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Presentation Notes
Today I will be talking about what I believe to be a new approach to achieving ignition in a small scale FRC fusion reactor that I'm calling CFR 2. I will begin by giving a little bit of a background and motivation for why I believe this to be the most promising way forward for fusion with the FRC.



Key IDWC Physics :
 Kinetic stability expected from formation through fusion burn
 Observed transport scaling sufficient for Q > 5 even with  τ = τLHD ~ r2n1/2 
 Magnetic field compression by Inductively driven bands is non-destructive
 Lithium bands remain solid throughout compression allowing for reuse
 Inductive band compression has been performed and validated at scale
 B Field compression well beyond the  magnetic fields required ( ~ 200 T) 

IDWC of the FRC provides  
  Remote burn in ideal breeding geometry
  Greatly simplified PFC management readily replaceable cylindrical tube
  Direct, high efficiency heating to fusion temps (~ 90% electrical to thermal)
  Small, compact fusion maximizes surface to volume ⇒ higher power density 

Fusion Reactor Based on the Inductively Driven 
Wall Compression (IDWC) of FRC 

Presenter Notes
Presentation Notes
The key to this concept is to use wall compression to reach high temperature and density rather than the usual flux compression typically found in most FRC experiments. Let me be clear at the outset, this is not Magneto Inertial Fusion, or MFE fusion where extremely high magnetic fields are desired and required.  In this case, the fields that are generated by the wall compression result in confining fields on the order of 30 Tesla or less well below the yield strength of the magnet materials.  The wall in this case is an assembly of large radius, very thin, submillimeter thick bands made of either lithium or aluminum that are driven in radially and axially by magnetic induction from coils external to the vacuum chamber. The only purpose here for the wall compression is to bring the FRC to fusion conditions, and to then translate the FRC into a stationary, relatively low-field, cylindrical burn chamber. This alleviates the need for the super high magnetic fields as the fusion burn is now a more conventional one where the FRC confinement time that dictates how long the burn lasts, not the dwell time of the imploding liner. In this way, the fusion burn is remote from the compression chamber and is in an ideal breeding geometry. The reactor being an open linear system,  The management of the plasma facing components becomes much simplified with a readily replaceable tube as the first wall. 
The converging metal bands provides direct, high efficiency adiabatic heating all the way to fusion conditions with 85 to 90% conversion of electrical to plasma thermal energy. The small compact fusion burn maximizes the surface to volume ratio, allowing for much higher fusion power densities. By starting with a large high flux and relatively high temperature FRC, one can maintain kinetic stability from formation through fusion burn. Even assuming lower hybrid drift transport, it was found that the CFR2 system was sufficient to reach fusion gains greater than 5. It is important to note that the magnetic field compression by inductively driven bands in this scheme is non-destructive. The lithium bands remain solid throughout the compression, producing no contaminants and doing no structural damage. After compression they fall harmlessly away allowing for reuse on future pulses. 
This inductive band compression has been performed and validated at scale in our laboratory where B field compression way beyond the necessary 30 Tesla to as high as 200 Tesla was demonstrated.



I. Formation and 
Injection of FRC into 

Compression Chamber

Large, High 
flux FRC:

rs = 0.78 m
xs ~ 0.9

Be = 0.16 T

Li bands inductively driven to compress FRC both 
radially and axially
Vband ~ 2.5 km/sec

FRC drifting inside 12 cm ID × 3 m 
burn chamber (foreshortened)  

Stationary Li bands assembled 
at entrance to burn  chamber

FLiBe filled 
Tritium breeding 

blanket

FRC at end of burn expanding into 
magnetized chamber for energy recovery   

One of six pellets injected to match the 
radial compression speed of the FRC 

II. Radially injected D-T Pellet Fueling During 
FRC Compression III. Wall Compression of FRC with Radially and Axially 

Converging Lithium Bands

IV. Lithium Shell “Docking” at Burn Chamber With  
Drifting FRC Fusion Burn V. FRC Ejection and Energy 

Recovery
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All the steps necessary for the compact FRC fusion reactor to achieve fusion with the FRC are shown in this figure. Details of each step will be given later, but a quick overview now will be useful in understanding where I am going. The first step is to form the FRC in a large chamber in the conventional way using a field reverse theta pinch to form a high flux, high temperature FRC. This formation chamber is actually not shown in this figure for clarity. What is shown is the compression chamber that this FRC is translated into. That is where the thin bands are positioned at the inner chamber wall, near under the driver coils. The translated plasma is shown with the target parameters desired.
Step 2. Is the radial injection of DT pellets for fueling during the FRC compression. This is done for two reasons. First, it allows the density to be brought up to sufficient levels for maximum density during fusion burn. And two, it provides for a way to reduce flux and particle loss as the pellets are injected radially inward at a velocity matched to the band inward velocity and thereby  produce new plasma at the null. This process will flatten the magnetic and density profiles and thereby reduce flux loss and particle transport. It is also a way to reduce tritium loss, as the tritium only enters the FRC in a confined way.
Step 3, which occurs  almost simultaneous with Step 2 is the wall compression of the FRC by the inward radial and axial acceleration of the lithium bands. In the calculations made with a hybrid circuit and plasma 1D code, it was found that the velocity of the inward motion of the bands reaches a maximum of roughly 2 1/2 kilometers a second, less than the sound speed in the Lithium bands and far less than the FRC so that there are no shockwaves and the FRC compression is totally adiabatic. The band launch angle and speed is adjusted for each band to arrive at the proper location near the entrance to the burn chamber at the same time. 
In Step 4, the lithium bands, now thickened and merged, form a shell at the burn chamber entrance.  With the field significantly higher inside the lithium shell, the FRC is ejected into the much lower field of the reactor chamber which in on the order of six Tesla. This field rapidly rises due to the compression from the FRC itself to somewhere near 30 Tesla. It slowly drifts toward the downstream reactor exit spending most of the time at the reactor midplane. – All of the FRC’s motion is controlled by small changes in the magnetic field along the way. 
The 5th step is the final stage. The FRC is ejected from the reactor chamber and expands into the energy recovery chamber, which is on the order of the size of the compression chamber, so that the expansion is quite large. In this way, much of the thermal energy remaining in the FRC can be converted back into electricity by doing work on the low magnetic field that exists in this chamber prior to insertion.
I will now give a brief description of the physics involved and point out the unique advantages CFR 2 concept, particularly in regard to the fusion burn.



Restating:    Note: Particle diffusion coef. depends only on n !

Empirical Scaling from LSX and other FRC experiments:

Consistent with the LHD Scaling

FRC Transport Scaling
Scaling based on Lower Hybrid (LHD) Drift :
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First, I would like to discuss the FRC transport scaling I will be using. It is based on the lower hybrid drift scaling first observed in the LANL FRX experiments which goes like Rs squared over rho I. Using radial pressure balance, this can be restated as scaling as n to the one-half times Rs squared. Notice that the particle diffusion coefficient  then only depends on n. The empirical scaling from LSX and other FRC experiments show additional non dimensional dependencies on  elongation and x sub s. as well as the LHD scaling. This is also consistent with experiments at TAE that did not involve adding beams or massive plasma injection on the open field lines. While these things can improve the confinement, they're not likely to be easy to do in a reactor scenario in CFR2  ,or any reactor for that matter. 



Particle Confinement xs Dependence Should Reflect 
Density Drop at Separatrix Density 
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There is one major exception to the simple LHD scaling shown on the previous slide. It has to do with the non-dimensional dependence on X sub S. As the graph on the left shows, flux compression significantly reduces X sub S and the consequence of that there is a very high separatrix density. This is the case for almost all prior FRC experiments. This is bad news in that it causes the LHD edge turbulence to create a very large transport effecting the bulk FRC plasma. It is critical to get the edge density and temperature low at the closed field boundary to the open diverter flux, as any tokamak scientist would tell you. Not achieving this will extremely limit the ability of the FRC to achieve or sustain the necessary fusion parameters and transport for fuson gain. It is clear from these two graphs that. If one can operate at high X sub S one can achieve the necessary isolation of the bulk FRC plasma from the turbulent transport conditions in the scrape-off layer. In order. The advantage of wall compression is that the large X sub S achieved initially at large radius can be maintained all the way to the small radius of the reactor thus preserving this key transport advantage throughout the entire compression and burn phases.



Fusion Collision cross section (7-13 keV):

Large xs FRC scaling:

FRC energy - also using radial pressure balance:

Fusion Gain G:

where

For xs = 0.9 and ε = 10:

Gain contours as a function of the FRC 
poloidal flux and compression magnetic field 

for xs = 0.9 (ε = 10).
No current or past FRC experiment would 
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Let's now consider the fusion gain scaling based on past FRC confinement, but with the appropriate high X sub S scaling as that is what we'll achieve with CFR 2. The fusion cross section in the range of seven to 13 keV which is the target range for CFR2 is given by a dependence that scales with the ion temperature to the five halves power as shown. Substituting the confinement scaling as well as this fusion cross section dependence, yields an expression for the fusion energy consisting of a product of density and ion Temperature taken to the five halves power.  Radial pressure balance between the external magnetic field pressure and plasma pressure allows for the density and ion temperature dependence to be replaced with a magnetic field dependence that goes like B to the fifth power. Using the usual expression for the FRC energy density, that being 3 halves times average beta times the null density times temperature can also be put in terms of just Band constants.  The fusion gain is just the ratio of the fusion energy to the FRC energy.  When one divides one by the other, we find the following expression for G in black. For the rigid rotor profile, the poloidal flux depends only on X sub X time the separtrix radius squared times the external magnetic field. Substituting this into the gain equation results in the magenta expression that only depends on the magnetic field squared and the poloidal flux plus the non-dimensional variables. This is what I mean when I say that the fusion gain is independent of any explicit dependence on size. There is no inherent disadvantage for a small reactor. It certainly is a strong advantage when it comes to large B field as the smaller coil have a much smaller hoop force to contend with. The flux can be high since it came from a coil set with an area almost 200 times larger than the reactor coil. The graph on the left displays the gain curves for a given poloidal flux and magnetic field. The expected operating point for the CFR 2 Is indicated the symbol on this plot, which is based on the results from from the MHD analysis and the 1D circuit with plasma  code. While no current experiment can be put on this graph, the recent Helium Energy Trenta experiment almost makes the plot. Its data point lies just outside the lower left-hand corner as indicated. As it is a low X sub S flux compressed FRC, it is unlikely to ever reach breakeven indicated by the dashed black curve, let alone get to the gain of five curve in the upper right corner, which would be needed for even the most optimistic reactor scenario. To get there would take a tremendous increase in magnetic field as well as over an order of magnitude increase in poloidal flux.



I. FRC Formation & Translation into Compression Chamber

Standard FRTP FRC formation but at large scale (Rc = 0.82 m) and low fill (1 mTorr D2) 
for high Ti ( > 1 keV) and final ϕp > 80 mWb 

Pressure Contours Ion Temperature Contours

Z (cm) Z (cm)
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It is time to talk about the five steps characterizing the operation of the  CFR2. The first step is FRC formation and translation into a compression chamber. As you can see in this figure, the 2D resistive MHD code is used to explore how this would work. A source chamber roughly the same size as the compression chamber employs a dynamic reverse field technique that both creates and accelerates the FRC axially out of the chamber. The FRC then expands into the compression chamber in the usual way, but at high X sub S. On the left are pressure contours, on the right are the ion temperature contours. In the large radius source. Over 1.6 meters in diameter the FRC can be formed at a fairly low very low fill pressure of 1 mTorr. This assures a high initial ion temperature for stability. The large chamber also provides for a large poloidal flux. In this case the final flux just before band compression is initiated is greater than 80 milliwebers.



• DT Pellet fueling brings high-flux, low density RMF FRC to high density
• Pellet inward radial velocity is matched to that of the bands (~ 2 km/sec)
• Ablation thus occurs primarily at FRC null region ⇒ 

Step 2: DT Pellet Fueling During Band 
Compression of the FRC

Pellets are composed of frozen hydrogen isotopes (tritium and deuterium) 
and accelerated with light gases (H and He) to speeds up to 3 km/s 

DT pellets are injected at 6 ports about the midplane for azimuthal symmetry
Final FRC Inventory:

NDT ~ 4×1020 ⇒ (6) 1mm pellets   (same as original ISX-B experiment)
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Step 2 is the pellet fueling during the band compression phase of the FRC. Deuterium and Tritium pellets are injected at six ports about the midplane for azimuthal symmetry. As you can see in the picture sequence, these pellets are are rapidly vaporized and ionized by the hot FRC plasma electrons and then spread out to increase the density by over a factor of 3 from what the FRC started with. The ablation and ionization of the pellets occur primarily at the magnetic null region of the FRC. As mentioned, by being buried deep inside the FRC  limits both the particle loss and flux loss during the compression phase. This is important as we want to minimize the particle loss during the 300 microseconds it takes to fully compress the FRC plasma.



III. Wall Compression of FRC with Radially 
and Axially Converging Lithium Bands

Results from 1D numerical 
code analysis with full electrical 

driver circuit
80 cm band parameters  
near full compression
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The third stage is the wall compression of the FRC with radial and axially converging lithium bands. The driver circuit parameters and design of the Li band driver system was then optimized by running a parametric analysis using the 1D code, that integrated the behavior of the driver circuits. It also incorporated 3D magnetic field effects, and band Joule heating. Some key results from the 1D Li band code for the optimized design point for fusion gain can be found  in the graph on the lower left of the slide. A plot of key parameters over the final microseconds before translation into the reactor chamber can be found in the upper righthand side of the slide. The internal magnetic field confining and the FRC does not rise significantly until near the end of the compression at small radius. It can be seen that a high magnetic field and a long dwell time of the shell at peak compression is sufficient to execute the FRC translation into the reactor. 



Large scale metal band compression test bed 
for FDR validation experiments at University 
of Washington Plasma Dynamics Laboratory
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Experimental End-on 
images (left) and 
AEDS code results 
(right) for a 0.4 m 
radius, 0.16 kg 
aluminum band. 

Comparison of 
experimental 

results with both 
the 3D AEDS and 

1D numerical code 
predictions.

Experimental Validation of the Large-Scale
Band Compression Method 
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The experimental validation of the inductive compression of the metal bands was carried out in the Plasma Dynamics Laboratory at the University of Washington in collaboration with MSNW staff. The experimental setup is shown in this rather busy slide on the lefthand side with the vacuum test chamber in the upper left and a Cad drawing  of the inside of the vacuum chamber in the lower left. The chamber was equipped with two driver coils and the ability to test  two Aluminum bands simultaneously for convergence tests . For taking the fast-framing camera shadow pictures on the right, however, only one band was driven radially inward for clarity as to the dynamics involved. The Aluminum band was vaporized even with reduced power. The windows were protected by a one-inch thick plate of polycarbonate so that pictures could be obtained without damage to the vacuum vessel. What is seen in the pictures is the compression sequence during the latter part of the collapse, as the aperture for experimental images from the end ports was limited to14 cm radius. It is clear though is that the experiment reproduced the same timing and velocity behavior as seen in the. ANSYS 3D explicit dynamics calculations. This is also reflected in the graph below the pictures. The 1D code prediction are also included on the same radius verses time plot as the ANSYS calculations and experiment with all agreeing. The buckling seen in the pictures was not unexpected as the initial band radius to thickness ratio is as large as 500. While this was not a major issue it is not desirable and can be avoided  by pleating the bands around the periphery at roughly the mode number so that the bands fold up into a uniform mass with no internal stresses. 



Li bands converge at entrance to the burn chamber with a transient internal field of 33 T. 
The FRC is readily translated into the flux conserving burn chamber with a much lower 
vacuum field (6 T). The FRC compresses the vacuum field up to 30 T as it drifts in. The 
shell B field compression continues as the back pressure dramatically falls with FRC exit

IV. Lithium Shell “Docking” at Burn Chamber and 
Drifting FRC Fusion Burn
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The fourth step is lithium shell docking at the entrance to the reactor burn chamber, which is followed by the ejection of the FRC into the chamber for fusion burn. As was seen in the 1D calculations, the Lithium bands converging at the entrance to the burn chamber bring the interna field up to about 33 Tesla. The FRC then  readily moves  into the flux conserving chamber which has only a vacuum field of about 6 tesla. As the FRC moves in it compresses the vacuum field eventually up to 30 Tesla when it fully enters the burn chamber. Magnetic field compression continues to raise the field in the shell as the back pressure slowing the shell inward motion dramatically falls in magnitude with the FRC exit.



 The Al-Be metal solenoid coils (80% Be) experience only the steady 6 T field. 
 The ~ 12 cm ID × 3 m long cylindrical first wall experiences a transient field 

pressure of 30T (0.36 GPa) due to FRC compression
 This is well below the yield strength of Be-Cu alloy 25 (1.2 GPa)

 FliBe has a  high resistivity
    (> 106 Beryllium) - eliminates    

problem of an insulating 
solenoid coating

 Good breeding potential 
(breeding ratio 1.27 even 
without a multiplier

 With the Al-Be coil as multiplier 
a breeding ratio up to 2 are 
feasible

Compact FRC Fusion Reactor ( CFR2)  Features  
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It is worth mentioning some of the unique aspects of the CFR2  with regard to reactor operation. Since it is a pulsed experiment, there is no need for high field superconducting magnets here that must surround both the chamber and a large breeding blanket. Nor is there any need for large neutral beam port pathways, ECRH waveguides, divertor channels, fueling lines and all the other plasma startup and sustainment systems as these lie outside the reactor region. for CFR2.
The breeding blanket, therefore, can be unconstrained without the need for significant internal structures and obstacles. And can therefore achieve a higher tritium breeding ratio. For instance, with Flybe as the breeding medium, the entire volume, even that surrounding the feed plates to the inner magnets can be used., and this alone could achieve a breeding ratio of one point 27. The 6 Tesla vacuum field desired inside the reactor chamber can be readily produced using ultra high strength aluminum beryllium coils. This material is 80% Beryllium by number density, so it can also function as a multiplier to produce a breeding ratio as high as 2.  The use of  high yield strength materials such as Beryllium Copper for the first wall, along with the small diameter, allows for the high magnetic field operation desired for the CFR2 while still maintaining  large margin of safety even at field of 30 tesla.



V. FRC Ejection and Energy Recovery
Direct Energy Recovery

from FRC Expansion  / Flux Compression

a

a-b

b-c

c-d

2D MHD Calculation for the Expansion 
of the FRC as It Drifts Out of the Burn 
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Stage 5 deals with the termination of the FRC burn and the recovery of the remnant FRC energy which would also include the fusion alpha heating during the burn. At the end of the FRC burn cycle, as it emerges from the reactor chamber, it expands rapidly into the energy recovery chamber. Here the FRC kinetic and thermal energy can be readily converted into electricity. This is done in much the same way as it has been suggested for pellet based inertial fusion devices. The way it works is a preexisting low level axial magnetic field fills the chamber as is shown in the 2D MHD calculation on the left. This field is rapidly compressed by the rapid insertion of the large energetic plasma. Here the CFR2 has the advantage over ICF in that the plasma is a stable, magnetized plasmoid, not just an explosion of hot plasma as in ICF. At peak magnetic compression, the large surge in the current supplying the magnetic circuit due to the rapid field rise, is electronically diverted to storage capacitors thus capturing the work energy done by the plasma expansion. As indicated in the pressure volume diagram, this process is equivalent to the diesel cycle. Plugging in the various volumes and energies for the various stages of the CFR2 shown at the right of the diagram, one can determine the efficiency for the CFR2. It is found that the efficiency for recovering the final FRC energy would be 84%.



Why Inductively Driven Wall Compression for High Power 
Density FRC Based Fusion?

(1) Reduces by orders of magnitude the scale and complexity involved in the development of a 
fusion energy reactor compared with any other MFE or IFE concept 

(2) Provides for a vastly lower cost, risk and a much shorter timescale for implementation

(3) Employs a linear, simply-connected topology that solves long term material exposure with easy 
replacement, breeding issues due to blanket coverage as well as exhaust plasma in diverters.  

For confinement better than projected:
 Lower energy recycling for more productive and lower cost electricity. Advanced fuel cycles such 

as self-sustained 3He catalyzed D-D (Efus ~ 95% KE p’s + 5% n’s) are unrealistic as the energy 
confinement would need to be over 300 times that of DT!

For confinement lower than projected:
 Can be of immediate utility to nuclear energy production in the near term, e.g.:
    (I)  Fissile/fusile breeder  (both Thorium and Tritium)
            (II) Waste transmutation/burner

Presenter Notes
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So in summary then, let me iterate why employing the inductively driven wall compression of an FRC to achieve a compact  high-power-density fusion reactor is the most promising path for FRC fusion. One, It reduces by orders of magnitude the scale and complexity involved in the development of a fusion energy reactor regardless of concept . Two, It provides for a vastly lower cost, risk and a much shorter timescale for implementation. Three, it employs a linear, simply-connected topology that solves long term material exposure with easy replacement, breeding issues due to blanket coverage as well as exhaust plasma in diverters. 
For confinement better than projected: Lower electrical energy recycling for more productive and lower cost electricity. Advanced fuel cycles such as self-sustained 3He catalyzed D-D are unrealistic as the energy confinement would need to be over 300 times that of DT
For confinement lower than projected: The CFR2 would be of immediate utility to both fission nuclear energy production in the near term as well as fusion plant startup in the long term. It could also be used as a hybrid reactor for transmutation of the vast quantities of nuclear waste that have been accumulated over decades from fission plants. 
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