and are required for the reactor.
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6.6.1. Plasma Accidents

During normal, steady-state operation of the TITAN reactors, the following plasma
support technologies are operational: (1) fueling, (2) current-drive, (3) toroidal-field,
(4) divertor-field, and (5) equilibrium-field systems. Consequences of failure of each of
these systems are discussed below.

Fueling system. The effective particle-confinement time in the TITAN plasma is very
long (a few seconds) because of the operation with high-recycling divertors. The stan-
dard shutdown scenario envisioned for the TITAN plasma starts with the termination
of plasma fueling and current divertor operations. Therefore, the loss of fueling system

(and vacuum pumping) will not initiate an accident and the standard plasma shutdown
scenario will be implemented.

Current-drive system. Once the current drive fails, the plasma current will resistively
decay with time scales of L,/R, ~ 200 to 400s. As for the case of failure of the fueling

system, the standard plasma shutdown scenario can be implemented here which will
prevent any accidents.

Toroidal-field system. The TF coils provide the reversed toroidal field at the plasma
edge. If the TF-coil system (power supplies) fail, the RFP dynamo activity would increase
to generate the necessary toroidal flux, resulting in a decay of the plasma current. An
emergency plasma shutdown is recommended in this case even though the decay time for
the plasma current is probably long enough that a standard shutdown would be possible.

Divertor-field system. The TITAN reactors operate with three toroidal-field diver-
tors. If any of the divertor coils fail, the reactor can still be operated at reduced power
levels. Failure of all three divertors will result in the plasma “riding” on the first wall
in a limiter mode. Since the first wall is designed to handle about 95% of the plasma
heat flux (if distributed uniformly on the first wall), a standard shutdown process would
probably suffice to avert any accidents.

Equilibrium-field system. The TITAN reactors use two sets of EF coils: a pair of
superconducting magnets provide the main equilibrium field, and a pair of small normal-
conducting “trim” coils provide the exact equilibrium (for feedback control of plasma
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position and for OFCD cycles). With a loss of control on plasma equilibrium and position,
not only can the plasma energy be deposited locally, but also the plasma current will
decrease rapidly, usually leading to a disruption or current termination. The failure of
the equilibrium-field system, therefore, appears to be the most severe plasma-related
accident for the TITAN reactor (and for any current-carrying toroidal system).

6.6.2. Shutdown Procedures

The TITAN plasma shutdown procedures are guided by the above observations to
ensure (1) plasma current is reduced through a controlled ramp-down in order to forestall
current termination, (2) plasma equilibrium is maintained during current ramp-down,
(3) failure of the equilibrium-field system (i.e., quench of the superconducting EF coils)
will automatically lead to an emergency shutdown, and (4) most of the magnetic energy
stored in the plasma is removed during the shutdown.

The plasma shutdown scenarios envisioned for the TITAN plasma, therefore, start
with terminating fueling and current-drive operations and simultaneously discharging the
EF coils. For the standard shutdown procedure, the duration of the EF-coil discharge can
be on the order of a few to tens of seconds. During the emergency shutdown procedure,
however, the EF coils are discharged rapidly (~ 0.1s) through a resistor that can be
combined with the quench protection system for the EF coils. Therefore, failure of the
equilibrium-field system will automatically initiate the emergency shutdown procedure.

Because of the strong magnetic coupling between the plasma and EF and OH coils
in TITAN, a fast discharge of the EF coils results in a rapid decrease in the plasma
current; that is, the plasma stored magnetic energy is removed through the EF-coil
circuit rather than appearing as heat on the first wall. The parameters of the EF- and
OH-coil circuits, however, are chosen such that the plasma equilibrium is approximately
maintained during this discharge without any need for an equilibrium control system.
The large time constant of the IBC TF coils for field penetration is also utilized to
ensure maintenance of the field reversal during the shutdown in a manner similar to the
controlled current ramp-down [2].

6.6.3. Termination Simulations

A series of simulations with the plasma-circuit code has been performed to assess the
effects of plasma termination and the effectiveness of the above procedures in reducing
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the impact of termination. In these simulations, full plasma parameters are assumed at
time t = 0. The effect of current termination is simulated by an exponential increase in
the value of the plasma resistance:

B = BO)er (=), (6:6-1)

where 7, is the growth time of resistive MHD modes perceived to be responsible for
loss of reversal and termination (~ 10ms for TITAN) and R,(0) is the classical plasma
resistance at time ¢ which is computed based on plasma temperature at that time.

The first case simulates the situation where the EF coils remain at full current. The
evolution of the plasma current is shown in Figure 6.6-1(A). Because the plasma resis-
tance is very small at time ¢ = 0, the plasma current starts to decrease at about 80 ms
and is reduced to zero in about 30ms. Figure 6.6-1(B) shows the joule heating in the
plasma, which is assumed to be directly deposited on the first wall. The ~ 4-GJ magnetic
stored energy in the plasma appears as heat at a peak rate of ~ 120 GW. If the OH coils
are short-circuited during normal operation, a large current can be induced in the OH
coils, reducing the heat deposited in the plasma to ~ 1.6 GJ and the peak heating to
~ 60GW. The loop voltage induced in the plasma is ~ 20kV and large voltages also
appear on superconducting EF coils. These results underline the severity of the problem.

For the second case, it is assumed that at the initiation of the accident the supercon-
ducting EF coils discharge rapidly in a resistor that can be combined with the quench
protection system for the EF coils. It is further assumed that OH coils are shorted out.
The evolution of circuit currents and the corresponding heating power in the plasma are
shown in Figure 6.6-2. It can be seen that the major part of the magnetic stored energy
in the system is removed through the discharge of the EF coils. The total energy that
appears as heat in the plasma (and, therefore, on the first wall) is ~ 400 MJ, representing
a factor of 10 reduction. The peak heating rate and the plasma loop voltage are also
reduced tenfold. Because the TITAN PF-coil system is designed to provide approximate
equilibrium during the start-up phase, approximate equilibrium is also maintained during
the fast discharge of the EF coils as shown in Figure 6.6-3. The change in the plasma
position, because of the mismatch between the vertical field and the required field from
Shafranov formula, is small during most of the termination simulation. The eddy-current
effects have also been investigated and, although small, found to improve the situation
(i.e., smaller energy appears in the plasma and less mismatch occurs between the required
vertical field and that produced by the EF coils).

These preliminary simulations of the TITAN emergency shutdown procedure appear
to indicate that most of the stored magnetic energy is removed from the system and
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Figure 6.6-1. The TITAN-I termination simulation results for the evolution of (A) the
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Figure 6.6-2. The TITAN-I termination simulation results for the evolution of (A) the
plasma, EF-coil, and OH-coil currents; and (B) the heating power in the
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dumped through the discharge resistor. Only about 200 MJ of energy is transferred to
the first wall in a time scale of 50 to 100 ms, resulting in an average temperature rise in
the first wall of about 300 °C; therefore, failure of the first wall is not expected.

Despite these favorable results, the RFP theoretical and experimental data base is not
very extensive. In particular, no experimental data on high-current, high-temperature,
diverted RFP plasmas exist. Furthermore, a complete and satisfactory explanation of
current termination in RFPs is not yet available. The safety impact of plasma accidents,
therefore, should be further investigated and the shutdown procedures, such as those
envisioned for the TITAN plasma, should be experimentally explored.

6.7. SUMMARY AND CONCLUSIONS

A typical reversed-field-pinch (RFP) experimental discharge can be divided into four
phases: (1) breakdown and formation, (2) current ramp-up, (3) sustainment, and (4) ter-
mination. Ignition and fusion burn in a reactor are achieved during the current ramp-up
phase, and operation of the current-drive system is required during the sustainment
phase. The breakdown and formation phase encompasses the time from the start, which
begins by establishing a toroidal magnetic field inside the discharge chamber in the ab-
sence of the plasma, to the formation of a “seed” RFP plasma. At the time of peak
toroidal magnetic field, poloidal-field windings are activated to produce a flux change
through the center of the torus and, consequently, a toroidal voltage around the dis-
charge chamber. This voltage typically ionizes the gas in a few microseconds and the
toroidal current is initiated in the resulting plasma. The toroidal plasma current and
the toroidal magnetic field within the plasma increase while the toroidal magnetic field
at the wall decreases, keeping the average toroidal field (and the toroidal flux) in the
chamber almost constant. Eventually the toroidal magnetic field at the wall changes sign
and is crowbarred in the reverse direction relative to the back-biased condition of the
breakdown and formation phase.

The existing RFP experimental data base for RFP formation and start-up was re-
viewed in Section 6.2 and was then applied to the TITAN designs (Section 6.3). To
summarize, the conditions for plasma breakdown and subsequent RFP formation for the
reactor are expected to differ little from the conditions in present and planned RFP
experiments [13]. Likewise, the conditions of the seed RFP plasma required to start
up the TITAN reactor, except for plasma size, are similar to present-day RFP param-
eters (I3 = 0.2 to 0.4AMA, n =1 to 3 x 10" m™3, T'= 0.1 to 0.4€eV). For the reference
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formation scenario, loop voltage in the range of 200 to 500V is necessary to ensure short
formation time and acceptable resistive flux consumption and formation energy. The
scaling of plasma resistivity during the formation phase is an important issue that may
be resolved with data from larger RFP experiments. Better density and impurity control
during the breakdown and formation process may also be required.

Formation of a seed RFP with somewhat smaller jy, (and lower By, and n but
higher (3g,) would reduce the formation time and is desirable (but requires the relax-
ation of the jg = 0.4 MA/m? connection to ZT-40M). For example, js = 0.28 MA /m?
and n, ~n =28 % 10"°m™3 (j4/n = 107* A m) result in £ = 0.011 and B4, = 0.2 for
T. = 100€eV. This 30% reduction in j4, results in reductions of 30% in 7g, 40% in resis-
tive flux consumption, and 60% in resistive formation energy for the same value of E,,.
For this case, however, the initial bias field is By, = (By) = 70 mT, which satisfies the
stray vertical-field constraint for TITAN-I but violates this constraint for TITAN-II.

Using these seed RFP conditions, a 0-D, profile-averaged plasma-circuit code is used
to simulate the evolution of the TITAN plasma through current ramp, ignition, and burn
transients (Section 6.5). During the current ramp phase, the plasma current is increased
to the peak value. The poloidal-field (PF) coil system provides the poloidal flux and the
majority of toroidal flux contained within the full-current plasma by the RFP dynamo.

The steady-state analysis of global plasma power balance provides useful information
for the optimization of the plasma approach to ignition. Results of this type of analysis
for auxiliary-heated fusion devices are usually presented in the form of required auxiliary
power for power balance as a function of plasma density and temperature. This informa-
tion is then used to identify the path to ignition that requires minimum auxiliary-heating
power. A similar analysis can be applied to compact RFP reactors in which the plasma
is heated to ignition by ohmic heating alone (no auxiliary heating). The ignition re-
quirements for ohmically heated RFPs are studied (Section 6.4) in order to identify the
optimum path for TITAN start-up. It was shown that the results of this analysis can be
presented as the required current for power balance as a function of plasma density and
temperature. Also, the resultant surface includes a “ridge” in the Iy-n-T space above
which the path to ignition and burn should be located (similar to corresponding diagrams
for auxiliary-heated devices where a ridge for auxiliary heating exists). The optimum ig-
nition scenario attempts to pass over the ridge at its lowest height (saddle point). This
saddle point for TITAN designs is located at T ~ 7keV and n ~ 3 x 102 m~3 with a cur-
rent of I, ~ 16 MA. The TITAN start-up path through ignition and burn passes close
to this saddle point (Section 6.5.3).
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The TITAN start-up scenario through current ramp, ignition, and burn transients
is chosen such that the start-up power is directly extracted from the power grid with-
out requiring an on-site power-storage system. This start-up scenario is described in
Section 6.5.1 and its implications for the PF-coil system are reviewed. The evolution of
the TITAN plasma during the start-up sequence is investigated by using a 0-D, profile-
averaged plasma-circuit code. The simulation results are presented in Section 6.5.3. An-
alytical estimates of the start-up sequence were also produced which agree well with
simulation results. To summarize, the full plasma parameters can be achieved in < 12s
by utilizing grid power supplies; no on-site storage facility is necessary. The TITAN
PF coils are designed such that the superconducting EF coils provide an approximate
equilibrium during the start-up sequence and a pair of small, normal-conducting EF trim
coils maintain the exact equilibrium. Using this approach, only the power supplies for
the EF trim coils have to be feedback controlled to ensure proper equilibrium.

Reversed-field-pinch discharges normally end abruptly and the plasma current de-
creases rapidly to zero. Accompanying this fast current “termination” is a positive pulse
in the toroidal voltage at the liner. This current termination is in contrast to the neg-
ative spike in toroidal voltage that accompanies the current disruption in a tokamak,
indicating a difference in the flow of magnetic energy to or from the plasma during the
respective events. Furthermore, the RFP current termination can be influenced through
the control of the density or toroidal magnetic field [2]; generally, the RFP terminates
only when toroidal-field reversal is lost.

Current termination is a safety and economic concern because of large magnetic stored
energy in the TITAN plasma. Techniques for control of current termination and plasma
shutdown, leading to a “soft-landing,” are discussed in Section 6.6. The preliminary
simulations of the TITAN emergency shutdown procedure appear to indicate that by
discharging the superconducting EF coils at the initiation of the accident, most (90%)
of the stored magnetic energy is removed from the system and dumped through the
discharge resistor. Only about 200 MJ of energy is transferred to the first wall in a time
scale of 50 to 100 ms, resulting in an average temperature rise in the first wall of about
300 °C; therefore, failure of the first wall is not expected.

Despite these favorable results, the RFP theoretical and experimental data base is not
very extensive. In particular, no experimental data on high-current, high-temperature,
diverted RFP plasmas exist. Furthermore, a complete and satisfactory explanation of
current termination in RFPs is not yet available. The safety impact of plasma accidents,
therefore, should be further investigated and the shutdown procedures, such as those
envisioned for the TITAN plasma, should b= explored experimentally.
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