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AN ADVANCED-FUEL REVERSED-FIELD PINCH

FUSION REACTOR (DD/RFPR): PRELIMINARY CONSIDEIU4TIONS

by

R. L. Hagenson and R. A. Krakowski

ABSTRACT

The use of deuterium-based fuels offers the
potential advantages of greater flexibility in blanket
design, significantly reduced tritium inventory,
potential reduction in radioactivity level, and use of an
inexhaustible fuel supply. The “conventional” DT-fueled
Reversed-Field Pinch Reactor (RFPR) designs are reviewed,
and the extension of these devices to advanced-fuel
(catalyzed-DD)operation is presented. Attractive and
economically competitive DD/RFPR systems are identified
having power densities and plasma parameters comparable to

the DT systems: ‘Converting an RFP reactor from DT to DD
primarily requires increasing the magnetic-field levels a
factor of 2, while still requiring only modest fields at
the coils (S4 T). When compared to the mainline tokamak,
the unique advantages of the RFP (e.g., high beta, low
fields at the coils, high ohmic-heating power densities,
unrestricted aspect ratio) are particularly apparent for
the use of advanced fuels. The results of
intercomparisons of DT and DD RFPRs and tokamaks
presented herein indicate the desirability from both
economic and technological viewpoints of pursuing more
compact, higher power density systems. On the basis of
these preliminary results, the examination of compact RFP
reactors (CRFPR) has been chosen as a direction for
future study.

1. INTRODUCTION

The use of deuterium-based fuels offersl the potential advantagesof
greater flexibility in blanket design , significantly reduced tritium inventory,

potential reduction in radioactivity level, and use of an inexhaustible fuel

supply. The application of a deuterium-based fuel cycle to the Reversed-Field

Pinch (RFP)2 confinement scheme is the subject of this study. Specifically, the

catalyzed-DD (Cat-DD) fuel cycle is examined , wherein both the tritium and 3He

formed through the DD reactions are recycled to and burned in the plasma as
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rapidly as they are formed. The “conventional” DT-fueled Reversed-Field Pinch

Reactor (RFPR) designs2-7 are first reviewed, and the direct extension of these

devices to Cat-DD operation is presented. Attractive and economically

competitive DD/RFPR systems are identified that have power densities and plasma

parameters comparable to the DT systems. Converting an RFP reactor from DT to

DD primarily requires increasing the magnetic field levels a factor of 2, while

still requiring only modest fields at the magnet coils (< 4 T). When compared

to the mainline tokamak,8$9 the unique advantages of the RFP (e.g., high beta,

low fields at the coils, high ohmic-heating power densities, and unrestricted

aspect ratio) are particularly apparent for the use of advanced fuels.

It is emphasized that the primary goal of this study is the intercomparison

of DT versus Cat-DD versus RFPR versus tokamak (STARFIRE) systems. Within these

constraints, therefore, no attempt has been made to alter significantly the

physical size and total power output of the RFPR system from parameters chosen

by earlier studies.6$7 This philosophy of directly extending past DT reactor

studies to Cat-DD operation to facilitate comparison also parallels that adopted

in Ref. 9 for the tokamak. Fully optimized RFPs operating on either DT or Cat-

DD, however, may assume an appearance that differs considerably from the more

“conventional” approaches; the “examination of the more compact, higher power-

density systems is a topic of continuing studyl” and represents the direction

being taken by the ongoing advanced-fuels RFPR design studies.

This report documents completely the models and analyses used to examine

the feasibility of using the Cat-DD fuel cycle in RFPs. A fully self-contained

executive summary is given in Sec. II. After a detailed description of the

reactor design basis is presented in Sec. III., which includes a synopsis of

past DT/RFPR designs, Sec. IV. develops and applies the burn model to describe

a scenario for the Cat-DD fuel cycle. The determination of the DD/RFPR design

point is given in Sec. V., along with the DT versus Cat-DD comparison for RFPs.

The DD/RFPR versus DD/tokamak (STARFIRE) comparison is given in Sec. VI.

Although a detailed physics and technology assessment is not yet available,

final conclusions and recommendations appropriate to this interim report are

given in Sec. VII.



11. EXECUTIVE SUMMARY

A. Introduction

The use of deuterium-based fuels offersl the potential advantages of

greater flexibility in blanket design, significantly reduced tritium inventory,

potential reduction in radioactivity level, and use of an inexhaustible fuel

supply. Attractive and economically competitive DD systems are identified in

this study for the Reversed-Field Pinch Reactor (RFPR) having power densities

and plasma parameters comparable to the DT systems. Converting an RFP reactor

from DT to DD primarily requires increasing the magnetic field levels a factor

of 2, while still requiring only modest fields (f 4 T) at the magnet coils.

When compared to the mainline tokamak, the unique advantages of the RFP (e.g.,

high beta, low fields at the coils, high ohmic-heating power densities, and

unrestricted aspect ratio) are particularly apparent for the use of advanced

fuels.

B. Background

1. Physics. Like the tokamak, the RFP2 is a toroidal, axisymmetric

confinement device. Both systems use a combination of polofdal, Be, and

toroidal, B$, magnetic fields to confine a plasma in a minimum energy state.

For both systems the Be field is created by inducing a large toroidal plasma

current, I .
$

Toroidal equilibrium in both the tokamak and the RFP can be

achieved by either using a conducting shell near the plasma, an external

vertical field, or a combination of both schemes. The RFP requires a conducting

shell for plasma stabilization against unstable MHD modes with wavelengths in

excess of the shell radius , rw~ whereas

to this requirement. Localized MHD

strongly sheared magnetic fields caused

the plasma edge. Although the tokamak

the plasma column, avoidance of the

the tokamak is not necessarily subjected

modes in the RFP are suppressed by the

by a slight reversal of the B@ field at

does not require a conducting shell near

kink

requirements on the relative magnitude of Be,

major radius of the torus, ~. Specifically,

must exceed certain limits. Experimental

instability establishes specific

B$, the plasma radius, rp, and the

the parameter q = (rp/~)(BO/Bo)

values of q - 2-3 are required for

stable plasma operation. The RFP, however, operates with q less than unity, q

actually falling through zero and becoming negative outside the plasma region,

3



r>r
P“

The presence of a passive conducting shell in the RFP replaces the

q > 1 stability criterion with one that requires (dq/dr) # O; that is, the

variation of the plasma/field shear should not exhibit a minimum in the region

enclosed by the conducting shell. The positive implications of the RFP

stability criterion are

● The aspect ratio, RT/rp, can be chosen solely on the basis of engineering
considerations.

. The beta limit predicted for the RFP are considerably greater than that for
q > 1 systems if ideal MHD stability theories are used.

. The plasma may be brought to ignition by ohmic heating alone.

. The confinement of plasma with high-to-moderate beta is achieved primarily
by poloidal fields, which characteristically decrease with increased
distance from the plasma, thereby considerably reducing fields and stresses
at the coils.

These advantages are unique to a system that derives its confinement primarily

from self-generated fields ; when these advantages are applied to the use of

advanced fuels, the RFP promises a power density for DD operation approaching

that for DT systems without unduly taxing the requirements of physics (i.e.,

beta) or technology (i.e., high-field magnets).

2. “Conventional” DT/RFPR Designs. Two comprehensive reactor studies3

have been performed for the RFPR using the DT fuel. The DT plasma

characteristics and performance are very similar for both systems, although

these studies were performed independently at Culham4~5 and Los Alamos.6$7 The

uniqueness of the RFP reactor approach, as previously described, was elaborated

by both studies. 3 Both DT/RFPRs have an arbitrary aspect ratio, with the

selection of major radius being determined primarily by the desired total power.

The plasma current that generates the primary confinement field, Be, also

provides all required plasma heating, considerably reducing reactor complexity

when compared to a system using neutral-beam or radio-frequency heating. The Be

field also decreases with distance from the plasma surface, thereby requiring

only low-field coils (< 2 T for DT-fueled systems).

Potential,problems for the RFP approach include the apparent need for an

electrically conducting shell (- 20 mm thick) near the first wall for short-time

(-0.1 s) plasma stabilization; external feedback coils may be required for

longer times. This shell may aggravate thermohydraulic problems near the first

4



wall. Both the Culham and Los Alamos reactor designs proposed a batch-burn

operation, wherein the plasma is heated and reacted over a 20- to 25-s period

until plasma burnup and relatea effects quench the system. Thermal fatigue

problems for the copper first wall were considered tolerable for both reactor

designs, with all systems outside the first wall operating in a thermal steady

state because of the (intrinsically) long thermal time constants of the blanket.

The pulsed burn does, however, require a long-pulse (- 0.1-s risetime, 25- to

30-s dwell time) magnetic energy transfer and storage system having a capacity

of - 15 GJ. This energy must be transferred to and from the reactor with

~ 80-85% reversibility if the reactor energy balance and cost are not to be

seriously compromised. Although the advanced-fuel reactor system described in

the following sections proposes long-pulsed or steady-state operation, thereby

minimizing the need for efficient energy-transfer and storage systems, other

system requirements emerge for steady-state operation and may prove troublesome;

fueling, plasma ash buildup, and current drive represent additional problems

associated with the steady-state operation presumed necessary for the advanced

fuels.

The plasma performance for both the Culham and Los Alamos designs was shown

to be similar,3 although the engineering design of the nuclear island is

considerably different. The Culham design leads to a system that is closely

surrounded by magnet coils. The Los Alamos design, on the other hand, stresses

high accessibility, making maintenance a major priority and producing a more

open system in which

maintenance procedures.

moderate Increases in

advanced-fuel system and

magnet coils need not be disturbed during normal

This latter approach , which is achieved at the cost of

stored magnetic-field energy, is also desirable for the

has led to the choice of the Los Alamos DT/RFPR

engineering design as an initial basis for the DD study. A general description

of the DT/RFPR plant operation and layout are given in Refs. 3, 6, and 7, and a

brief summary is given in Sec. III.

c. Advanced-Fuel RFPR Design

1. Systems Model. The systems code used to model the RFPR (Appendix A) is

based on a multiparticle, time-dependent plasma-burn computation that accounts

for magnetic-field and plasma

over the plasma cross section at

profile effects by performing integral averages

selected time intervals. Weighting functions
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resulting from these profile integrations modify each constituent plasma power,

evaluated using average parameters but simulating a one-dimensional plasma.

Because these weighting functions vary slowly with time, the averaging is

performed only at selected time intervals. The time efficiency of the point

model is then maintained, whereas the computation becomes one-dimensional in

nature if the functional forms of the profiles are known from the experiment.

This kind of model is particularly useful when only bulk plasma transport loss

is known, as is typically the case for present experiments.

Specifically, the Bessel-function2$6 model is used to follow the magnetic-

field evolution from a uniform toroidal field, B@, low toroidal current,

tokamak-like profile to the final high-current RFP state. The poloidal and

toroidal magnetic-field profiles within the plasma are modeled by the

Bessel functions A~l(ar) and A~JO(~), respectively, with the parameters AQ and

AO being determined by imposing conservation of total current and magnetic flux

within the plasma column. Enforcing pressure balance and integrating all powers

over the plasma cross section allows the use of spatially averaged parameters

for the calculation of burn dynamics. The pressure profile, p = J~(ar), that

results from the Bessel-function model establishes the density and temperature

profiles, both typically being taken as proportional to Jo(ar).

A consistent calculation or the multispecies reaction kinetics,—

D+D +T(l.01 MeV) +H(3.03 MeV),

D + D + 3He(0.82 MeV) +

D + T + 4He(3.52 MeV) +

D + 3He + 4He(3.67 MeV)

n(2.45 MeV), (II-1)

n(14el MeV),

+ H(14.67 MeV),

follows the plasma radius with time in conjunction with voltages and currents in

the plasma. Concentrations of both Maxwellian and energetic (non+faxwellian)

species (4He, H, 3He, T, and D) are followed in time along with a background

Maxwellian electron species. This formulation separates the plasma into a

number of energetic species and a single Maxwellian background ion species. The

energetic species are described by a Fokker-Planck model for the five energetic

ion species, noting that energetic deuterium is produced only through nuclear

elastic scattering (NBS) events. At each time step the Maxwellian component of

all slowing down species is subtracted from the respective distribution

function. Particle loss occurs only from the background Maxwellian electron/ion

6



populations. Fueling of the Maxwellian populations is provided for the

deuterium, tritium, and 3He species. For the parameters of interest in this

study, NES and fast-fusion reactivity enhancement effects were insignificant.

The time history of particle and thermal fluxes impacting the first wall

also results from the plasma simulation model. Directly coupled to this

calculation is a one-dimensional heat-transfer and structural calculation that

monitors thermally induced stresses within the first wall. Finally, a complete

reactor energy balance is performed, leading to the creation of a file for use

in a standardized reactor costing code. Costing studies, however, were not

performed for this phase of the advanced-fuels studies.

2. DD/RFPR Design. The primary goal of this study is the determinations

of a DD/RFPR design point and a comparison with both the

DD/STARFIRE8. The DD/RFPR study used the previously described

as a point of departure to facilitate comparison. Only

unoptimized design point is reported here. This design

DT/RFPR and the

DT/RFPR design6’6

this relatively

comparison can be

considered a parallel to that made between the DT/STARFIRE9 versus the

DD/STARFIRE,8 in that both remain relatively unoptimized with respect to

physical size, system power density, and total power output.

A typical Cat-DD burn trajectory is shown in Fig. 11-1. The DD/RFPR burn

is initiated with a 50%-50% mixture of DT at a filling pressure of 3.0 mtorr.

This filling pressure corresponds to a starting density of 2.1(10)20 m-3 and is

somewhat higher than the 2.25-mtorr operating pressure of the reference DT/RFPR

design.6 The DT plasma achieves ignition (T > 4 keV) in -0.7 s as the plasma

current inside the 1.5-m-radius plasma chamber is raised to 40 MA in 1.0 s.

Substantial alpha-particle heating brings the plasma temperature to 20 keV in 2

s, at which point a 90/10 mixture of D3He is injected into the plasma. Density

dilution maintains the temperature near 20 keV as the density is increased to

7(10)20 m-3 over a period of - 5 s, after which the tritium is substantially

depleted and a nearly steady-state Cat-DD plasma mixture has been achieved.

Helium-3 must be added during the initial buildup to provide the large plasma

heating contribution from the D3He reaction (70% of the charged particle power)

as the initial tritium inventory is exhausted. Waiting for the 3He to build up

naturally requires tens of seconds, which in turn requires extern’al heating

sources to maintain the plasma temperature. After the final density is

achieved, only deuterium fueling,along with ~ 90% 3He recycle, is required for

7
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Fig. II-1. Typical DD/RFPR burn trajectory.

this design point to maintain the reaction. The low in situ concentration of——

tritium makes tritium recycle unnecessary. The equilibrium concentrations of

the Maxwellian ion species D/3He/T/4He/H are, respectively, 0.842/0.125/

0.0024/0.017/0.013. The low 4He and H concentrations are a consequence of the

Maxwellian ion particle loss being equal to the electron particle/thermal

conduction time, which in turn is taken to be Alcator-like (TE = 5(10)-21 nrp2).

The final steady-state concentrations of non-Maxwellian particles is small,

with hydrogen representing the largest fraction at 0.45(10)-3. Hydrogen also

contributes the largest parasitic plasma pressure, amounting to only 2% of the

total,with the other species being insignificant. The small effect of non-

Maxwellian particles on beta is a direct consequence of the high-density, low-
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temperature (18.5 keV) DD-plasma burn. These low concentrations render, for this

design point, insignificant

processes.

A summary of the DD/RFPR

a composite intercomparison

dimensions of the DD/RFPR

design.6~7 The 1.5-m-radius

reactivity enhancement and other nonthermal

design point is presented in Table II-I along with

of DT and DD RFPRs and STARFIREs. The physical

reactor are identical to the earlier DT/RFPR

plasma for the DD/RFPR design is contained by a

40-MA toroidal current at a poloidal beta of 0.35 (total beta is 0.21). The

peak-to-average ratios of density and density-weighted temperatures are 1.6 and

2.3, respectively. The plasma burn operates at an average temperature of 18.5

keV with an average plasma density of 7.1(10)20 m-3. Profile effects lower the

effective plasma ignition point to near 18 keV which is also near the point of

maximum power density for a given magnetic-field level (l5-2o kev for

Bessel-function profiles). Alcator scaling for these high-density plasmas gives

TABLE 11-1

COMPOSITE INTERCOMPARISON BETWEEN DT/DD RFPR AND STARFIRE

Gross
Major
Minor

DT/RFPR6 DD/RFPR

thermal power (MWt)(a) 2800 2850
radius (m)
radius (m)

First-wall loadings (MW/m2)
● 14.1-MeV neutrons
. 2.5-MeV neutrons
● charged particles

. radiation
Average plasma temperature (keV)
Average plasma density (1020/m3)
Energy confinement time (s)
Particle confinement time (s)
Lawson parameter (1020s/m3)
System power density (MWt/m3)(b)
Toroidal-field at coil (T)
Toroidal-field energy (GJ)
Poloidal-field at coil (T)
Poloidal-field energy (GJ)
Toroidal current (MA)
Poloidal beta
Total beta

12.7
1.5

2.6
--
0.55
0.10
10.0
2.1
0.75
2.1
1.6
0.50
1.7
2.7
1.7
8.0
17.0
0.35
0.21

12.7
1.5

0.86
0.17
0.70
1.17
18.5
7.1
2.6
8.4
18.5
0.36
4.0
15.0
4.0
44.0
40.0
0.35
0.21

DT/STARFIREg

4000
7.0
2.83

3.6
--

0.90

20.7
0.81
3.6
1.8
2.9
0.30
11.0
50.0
8.0
10.0
10.1
2.91
0.067

DD/STARFIRE8

2522
8.58
3.34

0.55
0.095
0.26
0.77
31.0
2.0
4.9
28.0
10.0
0.28
14.0
250.0
7.6
42.0
29.4
2.0
0.11

(a)Neutron-energY blanket multiplication for DT/RFPR is M~~= 1.15 while for
DD/RFPR MN = 1.8, taken from DD/STARFIRE8 results.

L,

‘b)Includes total volume enclosed by magnet coils.
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an electron particle/thermal conduction energy confinement time of 8.4 S,

although including radiation reduces the electron energy loss time to 1.6 s.

Taking the ion particle confinement time as equal to the electron

particle/thermal conduction time gives a total plasma energy confinement time of

2.6 Se AS noted in Table II-I, radiation represents the dominant plasma 10SS

(1.17 MW/m2) for the DD/RFPR. This loss is associated primarily with

Bremsstrahlung, with profile-averaged cyclotron radiation loss being only 4% of

the total.

D. DT/DD RFPR and STARFIRE Comparisons

1. Comparison of DT/DD RFPR. Table II-I provides a summary comparison of

the DT/RFPR and a long-pulse DD/RFPR. For these systems the vacuum vessel

dimensions and net electric power output are held fixed. The most significant

change required to obtain DD operation at power densities that are comparable to

DT operation is a two-fold increase in the plasma current, which compensates the

power density deficiency of the DD reaction when compared to DT. All magneti.c-

field levels and energies are correspondingly increased. A plasma current

increase by a factor of -2.3 between the long-pulse DT to DD systems compensates

for the factor of - 25 less power density of DD (power density = I;). Because

of the efficient use of magnetic field in the RFPR, the fields at the magnet

coil remain at modest levels (f 4 T) for the DD/RFPR, which is less than field

levels required for most DT fusion concepts. A troublesome aspect of the DD

reaction is the large fraction of charged-particle power compared to neutron

power. As seen in Table II-I, a surface first-wall heat flux of 1.8 MW/m2

results, which is a factor of 2.8 greater than the comparable DT reactor. It iS

noted, however, that the total system power density for the DT/RFPR and the

DD/RFPR remains comparable.

A comparison of key plasma parameters is also given in Table 11-10

Modifying the DT/RFPR to operate with DD requires increasing the density by a

factor of 3.5, to 7.1(10)20 m-3 , and the temperature is increased from 10 keV to

18.5 keV. The plasma energy confinement time and particle confinement times

must increase by a factor of 3. The resultant Lawson parameter increases an

order of magnitude to 1.8(10)21 s/m3 to maintain ignited plasma conditions.

2. Comparison of DD RFPR/STARFIRE. The DD/STARFIRE

compared to the DD/RFPR in Table 11-1. Coincidentally,

10

design is

both systems

also

have



nearly equal total thermal powers, although the first

larger, resulting in correspondingly lower first-wall

system power density of the RFPR is only 20% greater,

increased STARFIRE plasma radius, leading to a

surface/engineering volume.

wall of STARFIRE is - 50%

power loadings. The total

however, because of the

larger ratio of plasma

The magnetic fields at the coils required in STARFIR,E are substantially

higher than those needed for the DD/RFPR. Toroidal and poloidal fields of 14 T

and 7.2 T, respectively, required in the STARFIRE, are reduced to 4 T in the

RFPR. The DD/STARFIRE requires at least twice the superconducting material as

the DD/RFPR. Interestingly, the poloidal-field systems are of comparable size

(-40 GJ), whereas the toroidal energy requirement of the tokamak is 17 times

greater. As noted previously, the DD/RFPR design purposely increased the

coil-to-plasma separation, and hence the poloidal-field energy, by - 50% in

order to assure a high degree of system accessibility.

The DD/STARFIRE power density and first-wall loading is considered to be

near the maximum values attainable. For the same size system, increasing the

power density requires achieving higher betas (> 11%) or raising the magnetic

field levels (> 14 T); in either case these increases may not be feasible.

Reducing the plasma radius aggravates the magnetic- field problems by forcing

higher field levels at the toroidal coils in comparison to the field at the

plasma surface. The result would be a system

Increasing the system size results in excessive

DD/RFPR, however, operates at relatively high-beta

magnetic-field levels of only - 4 T for a DD system.

primary confinement (poloidal) field with increased

of lower power density.

total thermal power. The

(total beta -0.2) and

The unique decrease of the

minor radius allows the

plasma radius, rp, to be reduced for a constant plasma current, 1$, leading to a

larger plasma confining field (Be = poI$/21rrp)and higher power density (= B&),

with little change in the field level at the poloidal magnet. The RFPR can then

achieve high-power densities without violation of key technology (coil fields)

or physics (beta) constraints.

E. Conclusions

A remarkable conclusion of this study is that RFP reactors fueled with pure

deuterium and with 3He recycle appear very attractive. In fact, “preliminary

estimates indicate the DD system will be economically competitive with the DT

system for RFP reactors. The DD/RFPR is ohmically heated to ignition, using an
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initial charge of DT. Increasing the plasma temperature by a factor of 1.8,

plasma density by 3.5, and energy confinement times by 3, this DT operation is

converted to an ignited DD burn. The dominant plasma loss occurs through

Bremsstrahlung, with cyclotron radiation being insignificant. The factor of

- 25 reduced power density intrinsic to the DD reaction is counteracted by a

factor of - 2.3 increase in plasma current and magnetic-field levels at the

plasma. The resultant DD system is of comparable power density, With

magnetic-field levels at the coils of only N 4 T. Tritium inventories in the DD

system are reduced to less than 2% of that needed in a DT reactor. The larger

fraction of charged-particle/neutron power for the DD reaction requires 2.8

times the DT first-wall surface flux for comparable power densities.

For other confinement schemes, in which magnetic field levels for DT

operation are 8-10 T, converting to DD fuel appears to be exceedingly

difficult. Low power densities result unless very high confining fields at the

coils (- 14-18 T) are used. The RFPR avoids these difficulties and operates at

DT-like power densities without violating technological constraints related to

magnet design. In fact, efficient use of magnetic field in the RFPR projects to

a DD-fueled reactor that could be substantially smaller, having high power

density and even using normal conducting coils. 10 Economic considerations based

on both materials and operational constraints, however, will ultimately

determine the optimal design point. Studies of the “compact” RFP reactors are

in progress and represent a logical extension of the preliminary computations

presented in this report.

12



111. REACTOR DESIGN BASIS

This section summarizes the theoretical and experimental background used as

the basis for the advanced-fuel RFPR study. An extensively referenced summary

of RFP physics and experimental results is given in Refs. 2 and 6. This section

also briefly reviews the history of RFPR reactor designs, with an emphasis

placed on the Los Alamos DT-fueled RFPR system. 6,7s11 This design is used as a

starting point for the advanced-fuel reactor study and provides a direct

physics/engineering comparison between DT/DD operation for RFPs. Ideally, the

goal of this study is to maintain the same reactor geometry (primarily first-

wall and major radius) and total output power while making the transition from a

DT to a DD system. The impact on various subsystems can then be more directly

compared. All previous major RFPR studies proposed pulsed-plasma operation.

This advanced-fuel study, however, investigates the steady-state or long-pulsed

IX2ZiCtOr systems. The engineering implications of operating either DT or DD

systems operating in a near steady-state mode are addressed in Section VI.

A. Physics Background

1. General Considerations. Like the tokamak, the RFP is a toroidal,

axisymmetric confinement device. Both systems use a combination of poloidal,

BfJ, and toroidal, B$, magnetic fields to confine a plasma in a minimum energy

state. For both systems the Be field is created by inducing through transformer

action a large toroidal current, I@ within the plasma column; the B field
@

results from current flowing in external coils. Figure 111-1 depicts the field

and pressure profiles across the plasma minor radius for both systems. Toroidal

equilibrium in both the tokamak and the RFP can be achieved by either using a

conducting shell near, the plasma (Fig. III-l), an external vertical field, or a

combination of both schemes. The RFP requires a conducting shell for plasma

stabilization against unstable MHD modes with wavelengths in excess of the shell

radius, rw s whereas the tokamak is not necessarily subjected to this

requirement. Localized MHD modes in the RFP are suppressed by the strongly

sheared magnetic fields caused by a slight reversal of the B
$

field at the

plasma edge (Fig. III-l). Although the tokamak does not require a conducting

shell near the plasma column, suppression of the kink instability establishes

specific requirements on the relative magnitude of Be, B+, the plasma radius,
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‘P’
and the major radius of the torus, ~. Specifically, the Cokamak safety

factor, q = (rp/RT)(B#BO), must exceed unity. The criterion that q > 1

essentially guarantees that MI-IDkink modes (m = 1) with wavelengths in excess of

the major circumference, 21T~, will be stable. Experimental values of q x 2-3

are required for stable plasma operation. The RFP, however, operates with q

less than unity, q actually falling through zero and becoming negative outside

the plasma region, r > rp. The presence of a passive conducting shell in the

RFP replaces the q > 1 stability criterion with one that requires (dq/dr) # O;

that is, the variation of the plasma/field shear should not exhibit a minimum in

the region enclosed by the conducting shell. The reactor disadvantages

associated with (passive) wall stabilization or (active) coil stabilization are

countered by the advantages the RFP approach exhibits when not constrained by

the Kruskal-Shafranov (q > 1) criterion. Imposition of theq>l constraint

implies small values of ~/rp andBe/B~, which in turn creates the following

problems.

●

●

●

●

In

Because the plasma pressure is essentially held by the Be field, the ratio
of plasma pressure to total field pressure (i.e., the 6 parameter) is
small, implying a poor use of magnetic-field energy per unit of fusion
yield.

Because Be/B@ is limited and because practical coil design establishes
physical limits on B$, the plasma current, 1$, is limited to an extent that
generally precludes significant plasma heating by ohmic heating alone; more
complex and less efficient plasma heating schemes (i.e., neutral-atom
beams, radio-frequency heating), therefore, become necessary.

The constraint that q > 1 also enforces limits on the plasma aspect ratio,
A=~/r. In addition to obvious engineering and system design problems
that ac~ompany low-aspect-ratio tori, relatively large inhomogeneities
result in the B field, that in turn

$
lead to numerous trapped-particle

instabilities and enhanced transport of particles and/or energy from the
plasma.

Generally the q > 1 constraint forces the use of the highest possible
values of B

$
and, therefore, creates a difficult magnet design task and

necessitates he storage of considerable quantities of magnetic energy per
unit of contained plasma energy (related to the aforementioned beta issue).

a sense, therefore, the RFP approach “differentiates away” the q > 1

constraint imposed on tokamaks and in its place requires (dq/dr) #0. The

positive implications of this new stability criterion are

. The aspect ratio ~lr~ can be chosen solely on the basis of engineering
considerations and conve ience.

14



. The beta limits predicted for the RFP are 10 to 50 times greater than q > 1
systems if ideal MHD theories are used. The use of resistive theories
reduces this factor to 3-10, which still represents a significant
improvement.

● The plasma may be brought to an ohmic ignition by the poloidal-field
system, which is needed in any event to confine the plasma pressure.

. The confinement of plasma with high-to--moderate beta is achieved primarily
by poloidal fields, which characteristically decrease with increased
distance from the plasma, thereby considerably reducing fields and stresses
at the magnets.

● The use of highly sheared fields near the plasma edge for the dq/dr < 0 RFP
configuration makes possible a “vacuum” (low-current) region to be
established between the plasma and first wall.

As will be seen, the application of these unique advantages to the use of

advanced fusion fuels promises a power density approaching that for DT systems

Without unduly taxing the requirements of both physics (i.e., beta) or

technology (i.e., high-field magnets).

Although implications of these improvements are significant from the

reactor viewpoint, they are accompanied by the apparent need for a passively

conducting first wall. Additionally, the energy that must be expended in

establishing and maintaining the nearly minimum-energy RFP configuration for the

reactor is not known; if this setup/sustenance energy is significant, however,

operation as an ignition device on the basis of ohmic heating alone becomes more

difficult. Lastly, little or no consideration has been given to the physics

implications of fueling and ash-removal systems required for a steady-state

operation; the DT/RFPR design (Sec. 111.B.) is based on a long-pulsed “(25- to

30-s) batch-burn operation. The favorable energy balance (recirculating power

fraction is 0.17) computed for the batch-burn mode of operation reflects the

efficient use of pulsed magnetic-field energy that is characteristic of the RFP.

Technological issues associated with pulsed superconducting magnets and energy

transfer/storage

inherently lower

plasma density,

power densities,

systems, however, require further development and study. The

fusion reactivity of the DD-fueled system dictates higher

plasma current, and stored energy to achieve DT-like system

thereby requiring long-pulsed or nearly steady-state operation.

This new aspect must be considered in this study.

The plasma issues of stability and field reversal, as they impact on the

RFP reactor model, are reviewed next. Stable field profiles within the plasma,

an example of which iS illustrated in Fig. III-2, are modeled by Bessel
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and pressure
O stabilized
stabilized tokamak. generate the point RFPR plasma model.

Comparison of magnetic Fig. 111-2. Comparison of stable RFP
profiles for a dq/dr # profiles computed numerically with
RFPandaq>l the Bessel-function profiles used to

functions. 12-14 These profiles, which predict a low-beta minimum-energy state

for the RFP, are integrated over the plasma radius to give the time-dependent

point model used in this study. Generally, ideal MHD stable profiles have been

found numerically if the following three constraints are imposed.

. net positive toroidal flux: FOw B$2nrdr > 0 , (III-1)

. poloidal beta limit: r3e< 0.5+ L3e(BO= 0) , (III-2)

[dp/dr]8~o/B~> o , (III-3)

is rw, 130(B@= O) is the local beta at the

● Suydam criterion: r[(d2nv/dr)]2 +

The radius of the conducting shell

zero point of the toroidal field, p is the plasma pressure, and dgnv/dr is the

magnetic field shear, with v = Be/rB$ = l/qRT. The first two conditions are

imposed on all RFP burn simulations, whereas the third condition cannot be
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imposed directly because of the point model used; the Bessel-function profiles

(Fig. III-2), however, are a good approximation to profiles12 that satisfy the

Suydam criterion.

The reactor computations assume field reversal occurs spontaneously and is

maintained automatically throughout the burn period by a relaxation process or

instability that chacterizes present RFP experiments. Self-reversal of the

toroldal field is an experimental fact, but the associated energy loss in

reactor-like devices is not known. The energy loss associated with this

sustained self-reversal,
.

therefore, is assumed to equal loss rates measured from

large tokamak experiments.

That self-reversal occurs is not in question; the self-reversed pinch state

has been observed in many RFP experiments over the last 25 years. A simple

theory13 of relaxed states has lead to a substantial increase in fundamental

understanding of this minimum-energy, field-reversed state. Given any arbitrary

dissipation mechanism, this theory predicts that a plasma surrounded by a flux

conserving shell will relax to a minimum-energy, force-free state with zero

beta. This minimum-energy state is described by the Bessel-function model given

in Fig. III-2. Numerical methods have confirmed this behavior for high-beta,

reversed-field plasmas. The key descriptive parameters in the Taylor theory13

are the pinch parameter, ~, and the reversal parameter, F, where

~ = Be(rw)/<B~> , (III-4)

F = B~(rw)/<B~> , (III-5)

(III-6)

Figure III-3 shows the locus of minimum-energy states as described by the F-e

plot; both the analytic (~ = O) Taylor state and the numerical high-beta

stateslq are shown. The desired field-reversed state corresponds to F < 0 and

1.2 < Q< 1.6. It is noted that high-beta RFP states have been observed both

experimentally and numerically for higher (3 values, but the Taylor theory

predicts an ultimate relaxation to the minimum-energy states given on

Fig. III-3. Both the relaxation mechanism and associated time constants for
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of toroidal field are not well understood. It is

noted that the minimum-energy tokamak state is described by the Taylor theory on

the F-Q diagram as the point where F = 1 for which (3= rp/RT. The penalties

incurred for operation near this state have been previously discussed.

In modeling the RFPR plasma, it has been assumed that minimization of

energy loss during the field reversal would occur if the burn trajectory follows

closely the Taylor F-O curve or its high-beta counterpart (Fig. III-3). All

RFPR burn trajectories adopted for this study closely track this locus of

minimum-energy states. As noted previously, however, the relaxation mechanism

and energy loss associated with the assumed sustained self-reversal cannot be

quantified at this time, and an Alcator-like scaling of energy confinement time

with plasma parameters is generally assumed for all RFP studies described

herein.

2. Experimental Results. Numerous small bore (diameter < 0.15 m) RFp

experiments have achieved varying degrees of gross MHD stability. Because of

the small size, however, these plasmas are dominated by line radiation, are low

temperature (Te f 10 eV), and are short lived (10-30 ps). Results from these

smaller devices are summarized in detail in Refs. 2 and 6. Experiments with

greater relevance for the reactor are listed in Table 111-1. These machines

have exceeded or are expected to exceed barriers associated with low-
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temperature, low-Z, line radiation, as indicated by the corresponding increase

in confinement time with increasing plasma temperature.

For the same size and toroidal current, RFPs are expected to yield lower

energy confinement times or lower temperatures than the equivalent tokamak

device. This behavior is explained here. Balancing the ohmic heating input

with the plasma energy loss gives the following expression.

(III-7)

where Wp is the total plasma energy, 1$ = qll(2~/rp2) is the plasma resistance,

T’Iflis the classical plasma resistivity, and the form factor, gO~, accounts for

the helical current path (Appendix A). Using the Bessel function model

(Appendix A., Sec. 4.) gives a pressure profile of the form p(r) = J~(ar), which

leads to variations in go~ between 2.9 for flat temperature profiles to 4.0/x2

(x = rp/rw) for profiles with n =T =Jo(ar). Using pressure balance

(2nkBT = f3#@2Po), the energy confinement time, TE, may be expressed as

follows.

31JoBe
‘E = K4FT

(III-8)

where $2is the linear plasma resistance (ohms per meter of toroidal length) and

gom = 4.0 has been assumed [i.e., both n(r) and T(r) proportional to Jo(ar)].

Using classical plasma resistivity (Appendix A., Sec. 3.b.), the energy

confinement tifnerequired to describe the energy balance for ohmically heated

RFPs becomes

20



3/2= 2$OTe ~

‘E = 35
lnA “

(III-9)

This expression for TE is also evaluated in Table III-I for each experiment and

for lnA = 15. The apparent good agreement between the “calculated” TE and the

experimental value implies the plasma resistivity is nearly classical, an

assumption that is typically used in all reactor calculations.

The energy confinement time given in Eq. (III-9) was derived by simply

requiring the plasma to lose energy at a rate equal to the ohmic power input

once a maximum value of Be is achieved. At low temperatures this power is

exceedingly high, probably resulting in excessive MHD activity and low beta

values (< 20%). As the machines and plasma currents become larger, the

increasing temperature is expected to reduce this power requirement, and the

ohmic heating replacement times should become quite long, as is seen for the

summary of projected experiments given in Table III-I. The energy confinement

Lime becomes longer as the ohmic power is reduced, although ~E is expected to

saturate, as has been found in tokamaks. Comparison of this energy-confinement

time with the empirical tokamak (“Alcator”) scaling22’23,

~A~~ = 5(10)-21nrp2

= 5(lo)-21~1
IT

‘$ $

~ 10-7 1$ , (111-10)

is also given in Table III-I. The value I/N = 1.5(10)-14 Am used in

Eq. (111-10) is characteristic of all RFP experiments and is also expected to be

typical of the RFP reactor. The Alcator scaling predicts shorter

times for experiments operating with temperatures below -

high-current, large-bore experiments and reactor calculations,

scaling [Eq. (111-10)] is used because of the absence of RFP

evidence in the region of interest.

confinement

1 keV. For

the Alcator

experimental



The energy confinement time is found to maximumize for I/N values in the

range of 1.0-1.5(10)-14 A m. The theoretical condition for electron runaway and

associated streaming instabilities is given by24

I/N < 3.56(10)-12 !!’T1J2 .
E*

(111-11)

Taking the ratio of the applied electric field, E+, to runaway electric field,

E*, to be in the range 20 of 0.01-O.02, the condition that I/N < 5(10)-14 T1J2

results> giving I/N $ 1.5(10)-14 A m at 0.1 keV. The temperature dependence of

this expression has been verified over a narrow range (0.08-0.15 keV) by the

Eta-Beta 11 experiment. 17 The experimental lower limit of I/N - 1.0(10)-14 A m

reSultF3 from enhanced radiation as the density iS increased. Reactor burns

typically operate at high temperature with I/N - 1.5(10)-14 and easily

satisfying the runaway constraint.

Magnetic field distributions are experimentally found to match closely

those modeled by Bessel functions , where Be = A~l(ar) and BO = A@Jo(ar). The

F-Q diagram for this Bessel-function model and sample experimental results are

shown in Fig. 111-4. The 1ow-6 Bessel-function mode113 effectively equates A@

and A+, whereas the high-beta model requires the A@ be less than AO, as dictated

by pressure balance. The high-beta Bessel-function model is used for all

reactor calculations. The most recent results25 from the ZT-40M experiment

(Fig. III-4) indicate optimal confinement properties for 0= 1.45, F = -0.15.

Minimizing energy losses during startup for the reactor is expected to require

that the F-e trajectory given in Fig. III-4 be followed. The poloidal and

toroidal circuits are appropriately staged during reactor startup to allow this

“minimum-energy” F-e trajectory to be followed.

In summary, the following experimental observations are used as a basis for

the RFP reactor design.

. Plasma resistivity may be nearly classical.

. Magnetic fields are appropriately modeled by Bessel functions with ~ = 1.45
and F = -0.15 being final goals.

● The magnetic-field profiles during startup should closely follow the Taylor
minimum-energy trajectory on the F-Q diagram.
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●

●

●

Energy confinement times of present experiments can be derived assuming an
appropriate beta limit and equating ohmic power input to all plasma energy
losses. No scaling information exists for high-temperature (T > 1 keV)
reactor-relevant plasmas, forcing this study to assume applicability of
tokamak (Alcator) scaling to the RFPR.

Poloidal betas, 6., as high as 0.2-0.3 have been achieved in present
experiments. Ideal MI-ID theory predicts these betas to be as high as
0.5-0.6. The actual operating beta of a high-temperature RFP plasma is
taken to be f3e~ 0.4 , which optimistically assumes beta improvement as the
plasma temperature and volume is increased. It is noted that beta in the
range of 0.1-0.2 proves adequate for DT-fuel operation.

All RFP experiments are performed with a conducting shell positioned near
the first wall, although the role of this shell is not ‘quantitatively
understood. The DD/RFPR proposes a shell of time constant ‘“0.5 s, with a
vertical field providing equilibrium and feedback coils stabilizing the
m= 1 mode for longer times.

B. Past DT/RFPR Desizns

Only two comprehensive reactor studies have been performed for the RFPR

reactor that presented consistent engineering designs. The DT plasma

characteristics and performance are similar for both systems, although these

studies were performed independently at CulhamqS5S26$27 and Los Alamos.6’7’11

The major design parameters for both systems are summarized in Table 111-11.

The uniqueness of the RFPR was elaborated by both studies. This system has an

arbitrary aspect ratio with the choice of major radius based primarily on total

power considerations. Establishment of the primary confinement field, Be, also

provides all required plasma (resistive) heating, considerably reducing reactor

complexity when compared to a system using neutral-beam or radio-frequency

heating. The Be field, also decreases with distance from the plasma surface,

thereby requiring only low-field magnet coils (< 2 T).

Potential problems for the DT/RFPR include the perceived need for an

electrically conducting shell (- 20 mm thick, - 0.1 s) near the first wall for

short-time (- 0.1 s) plasma stabilization; external feedback coils may be

required for longer time. This shell aggravates thermohydraulic problems near

the first wall. Both the Culham and Los Alamos reactor designs proposed a

pulsed-plasma, batch-burn operation, wherein the plasma is heated and reacted

over a 20- to 25-s period until plasma burnup and related effects quench the

system. Pumpout during an - 5-s period then readies the chamber for a new

pulse. Thermal fatigue of the copper first wall was considered tolerable for
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Fig. III-4. Universal F-C) curve, showing data from five machines.2 The
theoretical curve for the Bessel-function model (BFM) is also
Shewn. The dotted line is for a high-beta model (HBM).

both reactor designs , with all systems outside the first wall operating in a
thermal steady state because of the (intrinsically) long thermal time constants

.
of the blanket. This burn does, however, require a long_pulse (~ 0.l_s

risetime, 25- to 30-s dwell time) magnetic-energy transfer and storage system

having a Capacity of 15 fJJ, which must be transferreti With ~ 80-85%
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TABLE III-II

SUMMARY DESCRIPTION OF

Parameter

Net output power PE (MWe)

Gross thermal power, PTH (MWt)

Thermal conversion efficiency, ~H

Major radius, ~ (m)

First-wall radius, rw (m)

Mean neutron wall loading, I& (MW/m2)

Toroidal plasma current, I$ (MA)

Average poloidal beta, B@

DT/RFPR DESIGN

Duration of burn excluding heating, ‘B (s)

Duration of heating phase (s)

Duration of full cycle, Tc(s)

Peak burn temperature, T (keV)

Fuel burnup fraction, ‘B

Average plasma density, n (1020/m3)

Magnetic-field rise time, KR (S)

Toroidal-flux density at coil, Be (T)

Toroidal-field energy, WB$ (GJ)

Poloidal-flux density at cotl, B& (T)

Poloidal-field energy, WB@ (GJ)

Recirculating power factor, c = l/QE

Energy multiplication fraction, Q

Net plant efficiency, ~p = (l-c)~H

Culham

600

1900

0.4

14.5

1.5

1.5

17

0.35

25

4

37

10

0.3

2.1

0.5

1.0

2.0

3.0

6.8

0.21

12

0.32

PARAMETERS

Los Alamos

750

3000

0.3

12.7

1.5

2.7

20

0.3

19

5

27

-20

0.5

2.0

0.1

2.0

3.7

2.0

11.0

0.17

19

0.25

reversibility if the reactor energy balance (and cost) are not to be seriously

degraded. Although the advanced-fuel reactor system proposes long-pulsed or

steady-state operation, thereby minimizing the need for efficient energy

transfer and storage systems, other system requirements emerge and may prove

troublesome (i.e., fueling, refluxing, and plasma ash buildup represent

additional problems associated with steady-state operation).

The plasma performance for both the Culham and Los Alamos designs was shown

to be similar, although the engineering design of the nuclear island is

considerably different. The Culham system uses design methodologies developed

for tokamaks, a methodology that leads to a system tightly surrounded by magnet
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coils. The Los Alamos design emphasizes subsystem accessibility and makes

maintenance a major priority; a more open systern results in which

superconducting magnets need not be disturbed during normal maintenance

procedures. This latter approach is also desirable for the advanced-fuel system

and has led to the choice of the Los Alamos DD/RFPR engineering design as a

basis for this study. The system design 6 for the DT/RFPR is summarized here.

1. Reactor Operation. The reactor startup time, TR, is taken to be 10% of

the energy confinement time (TE = 1 s for the reactOr). The time response of

the toroidal- and poloidal -field system is shown in Fig. III-5. In this

simplified electrical cirucit, LIN specifies the time-varying inductance of the

plasma chamber, and LEX represents a constant parasitic inductance. Closure of

switch STR at time ‘TR/2 connects the homopolar motor/generator at full speed

and voltage to the superconducting toroidal-field coils. The current in the

toroidal-field coils rises to a maximum, producing the initial bias field,
‘M”

Preionization of the plasma occurs at this point in the startup cycle, and a

toroidal current, 1$, is inductively driven in the plasma. As seen from

Fig. III-5, current normally flows in the poloidal-field coils, with most of the

associated magnetic energy residing outside the coils when plasma is not

present. Reversing this current in the presence of a low-temperature,

conducting plasma induces the toroidal current, thereby causing the field energy

to be transferred inside the poloidal coils. The homopolar motor/generator

serves as a capacitive transfer element, the poloidal-field energy (- 11 GJ for

the DT/RFPR design) residing for the most part within the poloidal-field coils.

This transfer is accomplished by opening the “crowbar” switch, ‘CR, and using

the homopolar motor/generator as a capacitive transfer element (switch STR

closed). The toroidal plasma current rises to a maximum as the B
@

field

continues to resonate inductively, ultimately yielding the desired reverse field

-B $R. At time TR switch SCR iS closed in both toroidal- and poloidal-coil

systems, and the current 1+ and reversed field -B$R are maintained at a nearly

constant value during the 15– to 20–s burn. As noted in Sec. 111.A., self-

reversal is assumed to occur with an appropriate energy-loss mechanism; the

mechanism of the ensuing sustained self-reversal cannot be specified at this

time. This simplified discussion of the poloidal-field system ignores the

vertical-field coils required for plasma equilibrium; the vertical-field coils,

however, are included in the final design. 6,7
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Upon induction of the 20-MA (5.4-MA/m2) toroidal current in N 0.1 s, the DT

plasma ohmically heats to ignition in - 3 s, as shown by the results of the RFPR

burn code in Fig. III-6. The plasma subsequently burns for 15 s at 20 keV to

yield a fuel burnup fraction of 0.5. The burn period is determined when the ion

temperature falls below 8

decreasing alpha-particle

wall by opening switch SCR

poloidal-coil current is

keV as the plasma losses begin to exceed the

heating. At this point the plasma is expanded to the

in both poloidal- and toroidal-coil systems. The

again reversed by using the homopolar motor/generator

as a capactive transfer element, this action resulting in a negative poloidal-

coil current between burn pulses. The toroidal-field energy left untrapped

within the plasma is extracted from the reactor and stored as kinetic energy in

the homopolar machine between burn pulses. Magnetic field trapped in the plasma

1.0 I I 1 1 ,

=1.5mrw RFPR
0.8 Id= 20 MA BURN PARAMETERS 1

%0 TOm~O~L
v

T“A? r“ /2

Fig. 111-5. Schematic of homopolar-
generator driven circuit for TFC and PFC
systems. The voltage is 5-6 kV, risetime
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at the termination of the burn is assumed to be thermally dissipated and

delivered as heat to the blanket through the first wall. Neutral DT gas is

added at this point in the power cycle to promote a controlled plasma quench and

dilution of the burn product ash. Continuous pumping by the vacuum system

(e.g., Roots blowers or cryopumps) readies the plasma chamber for the next burn

pulse during the 5-s dwell period. Table III-III gives a summary energy balance

for the burn cycle depicted in Fig. III-6. The instantaneous powers incident on

the first wall during the DT/RFPR burn cycle are shown in Fig. III-7.

Throughout the burn cycle, including the startup and approach to ignition,

the energy confinement time was fixed at 200 times the instantaneous Bohm

diffusion time; this scaling can be deduced6 from existing tokamak experimental

data and is similar to the Alcator scaling used in the present study. Both in

magnitude and functional scaling, this loss rate is sufficient to limit 13eto

acceptable values and leads to to a stable burn trajectory (Fig. III-6).

TABLE III-III

SUMMARY ENERGY BALANCE FOR A 21.6-s BURN AND A 26.6-s CYCLE TIME

Parameter Value (MJ/m)

Initial plasma energy 0.05

Final plasma energy 2.5

Radiation energya 28.1

Ohmic heating energy 7.1

Plasma energy loss conduction 147.5

Plasma expansion energy 0.7

Eddy current losses in the blanket/shield 1.5

Magnetic-field energy lost at end of burn cyclec 21.5

Magnetic-field energy transfer lossesd 8.1

Fusion neutron energy 792.

Auxiliary energy requirementse 14.3

aBremsstrahlung and line radiation.
bBased on an energy confinement time equal to 200 Bohm diffusion times.

cAssumed to be thermally dissipated.
dBased on a, 95% efficient inductivelcapacitive transfer from the homopolar
motor/generator (capacitive) to the magnets (inductive) and back.

‘The cryogenic system required for the superconducting magnets consumes 21% of
the auxiliary power.
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Simultaneously, the burn trajectory in F-(3space (Fig. III-6) follows closely

the predictions of the Taylor minimum-energy model. The physics operating point

summarized in Fig. III-6 and in Tables 111-11 and 111-111 represent the

culmination of an extensive parameter search that used as an object function the

plant capital and power costs.6

2. Reactor Plant Description. Figure 111-8 gives an isometric view of the

reactor plant. The plasma is formed in a toroidal chamber consisting of 40

cylindrical 2-m-long modules , resulting in a torus of 12.7-m major radius. Each

2-m-long module consists of a 20-mm-thick copper first wall (providing passive

plasma stabilization on an - 0.1 s timescale), a blanket section for moderating

neutrons and breeding tritium, feedback coils (providing plasma stabilization

for times ~ 0.1 s), and a borated-water shield for protection of the

superconducting magnet coils. Figure 111-9 depicts an isometric view of four

2-m-long modules. The 40-module torus rests within a vacuum tunnel

(Fig. III-8), and the spacing between each module is sufficient to provide the

necessary vacuum conductance between the plasma chamber and the vacuum tunnel.

The poloidal-field coils are not integral components of the reactor torus, but
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Fig. III-8 . Isometric view of RFPR power plant.

instead line the vertical walls of the vacuum tunnel (Fig. III-8) and do not

interfere with reactor assembly and maintenance. Furthermore, the toroidal-

field coils shown in Fig. 111-9 are sufficiently separated to permit removal of

blanket modules without coil relocation.

Cost optimization studies performed in conjunction with the early RFPR

studies6 predict and a first-wall radius of 1.5 m for systems that are

constrained to operate with neutron wall loadings in the range of 2-3 MW/m2.

Tritium breeding occurs in granular Li20, which is packed around an array of
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Fig. III-9. Isometric view of four 2-m-long RFPR reactor modules including the
copper first wall, Li20-packed bed and associated high-pressure
steam tubes, feedback coils, water shield, and toroidal-field
coils.

steam tubes that remove the thermal energy from the blanket. Low-pressure

helium (0.1 MPa), containing trace amounts of oxygen and operated separately

from the primary cooling system, is circulated through the Li20 bed to extract

the tritium as an oxide. Superheated steam leaves the blanket and is converted

directly to electricity by means of a steam turbine/generator with a computed

net thermal efficiency Of 28X. Modest changes in the blanket and steam-cycle

design can easily increase this efficiency to 30%. The large intrinsic thermal

capacity of the blanket negates the need for auxiliary thermal storage during

the 5-s dwell time between the 21.6-s burn pulses. The thermal cycle

experienced by the direct-cycle steam system is calculated to be less than 5 K,

whereas that for the first wall is 28 K (averaged bulk temperature change).

Conservatively, limiting the copper first-wall coolant temperature to 530 K

requires a separate water coolant loop that could be used only for feedwater

heating. Because 38% of the total thermal power is removed by the first-wall
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coolant circuit, including the plasma/field energy dump and all alpha-particle

energy, the overall thermal-conversion efficiency becomes 28%, compared to 30%

for a typical light-water-cooled fission reactor. Parametric studies showed 2

that operating the first wall at the blanket coolant temperatures would increase

the overall cycle efficiency to 29%. Increasing the blanket/first-wall coolant

temperature by 100 K would result in cycle efficiencies of 35%.

An important objective of generating the preliminary plant layout depicted

in Fig. III-8 is to quantify the reactor maintenance procedure. As depicted in

Fig. III-8, the two major coil systems needed to drive the RFPR would be

permanently fixed. The poloidal-field coil system would consist of large,

superconducting hoops of NbTi/copper/stainless-steel structure that encircles

the inner and outer major radii of the machine. This coil system would be

permanently fixed to structure associated with the walls of the toroidal vacuum

tunnel and would not interfere with procedures needed to remove any of the

forty, 2-m-long modules. The toroidal-field coil system consists of twenty low-

field (2.O-T) solenoidal coils that encircle alternate reactor modules; each

NbTi/Cu/stainless-steel structure would have a 3.6-m radius, be 1.2 m in length,

and would have a thickness of 0.5 m. The current distribution in the

poloidal-cofl system would assure6 that the vertical-field component is

sufficient to maintain the RFP in toroidal equilibrium. Small,

normal-conducting feedback coils would be placed between the blanket and shield;

these slow-pulsed coils (< 10 Hz) are considered part of the reactor module

assembly.

A schematic diagram of the method by which blanket and shield modules would

be removed is depicted in Fig. 111-10. The poloidal-coil system is not shown,

since it is removed from the reactor module ~se and would not interfere with—

the module replacement operation. As noted previously, the toroidal-coil system

would be a fixed structure and sufficiently open to permit removal of

blanket/shield modules by simple translational and vertical motions. Each

2-m-long by 3.5-m-radius module would be hydraulically and electrically

independent of the others. Aa shown in Fig. 111-10, a 50-tonne hemicylindrical

shield tank would be lifted between the stationary toroidal-field coils, after

draining approximately 25 tonnes of berated water. Three first-wall/blanket

modules, each weighing 60 tonnes, can then be removed analogously. The

superconducting magnet coils are considered to be highly reliable components

that would rarely need maintenance. Provisions are made, however, for
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Fig. 111-10. Sequence of maintenance operations anticipated for the removal of
the RFPR reactor core. Lifting of the hemicylindrical, 2-m-wide
shield segments through the stationary toroidal-field coils allows
the first-wall/blanket segments to be analogously removed. These
module assemblies rest within a toroidal vacuum tunnel of 12.7-m
major radius that is lined with the poloidal-field coil system
(not shown).

unexpected outages in these coils. Replacement of a toroidal-field coil would

require a number of blanket/shield modules to be removed, as described above.

In addition, a lower hemicylindrical shield segment would be extracted from the

vacuum tunnel before the 65-tonne toroidal-coil could be lifted from the reactor

assembly. All poloidal-field coils would, in principle, be directly accessible

in segments for maintenance without disturbing the reactor torus or the vacuum

tunnel (Fig. III-8).
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IV. DEVELOPMENT AND APPLICATION OF BURN

This section summarizes the physics

reactor startup, thermonuclear burn,

SIMULATION MODEL FOR DD/RFPR FUEL CYCLE

models used to describe a DD-fueled

and postburn quench or rundown (if

applicable) for the nominal DT/RFPR system parameters described in Sec. III. A

detailed account of the burn model can be found in Appendix A. Guidelines are

also developed for application of the model in determining the most realistic

and, hopefully, near optimal reactor design point. This model is based on the

approach developed for the earlier DT/RFPR study,6$7 but modelistic refinements

have occurred since that 1978 design. This model, however, remains as a time-

dependent, multispecies, zero-dimensional plasma simulation. The accuracy and

adequacy of the zero-dimensional model has been shown28 if proper care is taken

in defining , using, and interpreting profile-averaged quantities.

A. Summary of DD/RFPR Burn Simulation Model

A complete burn simulation model is used to predict the power response of

the DD/RFPR. The computer simulations follow the initiation and establishment

of the magnetic-field profiles within the plasma. The poloidal- and toroidal-

magnetic-field profiles within the plasma are described analytically by the

Bessel-functions A&l(ar) and A$Jo@)y ‘espectively$ which are in good

agreement with calculated MHD-stable profiles , as is illustrated in Fig. III-2.

The constants A@ and At are determined by the conservation of total current and

flUX, respectively, within the plasma (Appendix A). Enforcing pressure balance

and integrating over the plasma cross section allows spatially averaged
parameters to be used for the calculation of burn dynamics. In accordance with

the Bessel-function model, the pressure profile is proportional to J~(ar) and is

used to establish the density and temperature profiles; generally, both n(r) and

T(r) are taken to be proportional to Jo(ar). The calculation simulates a one-

dimensional plasma by integrating all plasma power inputs and losses over the

cross section and applying appropriately calculated weighting functions to each

constituent power as evaluated using averaged parameters. Because these

weighting functions vary slowly with time, the spatial averaging is performed

only for selected time intervals (typically, taken as every fifth time step).

The time efficiency of the point model is consequently maintained while most

important aspects of the one-dimensional nature are presumed if the profiles are
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known from experiment or more detailed theory. This modeling approach is

especially useful when only a global energy loss is known, as is the case for

present-day experiments; one-dimensional computer codes require spatially

resolved (local) transport information , which by in large is unavailable.

The computer model used here allows arbitrary magnetic field, density, and

temperature profiles that may vary with time. Specifically, the Bessel-function

model is chosen to follow the magnetic-field evolution from a uniform toroidal

field, Boo, low-current, tokamak-like profile to the final high-current RFP

plasma state. In summary, existing experimental and/or theoretical information

on RFPR transport does not warrant the use of multidimensional plasma

simulations, although these sophisticated computational tools are available to

check the results of the average-property models that use appropriate radial

profiles.

A self-consistent calculation of the multispecies, zero-dimensional plasma

follows the plasma radius with time in conjunction with voltages and current

within the plasma. As such the energy and density of both Maxwellian and

energetic non-Maxwellian species (i.e., 4He, H, 3He, T, and D) are followed in

time along with a background Maxwellian electron species. This formulation

separates the plasma into a number of energetic species and a single Matiellian

background ion species. The energetic species are described by a Fokker-Planck

formulism for each of the five energetic species, noting that energetic

deuterium is produced only through nuclear elastic scattering events. At each

time step the Maxwellian component of each slowing down species is subtracted

from its respective distribution function, as determined by the Fokker-Planck

model. Particle loss is assumed to occur only through the background Maxwellian

electron/ion populations. Likewise, fueling of the Maxwellian populations is

allowed for the deuterium, tritium, and 3He species. For the parameters of

interest in this study nuclear elastic scattering and fast fusion reactivity

enhancement effects were computed to be insignificant (Appendix B).

First-order rate equations follow the profile-averaged density variations

of the five Maxwellian ion species, including fusion reactions, fueling, and

particle loss. Variation of the plasma radius is determined using the total-

plasma energy balance, which includes ohmic heating, radiation losses

(Bremmstrahlung, cyclotron, and line radiations), and anomalous (radial) thermal

conduction and particle diffusion. All plasma powers are integrated over the

plasma cross section as a function time, whereas the thermal conduction and
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particle diffusion are applied as bulk plasma parameters. In addition to the

five rate equations for each ion species, the plasma radius variation, the total

plasma energy, the Maxwellian electron and ion equations, all individual plasma

powers, and the energetic species production rates result in 24 first-order

equations that are integrated by a fourth-order Rungs-Kutta method. This

portion of the burn model determines exactly the time-dependence of the total

species densities, plasma radius, total plasma energy, Maxwellian species

temperature, and density variations related to changes in the column radius or

because of thermal/particle losses. From this incremental calculation the

Fokker-Planck model defines. the energetic species distribution functions and

modifies the Maxwellian electron-ion energy equations along with the Maxwellian

number density of each ionic species. This procedure does not modify the total

species densities, plasma radius, or total plasma energy from that given by the

basic integrating routine. A detailed description of the equations and

numerical methods used is given in Appendix A.

The time history of thermal and particle fluxes impacting the first wall

results from the plasma simulation model. Directly coupled to this calculation

is a one-dimensional heat-transfer calculation that monitors thermal excursions

within the first wall. This two-region model also calculates first-wall thermal

stress. Other ancillary results include the total system energy balance and the

generation of data files for use in a separate costing model.

B. Fuel Cycle Considerations

1. Fusion Reaction Kinetics. The primary motivation of this study is to

assess the feasibility of using only deuterium as the external fueling input to

the RFPR, thereby eliminating the need for tritium-producing blankets. The

reactions to be included in the plasma particle and energy balances are given

below.

RDDP : D+ D ~ T(l.01 MeV) + p(3.03 MeV) , (IV-1A)

RDDn: D+ D + 3He(0.82 MeV) +n(2.45 MeV) , (IV-lB)

RDT: D +T + 4He(3.52 MeV) +n(14.1 MeV) , (IV-lC)

RDHe: D + 3He + 4He(3.67 Mev) + p(14.67 Mev) , (IV-lD)
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where Rij is the corresponding volumetric reaction rate.

The reactivities, <w>~j, for these reactions are described by fitted

functions29 that reproduce the results of Ref. 30. Several characteristics of

the above reactions impact the overall reactor design. A majority of the

reaction power is generated by the secondary DT and D3He reactions, each

producing in excess of 40% of the total power associated with energetic

particles. The importance of these reactions to a self-sustained ignition iS

apparent, the establishment of sufficient particle inventories in the plasma

through recycle being required. The startup of the DD system will probably

require an initial inventory of T and/or 3He to minimize the external power

requirements for startup. The startup of the DD reaction and sustainment of the

appropriate particle mixtures is addressed below using an analytic

approximation, although final results are based upon the more exact numerical

simulations.

The particle inventories needed to maintain a steady state are derived from

the plasma rate equations (Appendix A., Sec. 1.). For the purpose of an

3He populations are specified to beanalytic approximation, the tritium and

time-invariant, and the following relationships result.

gDHenHenD<w>DHe= ().5@@#w>DDn (IV-2A)

gDTnTnD<~>DT (IV-2B)= ().5gD@ID%OV>DDp Y

where He = 3He and the neutron and proton branches of the DD reaction are

indicated. In the above formulation, weighting functions gij account for

appropriate averages taken over the plasma cross section when density and

temperature profile effects are included (Appendix A). The densities represent

averaged quantities, and the reactivities, <ov>. .lJS are evaluated at the density-

weighted average temperatures. A constant (flat) temperature and density

profile gives gij = 1. Ignoring the buildup of ash products, the deuterium,

tritium, and3He compositions of the plasma are given respectively by

‘D = 1/[1 +nHe/nD+ nT/nD] , (Iv-3A)

‘T = fDnT/nD , (IV-3B)
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f He = fDnHe/nD .

The steady-state populations can be derived with

(IV-3) . A plot of the steady-state fractional plasma

Fig. IV-1 for flat density/temperature profiles.

typically small, being less than 0.002 and allowing

(IV-3C)

the use of Eqs. (IV-2) and

composition is shown in

The tritium composition is

the steady-state plasma

mixture to be approximately represented by the following relationships.

fD =’
1

0“5gDDn<W>DDn
9

IL
J.T

gDHe<~>DHe

‘He=l-fD~

&5gDDp<w>DDp .
fT & fD

gDT<~>DT

2. Power Density and Profile Effects. This Study uses the

model to describe density and temperature profiles (Appendix

(IV-4A)

(IV-4B)

(IV-4C)

Bessel-function

A ● $ Sec. 4.),

wherein both n(r) and T(r) are assumed to be proportional to Jo(ar). The

weighting function necessary to evaluate the deuterium fraction, fD (Eq. IV-4A),

from the RFP burn code is given by the following expression to within 3.5%

accuracy over the temperature range of 10-30 keV.

gDHe
—=4.80 - 0.1 Ti .
gDDn

(Iv-5)

This ratio is greater than unity because the slope of ‘w>DHe ‘ersus ‘i ‘s

greater than that for the DD reaction. The ratio of reaction-rate weighting

functions, as given by Eq. (IV-5), is a direct consequence of the assumed

temperature profile and is independent of the density profile. The deuterium

fraction, ‘D, is also plotted in Fig. IV-1 for the Bessel-function model when

T(r) is a constant. The enhancement of the D3He reactivity compared to the DD

3He in the plasma.reaction results in a lower required inventory of
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Fig. IV.1. Steady-state plasma compositions for an advanced-fuel DD r_eaction
showing deuterium and 3He fractions as functions of ion temperature.

The maximum attainable power

magnetic field is represented

function.

p = gDDnf# <OV>DD/T2 ,

density achievable

by the maximum in

using the minimum level of

the following power-density

(IV-6)

where pressure balance has been used to eliminate density from the reaction rate

equations. Because both the neutron and proton branches of the DD reaction

occur with approximately equal probability, gDDn = gDDpO Equation .(IV-6) is

displayed in Fig. IV-2 for both flat- ‘gDDn = 1) and Bessel-function temperature

profiles. For the latter case, the profile factor is given by
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8.17
gDDn = —

T~/2 ‘
(IV-7)

which is accurate to within 3.5% for temperatures in the range of 5-30 keV. The

effectively higher reactivity predicted for the Bessel-function temperature

profile yields a factor of 2 higher power compared to the flat temperature

profile. The optimal (density-averaged) temperature is also lowered from 20 keV

a
w
g

n 00

DD:gDDfD2(av}DD /T2 (102)

-_----DT:o,5gDT<aV}T2/T2

Ta’JO(czr)
i..---% %\

-\ \ .\
“\

\

\
\

~

TaCONSTANT
~--- ---

/“ ‘- /‘-
-..

.

1 I I 1 1 I

5 10 15 20 25 30 35
T(keV)

Fig. IV-2. Comparison of DD and DT plasma power densities for equal magnetic
pressures and indicated temperature variations.
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to 15 keV as the flat profile is steepened to approximate a Bessel-function.

Ignoring the need for the large 3He population and plotting only <ov>DD/T2 gives

an optimal operating temperature of 30 keV. For comparison purposes plots of

0.5gDT<~>DT/T 2 for both flat- and Bessel-function temperature profiles are also

shown in Fig. IV-2, where the T = Jo(ar) model gives to within 5% in the 3- to

100 keV temperature range the following temperature dependence for a gDT.

2002 + 0.0373T~/2 .gDT = ~
i

(Iv-8)

In this case the optimal temperature for DT is reduced from 12-15 keV to - 8 keV

as the profile is steepened from a flat– to and Bessel-function dependence.

For both profile assumptions the magnitude of t3~j<~>ij/T2 for the DT

reaction is approximately 60 times greater than for the DD reaction. The actual

difference in reaction power densities must also include the reaction energy

yields. Without blanket energy multiplication, the DT reaction produces 17.6

MeV, whereas the full DD reaction chain produces 43.3 MeV; a ratio of power

densities of 60(17.6 MeV/43.3 MeV) = 25 results. In fact, recent calculations

of neutron multiplication for the,DD sy*indicate enhanced neutron blanket

multiplication resulting from the absence of the tritium breeding blanket and

giving a total DD reaction yield of 56.9 MeV. Compared to the total DT yield6

of approximately 20 MeV, the ratio in power densities for DT and DD reactions is

then 22. Hence, accounting for profile effects and energy yields, the factor of

- 25 difference in power density requires an irreducible increase in 13B2of - 5

if the DD system is to operate with a power density that is equivalent to that

for the DT system.

c. Startup

Initially, a pure DD fuel mixture produces only 4.86 MeV

charged-particle (plasma-heating) power. The ultimate self-heating power of

reaction chain, including the 3He and,T reaction products, is 26.72 MeV, or

times the pure DD mixture. The time required for the evolution from pure

plasma to the steady-state fuel/product concentrations is approximated by

following buildup time for 3He.

of

the

5.5

DD

the
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2(nH~/nD) .
‘He =

‘DgDDn<w>DDn
(IV-9)

This

For

keV,

formulation assumes a

the Bessel-function

the necessary buildup

constant deuterium density and plasma temperature.

temperature profile, nHe/nD = 0.1, and, with Ti = 15

time is ~He = 50 s for a typical DD reactor density

of - 7(10)20m-3. The relatively long time needed to evolve a steady-state

plasma implies that 3He must be injected into the plasma early in the burn

sequence to minimize external auxiliary heating requirements. The low

equilibrium concentration of tritium (nT/nD - 0.002) is established within less

than a second. Minimization of external startup power, however, is expected to

require an initial tritium concentration that is substantial in order that the

large reaction cross section at low plasma temperatures (- 4 keV) for DT be

effectively used for startup heating.

The DD/RFPR burn is proposed to be initiated as a DT/RFPR, which uses a

50%-50% mixture of DT at a filling pressure of a few mtorr. The plasma ignites

on DT and rapidly self-heats to 15-20 keV, at which point the transformation by

external fueling to a pure DD

primarily of deuterium mixed with

this point. Dilution of the

maintains the temperature at - 20

system commences. Neutral density, consisting

a small amount of 3He (’”lo%), is added at

plasma total reactivity (i.e., DT/DD) stably

keV until the full density is achieved and the

initial (startup) tritium Inventory is consumed. The final equilibrium

concentration of 3He, D, and T are established at this point and are maintained

by the DD reaction for the duration of the long-pulse or steady-state burn.

The initial phases of the startup procedure for the DD/RFPR are similar to

those used for the DT/RFPR, as is described in Sec. 111.B. The initially

uniform toroidal field, B@, superimposed onto an increasing toroidal plasma

current, 1$, results in a field configuration that is similar to a tokamak.

This initially q-stabilized system is then transformed into an RFP state by

proper programming of the poloidal and toroidal fields, as is depicted in

Figs. III-5 and 111-6 for the DT/RFPR. As indicated by experimental results,

particle transport losses are expected to be minimized for the “minimum-energy”

(Taylor) trajectory that is followed in F-O space during reactor startup

(Fig. III-4)0
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D. Reactor Burns

The DD/RFPR system is considered to be a thermally steady-state device with

the plasma burn time limited only by the available magnetic flux change in the

poloidal-field system. Various means of continuously driving the toroidal

31 These methods, suchplasma current have been proposed primarily for tokamaks.

as radio-frequency current drive proposed for the STARFIRE tokamak reactor,7

apply equally well to the RFPR and result in a truly steady-state plasma burn.

Substantially increased physics extrapolations, technology’ requirements, and

recirculating power represent major costs of achieving a steady-state burn by

this method. Because experimental evidence of exotic flux-drive techniques is

largely limited to low-density tokamaks, 32 the present DD/RFPR design assumes a

long-pulse plasma burn that is dictated primarily by available flux change of

the poloidal-field system. This long-pulse (~ 30 minutes) design, while not

embracing exotic physics and technologies, will present a more severe thermal-

fatigue problem to the first-wall design when compared to a steady-state plasma

burn. Whether the mechanical design of the long-pulse plasma machine is more

difficult than for a “steady-state” plasma burn is open to question however,

because the “steady-state” reactor must also be capable of shutdown at regular

or unexpected intervals. In either case, a11 thermal systems outside the first

wall are designed to operate in a thermally steady state, as is the case for the

pulsed-plasma DT/RFPR design (Sec. 111.B.). This section briefly discusses

particle/ash removal techniques employed during the burn and the

electrotechnical implications of sustaining the plasma current during the

long-pulse burn. It is noted, however, that the preliminary calculations33 have

indicated that the uniqueness of the F-@ diagram for RFPs offers a truly

different method for current drive that remains to be fully explored in the

context of the reactor.

1. Fueling and Ash Removal. The basic physics similarities between the

tokamak “andRFP imply fueling techniques presently used in tokamak experiments

can also be used to fuel and remove the burn ash in the RFPR. In these tokamak

experiments neutral-gas blankets near the plasma edge efficiently fuel the

plasma. Internal sawtooth (m = 1) oscillations near the axis sweeps

ash/impurities toward the edge, helping to maintain a nearly uniform plasma

composition. Similar oscillations are expected near the axis of an RFP plasma
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because of the magnetic-field shear decreasing with distance into the plasma

from the reversal point. Particle loss of all ionic species is then assumed to

occur for a period equal to the Alcator-electron energy confinement time, as is

found in tokamak experiments. 23 Pure deuterium is then added to replenish the

particle inventory along with recycle of the fueling species, 3He and tritium~

as is discussed below.

As shown analytically in Sec. IV.B., the advanced-fuel RFPR burn requires a

substantial steady-state inventory (- 10%) of 3He ions, which is typically added

during startup and is thereafter maintained by the DD reactions. Particle loss

tends to reduce the 3He population, which must therefore be actively recycled.

Complete particle recycle of the 3He is assumed. Low tritium inventories

(nT/nD ~ 0.002) in the plasma results in a correspondingly low loss rate of

these particles. Tritium recycle is consequently unnecessary, although maximum

recycle would be attempted to avoid buildup and to minimize the already low

intrinsic tritium inventories.

3He and tritium, ofParticle burnup times for -50 s and =1 s

(Sec. IV.B.) , respectively, indicate the importance of recycle when compared to

a typical particle confinement time of 8 s (Tp = TE = 5(10)-21nrp2,

n = 7(10)2O m-3, r = 1.5 m).
P

The 3He must be recycled many times before a D3He

fusion occurs, whereas the tritium is substantially consumed before diffusive

loss occurs.

2. Sustainment of Plasma Current. Plasma

pulse burn is provided by a slow flux change

current drive during the long-

(increasing coil current) in the

poloidal-field circuit. The required flux-change is given by

4$= I@#B , (Iv-lo)

where the toroidal plasma current is I~, plasma resistance is
%= n/@L@r;,

and plasma burn time is ~B. Assuming classical plasma resistivity (Appendix A.,

Sec. 3.b.) with ZEFF = 1 and 2nA= 15 then gives the following relationship for

the flux change.

A@/TB = 5.0(10)-81$~/rp2Te3’2 .
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APPENDIX A

RFPR BURN MODEL AND REACTOR CODE

The systems code used to model the RFPR is based on a multiparticle, time-

dependent burn computation that accounts for effects related to magnetic-field

and plasma profiles by performing integral averages over the plasma cross

section at selected time intervals. As such, this formulation simulates a one-

dimensional calculation for assumed profile form factors while maintaining the

time-efficiency of a “point-model” computer code. This kind of calculation, of

course, is not capable of predicting profile evolution , which must be input as a

function of time. This limitation, however, does not compromise the burn

calculation predictions, when the available experimental information in this

area is considered. One-dimensional computer codes require spatially resolved

transport coefficients , which are generally unavailable. Present experiments

typically provide only general profile information and bulk-plasma transport

losses. This level of knowledge is ideally suited as input to the profile-

averaging computer code described in this section.

The RFPR burn model provides the following specific information.

●

●

●

Complete time history of all plasma properties, including parameters that
are constrained to satisfy stability requirements (particularity f3.,F, and
e). $?This calculation includes profile integral-averaging of a 1 plasma
quantities versus time. The energetic (non+axwellian) plasma species (H,
D, T, 3He, and ‘He) are described through a Fokker-Planck formalism with
the Maxwellian component being subtracted from each slowing-down
distribution and merged into a single background ion population. Applying
pressure balance and conservation of energy, the spatial distribution of
the plasma is followed versus time.

Complete reactor energy balance and a listing of all system energy
requirements that culminates in a final expression for the engineering
Q-value, QE, or recirculating power fraction, s = l/QE. Results are
printed for a pulsed-plasma system, as directly simulated by the computer
code and assuming the reactor performance at code termination represents a
steady-state burn configuration. Details of this calculation are given in
Sec. 7 of Appendix A.

.

Option to model a pulsed tokamak reactor burn with flexibility and detail
that are similar to those described for the RFP. The time-evolution of
stellarators can also be modeled.
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● A simultaneous, time-dependent thermal response of the first wall during
the burn phase and plasma quench. This one-dimensional heat-transfer
calculation is made for a two-region first wall (if applicable) that is
surface cooled with a variety of coolant choices.

● A simultaneous, time-dependent mechanical/structural response of the first
wall producing a one dimensional stress history of the same structure used
in the heat-transfer calculation.

. The creation of a file for an interactive use of a standardized reactor

costing code.

The modelistic details of the RFPR computer code are presented below. This

description is specifically written for RFPR simulations, although the model is

easily extended to other fusion concepts. Burn simulations have been performed

for both tokamaks and stellarators by using concept-specific profile information

and appropriate transport. The RFPR code described herein is benchmarked

against the DD/STARFIRB tokamak results in Appendix C and has shown excellent

agreement.

Al. Computer Model for Simulation of Advanced-Fuel Burn

The plasma behavior is followed using a number of first-order differential

equations integrated by a fourth-order Rungs-Kutta routine. These time-

dependent equations describe particle inventories, plasma temperatures, and

spatial variations, and a range of integrated plasma powers.

The advanced-fuel calculation uses deuterium as the primary fueling source.

The reaction rates, Rij, of interest are summarized below.

‘DDp : D + D + T(l.01 MeV) +p(3.03 MeV) , (A-1A)

‘DDn : D + D ● 3He(0.82 MeV) + n(2.45 MeV) , (A-lB)

‘DT : D+T + 4He(3.52 MeV) +n(14.1 MeV) , (A-lC)

‘DHe :D+3He

The average density

followed in time.

‘jmr:) ‘ariation ‘f

(A-lD)+ 4He(3.67 MeV) + p(14.67 MeV) .

of five ion species (H, D, T, 3He, and 4He,) must be

Rate equations used to calculate the line density (Nj =

each species are given below.
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Iia = -Nw/Tpi + RDT + RDHe ~

‘H = -N&Tpi + RDHe + ‘DDp ~

&e = sHe - ‘HeM/Tpi + ‘DDn - RDHe s

fiT= ST - NTM/Tpi + RDDP - RDT ,

‘D = ‘D - NDM/TPi - RDT - 2RDDp - 2RD~ - RDHe y

(A-2A)

(A-2B)

(A-2C)

(A-2D)

(A-2E)

where He designates 3He. Total particle inventories, including both Maxwellian

species, NjM, and energetic (non-llamellian) particles are taken into account by

the above rate equations. T71is formulation separates the plasma into five

energetic species, each described by a Fokker-Planclc model that thermalizes

against a single background Maxwellian plasma (electron and ion) species. The

Maxwellian component of the energetic particle distribution functions is

continuously subtracted and merged into the thermal ion background. Particle

loss is assumed to occur only from the Maxwellian plasma with a loss time, ‘pi”

Neutral-gas fueling at a rate S(l/m s) is included for deuterium, tritium, and

3He. The reaction rates for each species are evaluated from the following

equations.

1
‘DDn = ~gDDn n; <~>D~

1
‘DDp = ~gDDp n: <OV>DDP

RDT = gDT ‘DnT <W>DT ~

/ip , (A-3A)

%*
(A-3B)

# (A-3C)

‘DHe = gDHe ‘DnHe <W>DHe ~ ~ (A-3D)

where the plasma cross-sectional area is Ap = m-~, rp is the plasma radius

defined for the RFP as the reversal point, and gij is a profile factor. These

equations use Maxwellian-averaged cross sections and total particle densities

(i.e., energetic plus Maxwellian densities). Because the energetic particle

population is typically very

here, the non+laxwellian

small (< 1%) for the densities

contribution to the reaction

being considered

rate is simply
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approximated by using total densities in the rate equations. A discussion of

the nonthermal effects of energetic particles is given in Appendix B. The

profile-averaged weighting functions, gij, are evaluated from the following

expression.

‘P
~ [nD(r)]2<~>DDn2mdr
o

gDDn = L s (A-4)
nD <w>DDnlTiM~

with the other profile terms derived in an analogous manner. The radial

dependence of the total ion density, ni(r), and all constituent densities (nD,

‘T s nHe B na, nH) is taken to be identical. Integrating over the plasma radius,

‘P‘
the average ion density is given by

‘P
ni(m-3) = ~ ni(r)2mdr/~ .

0
(A-5)

The density-weighted average Maxwellian temperature is given by the following

expression.

TiM= ~’pTiM(r) ni(r) 2mrdr/Ni ,
0

(A-6)

where Ni = ni~.

Changes in the plasma radius are calculated from the following plasma

energy balance.

d(3pm:/2)/dt = Ps~- pd(nr#/dt , (A-7)

where p is the total plasma pressure and PS~ is the sum of all plasma powers as

defined below. The average plasma pressure, p, is expressed in terms of the

magnetic-field parameters (Appendix A. , Sec. 4.) using pressure balance. In

Eq. (A-7), the changing plasma energy is equal to ps~, which iS the algebraic

sum of various plasma powers (per meter of toroidal length), minus the
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direct-conversion work performed by a high-beta plasma expanding against

confining magnetic fields. The

‘SUM = ‘Q
- P~ - P~(j~ +

power components of Ps~ are defined below.

pow , (A-8)

and as listed are powers related to total charged-particle generation,

radiation, thermal conduction, and ohmic heating; each power component is

described

model and

pressure,

following

in Sec. 3. of Appendix A. Using the Bessel-function magnetic-field

imposing pressure balance to derive an expression for the average

Eq. (A-7) may be solved for dx/dt, where x = rp/rw, to give the

expression.

.
PcJuM/~ - 3(B&2~o)dgnI$/dtx—=

x 3(~p)z(B&/2vo)/4x4+ 2p ‘
(A-9)

where Be is the poloidal field at the plasma edge, 1$ is the toroidal current,

‘N
is the initial toroidal bias field, and arp = 2.405 is defined by Jo(arp) =

o. Equation (A-9) follows the change in plasma radius in response to external

magnetic -field variations and plasma heating and losses. For low-beta systems.
such as the stellarator and tokamak, the plasma radius variation is negligible,

and ~ is taken as zero.

A global accounting of the plasma energy, Wp, is evaluated from Eq. (A-7),

which can be rewritten as follows.

.

ip=-t w z+Psm ,
3 Px

(A-1O)

where the first term on the right-hand side represents direct-conversion work.

The Maxwellian electron and ion energy,equations are given below.
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