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What	  are	  halo	  currents?	  

	  
	  

The	  vertical	  position	  of	  a	  shaped	  tokamak	  plasma	  is	  unstable	  and	  
requires	  feedback	  control.	  
	  

Loss	  of	  vertical	  control	  is	  called	  a	  vertical	  displacement	  event:	  	  	  
The	  plasma	  is	  stripped	  of	  its	  outer	  surfaces	  by	  hitting	  the	  wall.	  
When	  qedge~3	  to	  2,	  the	  n=1	  kink	  becomes	  highly	  unstable	  (Manickam	  et	  al).	  
Current	  flows	  along	  open	  field	  lines	  to	  preserve	  equilibrium	  (Zakharov).	  
Magnitude	  of	  this	  halo	  current	  is	  Ih/I	  ~	  ξ/a	  ~	  20%	  (Zakharov).	  	  

Chapter 3: MHD stability, operational limits and disruptions
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Figure 59. Upper figure: magnetic flux reconstructions at 0.6 ms intervals during a

disruption and subsequent vertical displacement in Alcator C-Mod. The arrows show

the poloidal projection of halo current flow. The halo circuit in the plasma scrape off

actually follows a helical path, in order to be force free. Lower figure: plasma current,

vertical motion, and in-vessel halo currents in the upper and lower portions of the vacuum

vessel wall. In this example of a downward going displacement, halo current in the upper

portion of the vessel is essentially zero.

ruption, the plasma elongates (owing to the current
profile broadening and the decrease in li that follows
the onset of the thermal quench) and moves rapidly
downwards, and eventually comes into full poloidal
contact with the lower portion of the plasma fac-
ing first wall and divertor entrance baffle structures.
Significant poloidal current flow in these structures
occurs in this displacement termination phase. Peak

poloidal currents in the example shown are about
200 kA, or roughly 25% of the initial before disrup-
tion plasma current. This peak normalized current
magnitude is both representative of what is typically
seen in present tokamaks and what extrapolation of
present halo current data predicts as the likely upper
bound on halo current magnitude for an ITER class
tokamak.
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Why	  are	  halo	  currents	  important?	  
	  
Halo	  currents	  flow	  in	  part	  through	  the	  chamber	  walls,	  reach	  ~20%	  of	  
original	  plasma	  current,	  and	  can	  exert	  large	  forces.	  	  
	  

Halo	  currents	  can	  rotate	  and	  resonate	  with	  internal	  structures,	  which	  
can	  increase	  the	  damage.	  	  Rotation	  does	  spread	  heat	  load.	  
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Figure 42. IPB halo current data with recent data from JET and
MAST added. The upper bound on the product of Ih, max/Ip0 and
TPF remains unchanged. Note, however, the lack of new data with
TPF > 2 [327].
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Figure 43. Halo currents and voltages measured in a rib limiter in
MAST with low- and high-resistance connection to the vacuum
vessel [336].

of the halo current characteristics. On MAST, where several
divertor strike-point floor plates (‘rib limiters’) are connected
to vessel ground through instrumented resistors, experiments
wherein the resistor value for one of the ribs was varied
over a large range (0.1 m!, 0.1 !, 3.3 k!) demonstrated that
increasing the resistance resulted in a marked reduction of the
halo current flowing through the rib, from a typical value of
∼10 kA down to just a few hundred Amps or less (figure 43).
In contrast, the voltage drop varied by no more than a factor of 3
[336]. The halo current flowing through the other, unmodified
ribs showed no measurable change. This implies that the
disrupting plasma behaves more like a voltage source than a
constant current source, and suggests that it may be possible
to reduce the halo current in vulnerable in-vessel components
by adjusting their resistance to vessel ground. Whether the
overall magnitude of the halo current can be reduced by a

Figure 44. C-Mod halo currents measured in new inboard divertor
are reduced by a factor of about 2 compared with the previous
scaling (dashed line) with the original inboard divertor.

‘global’ increase of resistance (isolation) of in-vessel systems
from vessel ground remains to be evaluated.

In Alcator C-Mod, installation in 2002 of the new inboard
divertor, which has a much less-protruding shape than the
previous divertor, has resulted in significant changes in the
measured halo current characteristics [337]. The typical halo
current scaling versus Ip scaling measured in the new divertor
is now about half the magnitude of the scaling measured
with the previous divertor (figure 44). During the current
quench, the total halo current now seen frequently changes
sign in time. The toroidal asymmetries of VDE and non-VDE
disruptions (VUDs) are also now quite different, whereas the
toroidal asymmetries previously observed were similar. Non-
VDE disruptions now have TPF’s close to unity. The fact
that much of the halo current region (inferred from magnetic
reconstruction data) is now observed to miss the new limiter
(figure 41) provides a plausible explanation for the reduced
halo current magnitude and the transient polarity reversal.

In JT-60U, halo current characteristics have been
measured during the runaway current phase [319]. The data
show that the in-vessel halo current, averaged toroidally, is
very small during the runaway current plateau phase (this
absence of halo current is consistent with nearly constant total
plasma + runaway current in the plateau phase), but starts
to increase after the termination of runaway current, which
begins when the plasma surface safety factor, qs, becomes
smaller than 2. Calculation of halo current using a plasma
equilibrium analysis code, DINA [338], in which the eddy
current in the vacuum vessel is taken into account, shows
good agreement with the measured current (figure 45(A)).
The toroidal distribution of measured halo current, shown in
figure 45(B), indicates that the profile of the halo current has
a dominant n = 1 toroidal asymmetry with TPF ∼2, and does
not change significantly with time. These observations are
the same as the previous observations in VDEs without the
generation of runaway electrons [332].

Magnetic reconstruction and modelling of axisymmetric
halo currents. There has been significant progress since
the compilation of the IPB in developing methods that
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Halo	  current	  can	  be	  toroidally	  
peaked	  concentrating	  force.	  
	  	   Peaking	  machine	  dependent	  
	  

If	   measured	   in	   Ns	   toroidal	  
segments,	  
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Direct	  measurement	  of	  halo	  currents	  

=====================================================	  

	   	   	   	   	   	   	   	  

103502-2 Gerhardt et al. Rev. Sci. Instrum. 82, 103502 (2011)

FIG. 1. (Color online) Layout of halo current diagnostics in NSTX. Not
shown are the center-stack casing Rogowski coils (CSCU1 and CSCU2) lo-
cated on the upper center column, in an orientation identical to the CSCL1
and CSCL2 sensors. The inner and outer ring detectors are circled.

physics motivation and engineering details regarding the liq-
uid lithium divertor can be found in Ref. 11.

Note that halo currents have been measured in many
tokamaks in the past. Discrete toroidal field sensors simi-
lar to those used in NSTX were utilized in JET12–14 and
Compass-D.15 Segmented Rogowski coils have been utilized
in Alcator C-Mod16 and MAST.17, 18 Resistive shunts placed
under tiles were utilized to measure halo currents in DIII-
D19, 20 and ASDEX-Upgrade.21, 22 Additionally, small Ro-
gowski coils linking in vessel structural supports have been
used in MAST,17, 18 JET,13, 14 and JT-60,23 and small Ro-
gowski sensors mounted under single-point-grounded tiles
have been proposed24 and implemented25 for JET.

The outline of this paper is as follows. Section II shows
that for segmented Rogowskis on the center-column of the de-
vice, modeling is required to relate the measured and actual
toroidal peaking factors. The details and limitations of such
a model are described. This problem remains, but is less sig-
nificant, for the array composed of discrete toroidal field sen-
sors mounted to the vessel floor, described in Sec. III. A chal-
lenging analysis task with these sensors is to correctly isolate
the halo-current signal from pickup due to the coils, plasma
current, and induced vacuum vessel currents. Section IV de-
scribes compact instrumentation for measuring the current
into individual tiles in the lower divertor. The mechanical and
electrical design for the compact resistive-shunt-based detec-
tors is presented, and example data are shown. Section V de-
scribes the Rogowski sensors used to measure halo currents
flowing into LLD and shows example data. The physics re-
sults from these instruments will be presented in subsequent
publications.

II. INTERPRETATION OF MEASUREMENTS FROM THE
CENTER COLUMN SEGMENTED ROGOWSKI COILS

For the spherical torus configuration, where the toroidal
field is much stronger on the inboard side than the outboard
(BT ∝ 1/R), poloidal halo currents on the center-column are
a great threat to the integrity of the device.26 In order to as-
sess these currents, Rogowski coils were placed around the
inconel tube (“Center Stack Casing,” or “CSC”) that provides
the inboard vacuum boundary. The carbon tiles on the cen-
ter column had special slots machined on their backsides to
allow room for the Rogowski coils. As shown by the bands
in Figs. 1 and 2, these Rogowski coils are oriented in the
horizontal plane so as to detect the toroidal field created by

LLD Centerpost 
Rogowski (x 4) 

Shunt  
Tiles 
(x 12) 

Inner Ring BT 
Detector (x 6) 

Center Column 
Rogowskis 

FIG. 2. (Color online) Photograph of the NSTX lower divertor, with the locations of halo current instrumentation called out. Indicated in the figure are the shunt
tiles, LLD Rogowski coils, a single “inner ring” detector, and the locations of the center-stack casing Rogowski coils.
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FIG. 8. (Color online) Typical shunt tile signals during a disruption. Shown
are (a) the plasma current, (b) the vertical position of the magnetic axis, and
(c) the signals from four tiles.

tiles, as the sensor voltage will be anomalously low in this
case.

Example time-traces from this diagnostic during a dis-
ruption are shown in Fig. 8. The top frame shows the plasma
current, with the rapid drop at ∼0.382 indicating the final dis-
ruption; the vertical position of the plasma centroid is shown
in frame (b), indicating the downward motion associated with
a VDE. The signals from four shunt tiles are indicated in
frame (c), showing the expected large spike when the plasma
impacts the divertor floor and disrupts.

V. MEASUREMENTS WITH SMALL ROGOWSKI COILS
ON THE LIQUID LITHIUM DIVERTOR TRAYS

The thermal and mechanical properties of the LLD trays
provide a challenging situation for the halo current measure-
ment. As noted in Sec. I, each tray of the liquid lithium di-
vertor is grounded at a single location via a 1.9-cm diameter
post. The space available under these trays is limited, and only
0.95 cm between the top of the copper slats of the divertor
floor and the bottom of the LLD tray was provided for the
Rogowski sensor. The high operating temperatures of LLD
mandate that the sensor be capable of surviving operation at
400 ◦C (see Fig. 9).

The design resulting from this consideration is shown in
Fig. 9. The Rogowski coil is wound on a mandrel formed from
high durability boron nitride ZSBN.28 A uniformly spaced set
of sixty-eight 0.6 mm diameter holes were drilled in a circu-

(a) 

(b) 

(c) 

FIG. 9. (Color online) Components of the Rogowski sensor design. Shown
are (a) a test mock-up of the Rogowski winding, illustrating the windback
trough, (b) the individual components of the assembly, and (c) a nearly com-
plete assembly placed over an LLD center post ground. Note the copper
finger-stock on the ground post used to ensure a good electrical connection
of the post to the LLD tray. Also, a mica spacer is inserted in (c) between the
Rogowksi windings and the loop-back, in order to prevent contact between
the windings. In (a) there is a thin layer of FortaFix high-temperature cement
covering the loop-back.

lar pattern with diameter 4.78 cm, and then in a concentric
circular pattern with radius 2.23 cm, in a 0.64-cm-thick sheet
of this material. The sheet was then machined into a small
rectangular cross-section torus, with inner and outer diame-
ters equal to the 4.78 and 2.23 cm, respectively. This results
in 1/2 of the previously machined small circles being left in-
tact, as winding grooves to hold the conductors of the Ro-
gowski winding. A ∼0.2 × 0.2 cm (wide by deep) trough is
then machined in the top of the mandrel, for the Rogowski
coil wind-back. The cross-sectional area of the final winding
is 1.25 cm × 0.64 cm, for a total area of 7.9 × 10−5 m2.

The winding itself is made from 24 AWG bare copper
wire. This conductor is hand wound on the mandrel, ensur-
ing that sufficient separation is maintained between the wind-
ings. The two copper leads that come off the sensor are then
tungsten inert gas (TIF) welded to stainless-jacketed copper
twisted pair wires. Note that use of bare copper wire is com-
mon in NSTX magnetic sensors; precision winding, often fol-
lowed by mechanical stabilization of the winding geometry
with high-temperature cement,29 is a common practice.

In order to protect the Rogowski assembly from the me-
chanical damage during installation and use, we have placed
it in a stainless steel toroidal canister. The bottom, the inner
side, and the outer side of the canister are all machined from
a single piece of 316-alloy stainless steel to have 0.25 mm
wall thickness. A circular cap of the same thickness was also
prepared and was spot welded to the can as part of the final
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In	  divertor	  region	  of	  NSTX	  	  
	  

Certain	  “shunt”	  tiles	  
mounted	  on	  resistive	  
plates.	  
	  

Makes	  total	  halo	  current	  
into	  each	  shunt	  tile	  
measureable.	  	  
	  

Halo	   current	   versus	  
time	   flowing	   into	   four	  
individual	   shunt	   tiles	  
located	  at	  	  
ϕ =	  45o,	  135o,	  225o,	  
and	  315o.	  
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Halo	  current	  formation	  and	  rotation	  
S.	  Gerhardt	  and	  NSTX	  group	  
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Why	  do	  halo	  currents	  rotate?	  
	  
1.	  	  Ambipolarity	  in	  the	  non-‐axisymmetric	  magnetic	  field	  of	  the	  n=1	  
kink,	  δB/B~ξ/R0,	  locks	  the	  toroidal	  plasma	  rotation	  to	  that	  of	  the	  kink	  
but	  with	  an	  offset	  velocity	  va(r)	  between	  them.	  
	  
2.	  	  Kink	  could	  rotate	  freely	  if	  wall	  were	  (i)	  axisymmetric,	  (ii)	  a	  perfect	  
conductor,	  and	  (iii)	  no	  penetrating	  non-‐axisymmetric	  B-‐field.	  
	   Otherwise,	  kink	  can	  lock	  or	  rotate	  with	  a	  rate	  set	  by	  wall	  resistivity.	  	  
	  
3.	  	  When	  kink	  can	  rotate	  freely	  enough,	  its	  velocity	  set	  by	  the	  plasma	  
velocity,	  which	  is	  determined	  by	  either:	  
	  

	   a.	  one	  of	  two	  near	  edge	  effects	  
	   	   i.	  	  interaction	  with	  neutrals	  or	  
	   	   ii.	  Er	  in	  the	  halo	  required	  for	  quasi-‐neutrality	  on	  open	  B-‐lines.	  
	  

	   b.	  interaction	  of	  deep	  interior	  plasma	  with	  an	  error	  magnetic	  field.	  



	   7	  

Characteristic	  Rates	  Clarify	  Physics	  
	  

Rotation	  relaxation	  to	  offset	  velocity	  	   d
dt
v pl = !!drag v pl ! va (r)( )	  	  
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1
!*

"B
B

"

#
$

%

&
'
2 Cs

R0
	  

	  

Cross-‐field	  (gyro-‐Bohm)	  viscosity	  negligible	  
!drag

! vis

!
1
!*

"B
B

a
#s

"

#
$

%

&
'

2

	  	  

	   Implies	  v pl (r) = va (r)+ vkink .	  
	  
The	  kink	  can	  either	  lock	  to	  or	  rotate	  through	  a	  fixed	  external	  error	  
field.	  	  The	  force	  between	  an	  error	  field	  !Ber 	  and	  the	  field	  due	  to	  the	  
kink	  !Bkink 	  depends	  on	  relative	  toroidal	  phase	  !" :	  

f! =
"Bkink"Ber

µ0
sin("! ).
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Halo	  current	  rotation	  
S.	  Gerhardt	  and	  NSTX	  group	  
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Why	  is	  halo	  current	  rotation	  intermittent?	  
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Although	   the	  magnitude	   of	   the	  n=1	   component	   of	  
halo	   current	   is	   set	   by	   force	   balance,	   the	   halo	  
current	   can	  vary	   in	  a	  more	  complicated	  way	   from	  
tile	  to	  tile.	  
	  
Such	  variations	  would	  obviously	  occur	  if	  some	  tiles	  
hit	  by	  the	  halo	  were	  perfect	  resisters.	  
	   An	   n=1	   current	   would	   still	   flow	   as	   long	   as	   a	  
	   sufficient	  number	  of	  tiles	  were	  conductors.	  
	  

In	   this	   case	   the	   halo	   current	   associated	   with	   a	  
smoothly	   rotating	   n=1	   kink	   would	   appear	   to	   lock	  
and	  unlock	  as	  it	  jumped	  from	  one	  set	  of	  conducting	  
tiles	  to	  another.	  
	  

	   Kink	  itself	  is	  expected	  to	  rotate	  smoothly.	  
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What	  could	  additional	  theory	  contribute?	  
	  

1.	   	  No	   force-‐balance	  code	  exists	   that	   can	  calculate	  non-‐axisymmetric	  
equlibria	  with	  a	  large	  fraction	  of	  the	  current	  in	  the	  halo,	  ~20%.	  
	   Such	  a	  code	  is	  certainly	  feasible	  
	   Would	  clarify	  many	  issues,	  such	  as	  	  
	   	   intermittant	  rotation	  
	   	   machine	  dependence	  of	  halo	  toroidal	  peaking	  factor	  (TPF)	  
	  

2.	   Comparisons	  with	  theory	  for	  
	   	   locked	  and	  rotating	  halo	  currents.	  
	   	   rotation	  rates	  from	  edge	  and	  central	  models	  for	  velocity.	  
	  

3.	   Studies	   of	   how	   poloidally	   concentrated	   the	   halo	   current	   can	   be.	  	  
Naively,	   each	   open	   magnetic	   field	   line	   can	   have	   a	   current	   density	  
independent	  of	  its	  neighbors.	  	  Natural	  current	  width,	  !nh = 2!R0"s 	  .	  	  	  
	  

4.	   Studies	   of	   radial	   width	   of	   halo	   current:	   cross-‐field	   transport,	  
limitation	  on	  current	  density	  due	  to	  ion	  saturation	  current,	  etc.	   	  
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What	  do	  I	  hope	  you’ve	  learned?	  
	  

1.	  	  Loss	  of	  vertical	  control	  in	  a	  tokamak	  naturally	  leads	  to	  a	  kink	  with	  a	  
strong	  halo	  current	  with	  its	  n=1	  component	  set	  by	  force	  balance.	  
	   Otherwise	   evolution	  would	   be	   Alfvénic	   with	   ~106	   volts	   along	   open	  
	   magnetic	   field	   lines—drives	  whatever	   current	   is	   needed	   to	   restore	  
	   equilibrium	  (Zakharov).	  
	  

2.	  	  Halo	  current,	  ~20%	  I,	  is	  primary	  responsible	  for	  destructive	  forces	  
due	  to	  disruptions:	  
	   	  can	  be	  more	   toroidally	   localized	   than	  n=1,	  and	   localization	  makes	  
	   the	  halo	  current	  more	  destructive.	  	  
	  

3.	   	   Ambipolarity	   locks	   toroidal	   rotation	   of	   plasma	   and	   kink	  with	   an	  
offset	  velocity	  va(r)	  between	  them.	  	  Plasma	  flow	  can	  be	  determined	  by	  
various	  effects	  either	  at	  the	  edge	  or	  error	  fields	  penetrating	  the	  core.	  	  
	  

4.	  	  Although	  overall	  kink	  is	  expected	  to	  either	  lock	  or	  rotate	  smoothly,	  
halo	   current	   can	   rotate	   intermittantly	   when	   wall	   structures	   have	   a	  
variable	  electrical	  properties.	  


