
Introduction  
-Mirror plasma has a natural magnetic diverter that sends the radially escaping 
plasma particles with their high kinetic energy out the two ends through two 
expanding magnetic nozzles.  
 
- Mirror plasma is a neutron source with advantages described in Rytov et al (1998), 
Post et al (1973) and Ivanov (2000, 2003). Mirror group at the Budker Institute is 
designing a mirror machine to produce a 14 MeV neutron source for the determining 
the life-time of wall materials exposed to the neutron and plasma fluxes and to 
augment the thorium based Fission Reactors with lower radioactive waste 
production. 

-Linear geometry device is simpler to build, diagnostics, and feedback control. 
Neutron source is concentrated at the mirroring point. External control with Real-
Time control [ robotics] from diagnostics to injectors of power, plasma and electrode 
biasing is relatively simple. 
. 
  
 

-  Nonlinear simulations of the coupled of fast and slow waves show the onset of 
nonlinear convective cells with m=1 to m=3 components.  Nonlinear vortex structure 
is formed with rotation and axial flows Helicity vector precesses and is tilted helicity 
vector owing to the axial outward flows.  The 3D vortex states with sheared flows 
provide a stable nonlinear convective cell for the plasma confinement.  

- The maximum electron thermal energy approaches the 1keV due to the improved 
confinement.  The ECH heaters are a dominant control mechanism for improved 
plasma confinement and heating.  

- The solitary 3D vortex structure is a natural state in the ionospheric and 
magnetospheric plasmas.  Such structures will be studied in the proposed new 
mirror trap. 

Real-Time, Reconfigurable I/O (RIO) Plasma Control System 

Nonlinear pde’s  waves and convective cells 

Conclusions 

Voltage Profile from End Cell Active Probes 

Real-Time Plasma Control System   RIO  

IFS

       : stream function for the velocity of the plasma 
 
 P : is the normalized pressure of the plasma 

H is the strength of the plasma-wall coupling 
Angular velocity and rotational shear parameter 
 (r,z) is the magnetic curvature ~ r d2 lnB/dz2 
 Axi-Symmetric magnetic field with  r < a << Lz 
U gives the FLR stabilization to small scales 
 
3D nonlinear simulations show vortex confinement 

Architecture of New Steady State Robotic Mirror Machine  
Trapping condition: The ExB rotation number is the ratio of the vortex rotation rate         to the linear frequency       ; 

   The dispersion of vortex structures dominates 
    The rotation of vortex structures traps the waves and the plasma 

Sensors: end cell network of 
probes for radial electric 
potential control  

Actuators:  biasing the end cell 
Probes to produce sheared Er(r,t) 
-inward electic  field 

Sensors: magnetic fluctuations  
Monitor the magnetic fluctuations for 
low m-modes 

Actuators:  control the 
currents in external coils and 
ECH heaters 

Acutuators: Control of NBI 
injection, gas puffs, and ECH 
heaters  

Input: Thomson scattering:  
magnetic probes, Langmuir 
probes central cell and  
 voltage/currents from end 
cells expansion tanks. 

Solitary vortex dynamics and trapping 

Large-New Symmetric Mirror Experiments with the Realtime input-output [RIO] systems that couple the 
Actuators [drivers NBI, ECH plasma gas injection, and input end chamber currents and voltages] with 
the complex 
Plasma Diagnostics Systems giving the internal structures including high resolution multi-channel 
Thomson scattering microwave interformeters  for the real-time  electron and density profiles 
temperatures 
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ϕ

 : is the normalized magnetic fluctuation  
of the plasma 

κ
Nonlinear simulations show final states with vortex structures with sheared 
angular velocity Ω(r)  profiles that form a type of transport barrier that we call 
vortex confinement. The fields have weak  m=1 and m=2 components that so 
that there is a 3D helicity vector.   
The divergent axial flow contributes to the growth of the helicity and the radial 
confinement.  The state is controlled by the NBI, ECH and the end plate biasing. 
This complex system requires the RealTime control systems used in robotics to 
optimize the confinement time and the electron temperature for fusion grade 
plasmas. 

is achieved by applying different potentials to the limit-
ers and the end plates of the device, thus creating the
shear flow, which surrounds the core of the discharge.
The biasing setup is shown in Fig. 1, while the measured
profile of the floating potential versus radius is shown in
Fig. 2. Here and below, the radial coordinate is that of the
field line in the GDT middle cross section.

With vortex confinement the gas dynamic stabiliza-
tion is shown to be unnecessary, as the plasma remains
hot even with straight field lines in expanders, i.e., with
a magnetic hill on axis. Turning biasing on in this inher-
ently unstable regime results in improvement of confine-
ment time by a factor of 3, up to values predicted for pure
axial losses in stable regimes. Vortex confinement allows
lower axial plasma outflow at higher mirror ratio, as the
outflow is no longer needed for the gas dynamic stabil-
ization scheme. Hence, the best parameters of the GDT
plasma were reached using vortex confinement, and fall-
back to the gas dynamic stabilization will result in their
significant degradation. The price for such confinement
is in the form of the power consumption needed for main-
taining the applied potentials. However, in the present
experiment it is of the order of 1% of the heating power,
while theoretical scaling predicts it to be reasonably small
even at fusion temperatures.

Shear flows are known to improve transverse plasma
confinement in many experiments. The most famous ex-
amples of that are the formation of the H-mode pedestal
and the internal transport barriers ~ITBs! in tokamaks.
Another example has been reportedly observed in the
GAMMA-10 tandem mirror ~Tsukuba, Japan!, where off-
axis radio-frequency heating of electrons generates a layer
with modified plasma potential. The transverse drift trans-
port is then suppressed, and the plasma parameters are
improved significantly.6,7 According to simulations by

Pastukhov and Chudin,8 the existence of such a high-
vorticity layer causes decoupling of stochastic vortex
structures localized in the inner and the outer plasma
regions, which is similar to the current understanding of
the role of shear flows in the formation of ITBs in

Fig. 2. Probe measurements of plasma potential in radius re-
veal reversal of the electric field and the E ! B shear-
flow layer at the plasma edge.5 Error bars are statistical;
i.e., they indicate levels of fluctuations.

Fig. 1. The GDT biasing scheme. Because of the vessel design, the biasing is currently positive and applied via the limiters and0or
outermost rings of the end plates. Core end plates are grounded.
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applied wall potential w ! w0f, and the pressure to the
plasma pressure on axis at the trap midplane P ! p0p0.
Then, the natural normalization constant for time is the
E " B drift period, t ! BR20cf. Note that since BR2 #
const on each field line ~in our paraxial approximation!,
the definition of t fits nicely with the line-averaging
procedure t ! const. The typical value of t in GDT
experiments is 30 ms.

The field-line averages can be defined as ^F & !
L$1*F d!, where L is the half-length of the trap, if it is
left-to-right symmetric. Then, averaging of the left side
of Eq. ~1! can be based on w, p, and Br 2 being constant
on any field line, with r~z! being the radial position of
the field line. Indeed, in this case the distribution of w, p
in each cross section is similar to that in the midplane
with the spatial scaling factor of r~z!0r0!R~z!0R0. Hence,
the normalized gradients ! '! R! of all functions that are
constant on field lines will also be constant on field lines.
The same is true for the combination VE{! as it is pro-
portional to B$1!2 @ R2!2.

After normalization and taking the field-line aver-
ages as described above, it is possible to put the system
@Eqs. ~1! and ~2!# into the following simplified form:

]t Dw % $w, Dw% $ U!{$!w, P %

! H{~w $ ww ! % k$P, r 2 %

% n4D2w $ n5Dw $ UDSp ~7!

and

]t P % $w, P % ! n4
p DP $ n5

p P % Qp . ~8!

Dimensionless parameters in these expressions are as
follows:

1. U!p0i 0~enf! is responsible for the finite-larmor-
radius ~FLR! effects. In GDT it is usually negative and
large and varies from $5 to $20 in different experiments.

2. H describes the plasma-wall coupling; i.e., it is
responsible for the line-tying effects:

H !
t2

cL

ef

Te
! Ji0

B
"

wall

1

^rB$2 &
@ B3Te

$102 . ~9!

In GDT, as well as in other open magnetic configura-
tions, it is usually large: HGDT ; 3 to 50. However, for the
true line-tying stabilization, it should be orders of mag-
nitude larger than that.

3. k stands for the normalized average magnetic cur-
vature. In low-beta paraxial configurations, 10B~r, z! #
10B~0, z! % a~z!r 2, and if we assume p~r, z! ! p~r!g~z!,
with ^g& ! 1, then

k ! 2p0 t2
^g~z!a~z!B$1 &

^rB$2 &
. ~10!

In GDT this parameter is typically of order unity, k ; 0
to 3.

4. All other parameters are small and describe ef-
fects of axial outflow, transverse collisional transport,
and external heating. Sp # ~n4

p $ n4!DP $ ~n5
p $ n5!P %

Qp #Qp~r! describes some effects of charge-uncovering.
In particular, it accounts for vorticity injection during
neutral beam heating.

III. SIMULATION OF CONFINEMENT

We used a custom semiexplicit code to simulate con-
finement in the presence of convection, as described by
the system @Eqs. ~7! and ~8!#. Our code uses a square,
evenly spaced grid that is not consistent with axial sym-
metry. However, we placed a simulated limiter at r !
1.5; i.e., we set the axial loss rate 20 times higher behind
it, thus effectively detaching circular plasma from square
container walls. Since the axial losses are at least an
order of magnitude higher than the classical transverse
losses, the role of the limiter is profound. Everything that
gets behind it is lost very fast, so the setup underlines the
necessity of keeping plasma from displacing too far from
the axis. That is exactly the aim of vortex confinement.

To simulate evolution of the energy confinement time,
all runs start from a thermal equilibrium state with small
multimode deviations of plasma velocity from axial sym-
metry. Thus, the growth of instabilities starts from the
linear stage and develops for a few equilibrium confine-
ment times. To simulate GDT behavior, this period is
quite sufficient, as it is comparable to the duration of
typical shots. The relative role of the shear flow and FLR
effects in model behavior for the same wall-coupling
coefficient H ! 10 and the same unfavorable curvature
k!1 can be seen in Fig. 4. The presence of the shear flow
obviously provides the way for nonlinear saturation of
convection, preventing the hot plasma core from touch-
ing the limiter ~Fig. 5!. Without it, the plasma displace-
ment causes severe edge losses. The role of FLR effects
is well known: If they are as large as in GDT, all modes
except the m !1 rigid displacement become stable, while
the m ! 1 mode is the most prone to line-tying. How-
ever, the line-tying can only reduce the linear growth
rate, so that without the flow layer, the plasma core is
displaced far enough to cause edge losses. The best case,
which we think corresponds to observed improved “vor-
tex” confinement in the GDT, includes both the FLR and
the flow-layer effects ~Fig. 6!. In this regime there is just
a small saturated displacement of the plasma core off
axis that reduces the energy confinement time by 5% as
compared to the axially symmetric equilibrium.

Comparing pairs graphs for the same U in Fig. 4, one
can see that the linear stage of instability is independent
of the absence or presence of a shear-flow layer. What is
different is the long-term behavior of plasma losses: The
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applied wall potential w ! w0f, and the pressure to the
plasma pressure on axis at the trap midplane P ! p0p0.
Then, the natural normalization constant for time is the
E " B drift period, t ! BR20cf. Note that since BR2 #
const on each field line ~in our paraxial approximation!,
the definition of t fits nicely with the line-averaging
procedure t ! const. The typical value of t in GDT
experiments is 30 ms.

The field-line averages can be defined as ^F & !
L$1*F d!, where L is the half-length of the trap, if it is
left-to-right symmetric. Then, averaging of the left side
of Eq. ~1! can be based on w, p, and Br 2 being constant
on any field line, with r~z! being the radial position of
the field line. Indeed, in this case the distribution of w, p
in each cross section is similar to that in the midplane
with the spatial scaling factor of r~z!0r0!R~z!0R0. Hence,
the normalized gradients ! '! R! of all functions that are
constant on field lines will also be constant on field lines.
The same is true for the combination VE{! as it is pro-
portional to B$1!2 @ R2!2.

After normalization and taking the field-line aver-
ages as described above, it is possible to put the system
@Eqs. ~1! and ~2!# into the following simplified form:

]t Dw % $w, Dw% $ U!{$!w, P %

! H{~w $ ww ! % k$P, r 2 %

% n4D2w $ n5Dw $ UDSp ~7!

and

]t P % $w, P % ! n4
p DP $ n5

p P % Qp . ~8!

Dimensionless parameters in these expressions are as
follows:

1. U!p0i 0~enf! is responsible for the finite-larmor-
radius ~FLR! effects. In GDT it is usually negative and
large and varies from $5 to $20 in different experiments.

2. H describes the plasma-wall coupling; i.e., it is
responsible for the line-tying effects:
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In GDT, as well as in other open magnetic configura-
tions, it is usually large: HGDT ; 3 to 50. However, for the
true line-tying stabilization, it should be orders of mag-
nitude larger than that.

3. k stands for the normalized average magnetic cur-
vature. In low-beta paraxial configurations, 10B~r, z! #
10B~0, z! % a~z!r 2, and if we assume p~r, z! ! p~r!g~z!,
with ^g& ! 1, then

k ! 2p0 t2
^g~z!a~z!B$1 &

^rB$2 &
. ~10!

In GDT this parameter is typically of order unity, k ; 0
to 3.

4. All other parameters are small and describe ef-
fects of axial outflow, transverse collisional transport,
and external heating. Sp # ~n4

p $ n4!DP $ ~n5
p $ n5!P %

Qp #Qp~r! describes some effects of charge-uncovering.
In particular, it accounts for vorticity injection during
neutral beam heating.

III. SIMULATION OF CONFINEMENT

We used a custom semiexplicit code to simulate con-
finement in the presence of convection, as described by
the system @Eqs. ~7! and ~8!#. Our code uses a square,
evenly spaced grid that is not consistent with axial sym-
metry. However, we placed a simulated limiter at r !
1.5; i.e., we set the axial loss rate 20 times higher behind
it, thus effectively detaching circular plasma from square
container walls. Since the axial losses are at least an
order of magnitude higher than the classical transverse
losses, the role of the limiter is profound. Everything that
gets behind it is lost very fast, so the setup underlines the
necessity of keeping plasma from displacing too far from
the axis. That is exactly the aim of vortex confinement.

To simulate evolution of the energy confinement time,
all runs start from a thermal equilibrium state with small
multimode deviations of plasma velocity from axial sym-
metry. Thus, the growth of instabilities starts from the
linear stage and develops for a few equilibrium confine-
ment times. To simulate GDT behavior, this period is
quite sufficient, as it is comparable to the duration of
typical shots. The relative role of the shear flow and FLR
effects in model behavior for the same wall-coupling
coefficient H ! 10 and the same unfavorable curvature
k!1 can be seen in Fig. 4. The presence of the shear flow
obviously provides the way for nonlinear saturation of
convection, preventing the hot plasma core from touch-
ing the limiter ~Fig. 5!. Without it, the plasma displace-
ment causes severe edge losses. The role of FLR effects
is well known: If they are as large as in GDT, all modes
except the m !1 rigid displacement become stable, while
the m ! 1 mode is the most prone to line-tying. How-
ever, the line-tying can only reduce the linear growth
rate, so that without the flow layer, the plasma core is
displaced far enough to cause edge losses. The best case,
which we think corresponds to observed improved “vor-
tex” confinement in the GDT, includes both the FLR and
the flow-layer effects ~Fig. 6!. In this regime there is just
a small saturated displacement of the plasma core off
axis that reduces the energy confinement time by 5% as
compared to the axially symmetric equilibrium.

Comparing pairs graphs for the same U in Fig. 4, one
can see that the linear stage of instability is independent
of the absence or presence of a shear-flow layer. What is
different is the long-term behavior of plasma losses: The
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is achieved by applying different potentials to the limit-
ers and the end plates of the device, thus creating the
shear flow, which surrounds the core of the discharge.
The biasing setup is shown in Fig. 1, while the measured
profile of the floating potential versus radius is shown in
Fig. 2. Here and below, the radial coordinate is that of the
field line in the GDT middle cross section.

With vortex confinement the gas dynamic stabiliza-
tion is shown to be unnecessary, as the plasma remains
hot even with straight field lines in expanders, i.e., with
a magnetic hill on axis. Turning biasing on in this inher-
ently unstable regime results in improvement of confine-
ment time by a factor of 3, up to values predicted for pure
axial losses in stable regimes. Vortex confinement allows
lower axial plasma outflow at higher mirror ratio, as the
outflow is no longer needed for the gas dynamic stabil-
ization scheme. Hence, the best parameters of the GDT
plasma were reached using vortex confinement, and fall-
back to the gas dynamic stabilization will result in their
significant degradation. The price for such confinement
is in the form of the power consumption needed for main-
taining the applied potentials. However, in the present
experiment it is of the order of 1% of the heating power,
while theoretical scaling predicts it to be reasonably small
even at fusion temperatures.

Shear flows are known to improve transverse plasma
confinement in many experiments. The most famous ex-
amples of that are the formation of the H-mode pedestal
and the internal transport barriers ~ITBs! in tokamaks.
Another example has been reportedly observed in the
GAMMA-10 tandem mirror ~Tsukuba, Japan!, where off-
axis radio-frequency heating of electrons generates a layer
with modified plasma potential. The transverse drift trans-
port is then suppressed, and the plasma parameters are
improved significantly.6,7 According to simulations by

Pastukhov and Chudin,8 the existence of such a high-
vorticity layer causes decoupling of stochastic vortex
structures localized in the inner and the outer plasma
regions, which is similar to the current understanding of
the role of shear flows in the formation of ITBs in

Fig. 2. Probe measurements of plasma potential in radius re-
veal reversal of the electric field and the E ! B shear-
flow layer at the plasma edge.5 Error bars are statistical;
i.e., they indicate levels of fluctuations.

Fig. 1. The GDT biasing scheme. Because of the vessel design, the biasing is currently positive and applied via the limiters and0or
outermost rings of the end plates. Core end plates are grounded.
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PXIe controllers with  
multicore CPU, FPGA, GPU  
high-speed ADC/DAC 
 


