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Introduction to the 
Physical Systems



Extragalactic jets are characterized by 
large energies and long length scales. 

A 6cm image of Cygnus A from the Very Large Array, 
at 0.5 arcsec resolution (courtesy of Chris Carilli).

False-color x-ray image of Cygnus A recorded by the 
orbiting Chandra Observatory. (courtesy of A. Wilson, 
A. Young, and P. Shopbell)

Active galactic nuclei powers 1039 - 1049 erg s-1

Jet lengths < 1 pc to few megaparsecs

Relativistic jet Lorentz factors 10 - 103

Common Extragalactic Jet Parameters

A. Ferrari, Annu. Rev. Astrophys. 1998
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Jet collimation model uses the differential 
rotation of the accretion disk to coil the 
magnetic field around the symmetry axis.

• Model developed by Ustyugova, Lovelace, 
et. al.  (The Astrophysical Journal, 541, 2000)

• Velocities of magnetic foot points are 
inversely proportional to the disk radius

• Inner foot-point travels further around disk 
than the outer foot point in a given time 
span

• Magnetic field coils up and drives current on 
axis

• Balance of toroidal magnetic, poloidal 
magnetic pressure, and thermal pressure 
expands the magnetic arcade

Jet Collimation Model uses dif ferential rotat ion of accret ion 
disk to coil the magnetic f ield around the central axis.

• Velocit ies of magnetic foot 
points are dependent of radius 
as:

• Inner foot points travel further 
around disk than outer foot 
points in a given t ime span

• Magnetic f ield coils up and 
drives current on axis

• Balance of toroidal magnetic 
pressure to poloidal magnetic 
pressure causes magnetic 
arcade to expand.

!

" #

" #

$!"
%

#&
Magnetic Field 

Lines



The Rotating Wall Machine (RWM) is designed to 
study the effect of differentially rotating walls on the 

external kink mode in a cylindrical geometry.

• The RWM plasma is formed using a 
plasma gun array with up to 19 guns. 

• The guns are biased with respect to 
an anode at the opposite end of the 
chamber to drive plasma current. 

• Typical parameters:

In this Letter, the kink mode in a linear screw pinch is
observed in a device recently constructed for studying the
effects of different boundary conditions on ideal MHD
activity. Clear evidence for an ideal phase (an internal
kink governed by q dropping below 1), and a resistive
phase with a current redistribution and reconnection, are
presented. The plasma production and lifetime are long
compared to the growth time of the instabilities, allowing
detailed measurements of the kink mode onset at marginal
stability.

The experiment (shown in Fig. 1) is 1.2 m long and has a
plasma radius which can be varied from 3 to 10 cm. The
vessel wall surrounding the plasma is a Pyrex glass tube
with a 10 cm inner radius. A steady-state axial field,
adjustable to 1000 G, is generated by four solenoidal
magnets. The axial field for the plasmas described in this
Letter were between 250 and 400 G. The plasma is pro-
duced by 19 electrostatic plasma guns [17] packed in a
hexagonal array, seen on the right side in the figure. The
plasma has an electron density of ! 4" 1013 cm#3 (see
profile in Fig. 5) and an electron temperature of ! 2 ev.
The size of the plasma and current profile from a single gun
has been measured to have a Gaussian profile with a half
maximum radius of approximately 2 cm; the gun-to-gun
spacing is 3.5 cm thus providing a current source which
varies by less than 25%. There is also expected to be an
additional merging of the current filaments, such as that
observed in Refs. [18] and simulated in [19] to smooth out
the azimuthal variation of the current profile. By control-
ling which guns are energized the plasma size and density
profile can be varied. Plasmas formed by the central seven
guns are about 6 cm in radius, while a full plasma with 19
guns corresponds to a radius of 9 cm. Biasing the plasma
guns with respect to the anode at the opposite end of the
chamber generates an adjustable current; hence, the plasma
guns can be individually adjusted for desired current pro-
files. A conducting plate surrounding the gun nozzles, and
the conducting anode at the opposite end of the plasma, are

expected to create line-tying boundary conditions for pulse
lengths less than 200 ms.

The q profile is determined by measuring the plasma
current profile at the anode. The anode end plate is seg-
mented into three concentric rings to measure the current
profile (outer radii of 0.023, 0.052, and 0.081 m, respec-
tively). By measuring the current flowing to each section, a
q profile can be determined directly from Eq. (1). The
MHD activity is monitored by 80 flux loops, each 6.5 cm
by 12.5 cm, outside the vacuum vessel. The array is
8 $axial% " 10 $poloidal% and measures the full two-
dimensional structure of Br$r & a; !; z; t% at the plasma
boundary. The signals from the flux loops and Rogowski
coils used for monitoring currents undergo analog integra-
tion prior to digitization. The plasma density profile is
measured at the anode and cathode ends by a radially
inserted Langmuir probe.

The majority of the data presented here is for plasmas
created by the central seven guns, each gun injecting the
same plasma current (less than a 10% variation between
guns). The time history of a typical plasma is seen in Fig. 2.
The gun arc begins at t & 0 ms, with the bias for the
plasma current beginning at t & 1 ms and lasting for
8 ms. The ramp-up of the current in Fig. 2(a) corresponds
to the q profile dropping in Fig. 2(b). The abrupt changes in
the q profile and current traces from the segmented anode
are solely a result of plasma dynamics; external conditions
are unchanged throughout the plasma pulse. Figure 2(c)
shows Br from a flux loop near the center of the plasma.
Strong MHD begins when q2 drops below 1 and saturates
in a millisecond.

The evolution of the MHD activity (shown in Fig. 3)
prior to saturation shows that a m & 1 kink mode begins to
grow when q drops below 1 at the center of the plasma.
Figure 3(c) shows the amplitude of the poloidal mode m &

FluxLoops

Magnets

FIG. 1. A schematic of the line-tied pinch experiment. The
solenoidal magnets produce a nearly uniform magnetic field
between the two ends. The anode plate is on the left and drawn
to highlight its the electrical connectivity. The hexagonally
packed cathode array of plasma guns (shown on the right) breaks
into three independently controllable regions of plasma repre-
sented by shadings in gray. The flux loops are shown in relation
to the machine.
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FIG. 2. The current flowing to each segment of the anode (light
gray, gray, black correspond to measurements at r & 8:1, 5.2,
and 2.3 cm, respectively) as well as total current (Bz &
350 Gauss). The values of q at the three radii corresponding to
(a) are shown in (b). Br as measured by integrating the voltage
from a external flux loop is plotted in (c).

PRL 96, 015004 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
13 JANUARY 2006

015004-2

Diagram of the RWM  
(Bergerson, Forest, et. al., Phys. Rev. 

Lett., 96, 2006)

L = 1.2 m

a = 3! 10 cm

Bz " 1000 G

n # 4$ 1013 cm!3

Te # 2 eV



NIMROD uses a finite Fourier series in the 
periodic direction and a finite element 

representation in the other two directions.

Logarithmic Extragalactic 
Jet Mesh

RWM Mesh



Initial Extragalactic Jet 
Results



Characteristic length scale of the initial magnetic 
field is small compared to the size of the 

computational domain.

• Initial magnetic field is a 
vacuum field.

• Magnetic field is found by 
solving a boundary value 
problem for the magnetic 
potential.

• Uniform initial number 
density and temperature

Equilibrium Magnetic Flux



Simulation Parameters

• The system of equation is written in a dimensionless form

Where Rc is the inner disk radius and Ro is the O-point of the initial magnetic field

• Dimensionless parameters,
S = 1! 106

PM = 1.0
! = 0.0 and 0.1

V!c
VAc

= 0.1

Rc = 1.0
Ro = 10.0

B(R = 0, Z = 0) = 1.0
n = 1.0

VA(R = 0, Z = 0) = 1.0



In initial 2-D results, both zero beta and 10% beta 
calculations show collimation of the magnetic flux.

Magnetic Flux
Zero Beta

25.1 Turns of Inner Disk

Magnetic Flux
10% Beta

27.7 Turns of Inner Disk



Both zero beta and 10% beta 
calculations form collimated outflows.

Z-Component of Fluid Velocity
10% Beta, 27.7 Turns of Inner Disk



Linear calculations from the nonlinear axisymmetric 
quasi-equilibria show the m=1 mode is unstable.

BR of Linear m=1 Eigenmode
β = 0.0 β = 0.1

! = 0.094 1/"A! = 0.052 1/"A



Magnetic energy contours show the helical 
structure of the instability in the zero beta case.



Initial 3-D results show that the m=1 instability leads to 
enhancement of the poloidal flux in the column.

Zero Beta
Poloidal Magnetic Flux



Initial 3-D results show that the m=1 instability leads to 
enhancement of the poloidal flux in the column.

Zero Beta
Poloidal Magnetic Flux

52.6 Turns of Inner Disk



Magnetic energy contours show the helical 
structure of the instability in the 10% beta case.



Initial 3-D results show that the m=1 instability leads to 
enhancement of the poloidal flux in the column.

10% Beta
Poloidal Magnetic Flux



Initial 3-D results show that the m=1 instability leads to 
enhancement of the poloidal flux in the column.

10% Beta
Poloidal Magnetic Flux
106.6 Turns of Inner Disk



The formation of the kink instability is associated with a 
relaxation of the parallel current profile on the central axis.

! =
"J · "B

B2 Poloidal Magnetic Flux



The formation of the kink instability is associated with a 
relaxation of the parallel current profile on the central axis.

! =
"J · "B

B2 Poloidal Magnetic Flux



Initial Rotating Wall 
Machine Results



Initial RWM calculations evolve the linearized 
MHD equations for perturbations to equilibria 

which are relevant to the RWM. 

• The equilibrium is characterized by a Gaussian current profile in the z-
direction.

• For initial calculations the number density, resistivity, and viscosity are 
constant in the domain

Jz = Jo e!r2/!2

Jo = I
"!2 (1! e!a2/!2

)!1

B# = µoJo!2

2r (1! e!r2/!2
)

dp
dr = !B2

!

µor !
1

2µo

dB2
!

dr

n = 4! 1019 m!3

!
µo

= 1.0 m2

sec

! = 1.0 m2

sec

Bz = 200 G



We have scanned the width of the current 
channel and the total current to determine the 

stability dependence on these parameters.

• The width of the current 
channel is scaled by changing 
the full width half max 
(FWHM) of the gaussian 
profile. 

• For each value of FWHM and I 
a linear calculation for the m=1 
mode is run

• The growth rate of the mode is 
calculated from the slope of the 
energy as a function of time

FWHM = 2!
!
!ln(1/2)

Growth Rate of the m=1 Mode as a Function of 
Total Current for Various Values of the FWHM of 

the Current Channel



The equilibrium becomes unstable when the q=1 
surface reaches the edge of the current channel.

• The safety factor for the 
cylindrical plasma is 

• Comparing q to the Jz 
Profile a the stability point 
shows that the equilibrium 
becomes unstable when 
the q at the edge of the 
channel goes to one. 

q =
2!rBz

LB!

Jz and q Profiles for at the Stability Points for Various 
Values of the FWHM of the Current Channel

B̃
!



The stability criteria, eigenmodes, and growth rates 
calculated for equilibria with current widths which are close 
to the experiment agree well with the experimental results.

Growth Rate of the m=1 Mode as a Function 
of the Total Current for FWHM = 6 cm BR Eigenmodes for Various Values of the 

Total Current

I=2000 I=2500 I=3000 I=4000 I=5000



The linear m=1 eigenmodes of the jet calculations 
and the RWM calculations are qualitatively similar.

BR Eigenmodes for Various Values of 
the Total Current in the RWM

BR of Linear m=1 Eigenmode
For the Jet Calculation



Conclusions

• We can produce a collimated outflow from an initial small scale magnetic 
field driven by differential rotation with both zero and finite pressure.

• This jet is shown to be unstable to an m=1 mode.

• The structure of the m=1 eigenmode is similar to that of a line-tied screw 
pinch geometry.

• The jet instability is shown to form periodic regions of closed poloidal flux 
along the column.

• We have solved for the unstable eigenmodes from equilibria which are 
relevant to the RWM. The stability criterion and growth rates of these 
modes are in good agreement with experimental results.


