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ME AS UR E ME NT  OF  T HE  P LAS MA 
P OT E NT IAL ( and E _r) is  IMP OR T ANT  IN
 T HE  R F P  B E C AUS E : 

*	 Measurement of E _r will improve our understanding of 
	 core confinement in the R F P  
	 *	 Ambipolar electric field is  governed by electron 
	 	 vs . ion confinement
	 *	 E _r factors  into the heat equationas  a source or s ink
	 	  term for electron or ion energy
	 *	 How does  E _r change in enhanced confinement 

*	 R elation of the dynamics  of plasma flow to the radial 
	 electric field can be directly s tudied 
	 	 *	 E g. How does  E _r change with mode locking?

*	 T he question of whether E xB  shear exist and is  important
	  in the core of an R F P  could be answered

MS T  and HIB P  P AR AME T E R S  F OR  T HIS
ME AS UR E ME NT :

HIB P  :

Accelerator voltage:  	 70.05 keV
Analyzer voltage:  	 	 11.96 kV
P robing species :  	 	 S odium ions

Detectors  used in 
analyzer: 		 	 	 2 sets  (4 electrically isolated plates  
	 	 	 	 	 	 	 per set)

S weep system: 	 	 	 T he  primary ion beam injection angle 
	 	 	 	 	 	 	 was  constant over the discharge. DC  
	 	 	 	 	 	 	 sweeps  were used for this
 	 	 	 	 	 	 	 purpose 

MS T :

P lasma current:  	 	 373 kA
Density:   		 	 	 1.3x10 1̂3/cm3 (fairly high)
T _e:    	 	 	 	 	 350-400 ev
B _max:    	 	 	 	 0.38 T  (on axis )
Discharge type: 		 T ypical moderately high standard 
	 	 	 	 	 	 	 discharge (ohmically heated), no 
	 	 	 	 	 	 	 auxillary heating

E xcellent reproducibility of MS T  discharges  facilitated these 
measurements  greatly.

T HE  HIB P

P R INC IP LE  OF  P OT E NT IAL ME AS UR E ME NT

10-15 cm

F ront view as  seen by 
secondary ion beam

gap < 1mm

S ide view: Main cut prevents  the m from
pass ing through charged insulators . T he 
second cut reduces  capacitive coupling

given a specific name
E ach detector quadrant is

 

1 2

3 4

P late #         Name
1

4 

3

2

Upper left

Lower right
Lower Left
Upper right

F rom: T .P  C rowley et all,  IE E E  T ransactions  on P lasma S cience
           22,August,1994

F our split plates  comprise a detector set

HIB P  S P LIT  P LAT E  DE T E C T OR

fusion/uday/MS T /S Y S /detector.fig

E QUAT ION F OR  ME AS UR E ME NT  OF  P OT E NT IAL

 
Wd= beam energy of the secondary ion beam

Wb=beam energy of the primary ion beam

qs= charge state of the secondary ion species

qp=charge state of the secondary beam ion species

In terms of HIB P  quantities  the equation for plasma potential is :

V a=  analyzer voltage

V g=  accelerator voltage

Iu,l= current on upper and lower plates  respectively

G = G ain of analyzer ( a measure of how much analyzer voltage is  required 
to center the beam on detector plates)

F = Offline process ing term (provides  a measure of the plasma potential in

 the event of fluctuations)

S UC C E S S F UL ME AS UR E ME NT  OF  T HE  
P OT E NT IAL DE MANDS  T HAT  T HE  F OLLOWING  
R E QUIR E ME NT S  B E  ME T :
*	 E nergy analyzer must be well calibrated (to within 0.1%
	 accuracy to reduce errror in potential mesurement to 
	 less  than 70V  )

	 T he parameter G  has  been experimentally 
	 measured on-s ite us ing a s ingly charged ion
	 beam us ing the following relation:

	 	 G = Accelerator V oltage/ Analyzer V oltage

	 T he analyzer voltage was  recorded when the beam 
	 was  centered on intersection between the upper and 
	 lower detector plates .

	 T he plot of G  versus  the entrance angle theta of the 
	 incoming beam, is  shown below

*	 P recise measurements  of analyzer and accelerator voltages :

	 T wo precis ion high voltage dividers  are utilized to
	  measure accelerator and analyzer voltages  to an 
	 accuracy of better than 0.05%

*	 G ood s ignal s trength

	 S ignal must be clearly resolvable from electronic noise 
	 and noise due to UV  from the plasma. S ignal level on 
	 one detector plate is  typically over 40 nA. 

	 P lasma UV  burst during sawteeth can raise noise levels
	 to well over 40nA. However, if machine is  relatively 
	 clean this  level is  less  than 30 nA per detector plate

	  B eam scrape off in beamline and analyzer should be analyzed
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T HE  E XP E R IME NT  AND R E S ULT S

S IG NAL DE T E C T ION 
T he plots  below show R AW HIB P  secondary s ignal detected 
on four split plate detectors  of the center detector set. 

T he top four plots  show s ignal levels  on the four plates .
T he appearance of s ignal at particular instances  co-relates  
very closely with the sweep voltage on the radial sweep 
plate that is  closest to MS T .  Although the sweep voltage on
this  plate was  held constant, UV  loading from the plasma on 
the plates  caused this  applied voltage to change. Hence, the 
direction of the injection angle of the ion beam changed and 
s ignal was  detected for only particular values  of the sweep 
voltage. T his  choppy nature of the s ignal is  co-related with
the radial sweep and is  shown in figure 4.

C ALC ULAT ION OF  P LAS MA P OT E NT IAL 
F R OM S IG NAL IN F IG UR E  3

F igure 4a shows a plot of the plasma potential calculated from
equation 2. T he instances  when s ignal was  detected is  
highlighted in the plot. T he plasma potential varies  from 1.2 to
1.4 kV .

F igure 4b shows a plot of the contribution of the F  term in the 
equation for plasma potential. 

F igure 4c shows the total s ignal level on the upper and lower right 
plates  of the detector. Maximum ion beam current is  80 nA.

F igure 4d shows the voltage applied on the radial sweep plate. It is
clear from this  plot that s ignal is  only detected for a small range of
applied sweep voltage.
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R ADIAL S WE E P  P LAT E  V OLT AG E

P lasma P otential at  r/a=0.4

C ontribution to the potential from the ‘F ’ term

S econdary s ignal on upper and lower right detector plates

Applied sweep voltage on radial s teering plate
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ME AS UR E ME NT  LOC AT ION

*	 S ample volume is  calculated us ing the best available 
	 magnetic field model for this  shot.
	 	
	 	 * C onstant improvements  in the magnetic field calculation 
	 	 utilitize HIB P  trajectory information

*	 HIB P  sample volumes are extremely sens itive to magnetic fields
	 	 * S ample volume for this  case is  spatially resolved to within 5 cm.

*	 T he dynamic character of MS T  magnetic field profile in MS T  influences
	 trajectory computation
	 	 * T ime information during s ignal detection is  used to compute a field 
	    	    profile specific to  that time interval Different times  even within the 
  	    	   same shot can alter the models  by 10%
  
*	 An equilibrium reconstruction code ,MS T F IT , that solves  the G rad-
	 S hafranov equation is  used to generate the equilibrium fields

P LOT  OF  ME AS UR E ME NT  LOC AT ION

S OUR C E S  OF  E R R OR  IN ME AS UR E ME NT

(a) G ain curve calibration
An error of 1% in calibration can lead to a change of over 700 V  in plasma
 potential measurement

(b) F
T he uncertainty and angular variation F  contributes  up to 25-50 V  to the  
uncertainty in the measurement. 

(c) Uncertainty in entrance angles  (see figure 7)
T heta
T he analyzer is  oriented at approximately 30 degrees . Uncertainty in the
entrance angle in the range: 27-34 degrees  contributes  to an error of 
less  than 10 V . If the analyzer is  oriented at 30 degrees  then the incoming 
beam can enter the center entrance s lit at a maximum angle variation 
of 30 +/-1.1  degrees , thus  keeping the overall angle to within the
 27-34 degree range

Alpha (lateral angle):
T he maximum out of plane angle in this  system  (with no beam steering 
in the secondary beamline) is  2.19 degrees . If the exact location of the 
beam on the detector is  not known from trajectory calculations
then the maximum error is  100 V  (for this  case)

(d) Accelerator and analyzer voltages :
Although both of these quantities  are measured with high precis ion meters , 
the resolution of these s ignals  is  limited by the bit resolution of the digitizer. 
P resently, these contribute errors  of up to 100V  in accelerator voltage and 
25 V  in the analyzer voltage.

(e) Ion beam scrape off
F urther data analys is  will be carried out to determine whether beam 
scrape off is  an issue 

T otal error bar of measurement:
If gain curve is  accurate to within 0.1% then a conservative error bar 
is  250-300 V . 
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ION B E AM E NT R ANC E  ANG LE  T HE T A IS  C LOS E  T O 30 DE G R E E S  

ILLUS T R AT ION OF  T HE  OUT  OF  P LANE  ANG LE  "ALP HA"

AB S T R AC T
Determination of the plasma space potential profile in the core 
of the Madison S ymmetric T orus  is  one the primary purposes  
of the MS T -HIB P . P reliminary measurements  ins ide the core 
indicate that the plasma potential is  in the range of pos itive 
0.8 kV  to 1.6 kV  for a 400kA standard MS T  discharge. Initially, 
experimental emphasis  has  been on finding the potential at 
some representative core plasma locations  in s tandard 
discharges . T o accomplish this  it is  necessary to measure the 
analyzer and accelerator voltages  and calibrate the angular 
dependence of the energy analyzer to an accuracy of at least
 0.1%. It must also be demonstrated that the probing ions  can
 be detected without pass ing too near to any obstacles  in the 
beamline vacuum chambers . It is  not, however, necessary to 
know exactly the beam ion trajectories . Once an accurate field
 model is  developed (by comparing conditions  under which 
HIB P  s ignal is  obtained to trajectory calculations  made with 
the best available magnetic field model), radial profile 
measurements  will be made by either combining s ingle point 
measurements  for several s imilar discharges  or by varying the 
beam injection angle during a s ingle discharge. T he latter
 approach requires  additional computer control of the ion beam
 sweep system, which is  also under development.

*Work supported by US -DOE
 
OULINE  OF  P OS T E R

* 	 F irs t ever measurement of plasma potential in the 
	 core of an R F P  (+1.2 to1.4 kV )

*	 Importance of measurement of plasma potential in an 
	 R F P

*	 P lasma potential measurement technique with the
	 HIB P  on an R F P  device 

*	 P rediction of radial electric field (E _r) from the ion 
	 momentum equation 

*	 F uture work 

*	 C onclus ion

AC C E LE R AT OR
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R adial S weep 

MS T

impinges  on detector

P rimary beam ions

E lectric field direction

E NE R G Y  ANALY ZE R

S econdary beam

produced and accelerated

T oroidal S weep plates
P rimary B eamline

S econdary B eamline

E ntrance s lits

P rimary beam is  ionized 

Upper plates
Lower plates

Left R ight

Image of secondary beam 
on detector

(front view)

T HE  P OT E NT IAL IN T HE  C OR E  OF  AN 
R F P  IS  P OS IT IV E

T he HIB P  measurements  indicate that plasma potential
 in the core is  pos itive unlike in T okamaks

T he relatively high value of plasma potential of 1.2-1.4 kV
 indicates  that ions  are well confined compared to 
electrons  in the core

P os itive potential is  expected if transport is  dominantly
 due to stochastic magnetic field

P otential measured is  3-4 times  that of the central electron
 temperature 

P otential is  measured at r/a=0.4


