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The local q-value is one of the important parameters for the stability and trans
port behaviour of plasma. Its determination requires knowledge of the toroidal and 
poloidal components of the magnetic field and of the minor radius of the flux surface. 
(For references for q-measuremenb see 3).) In many cases the toroidal field is known 
well enough, whereas the minor radius is less well known owing to different shifts and 
possible changes in the plasma configuration, and the poloidal field is often not known 
at all. This paper describes a method of directly evaluating the local ratio of the 
poloidal and the toroidaI fields and the Shafranov shift, if the field geometry is known. 

The method. A molecular hydrogen beam is radially injected into a toroidal field 
geometry with negligible ripple. Its energy is assumed to be 30 keY in the context 
of this paper. Part of the molecules are ionized in a first collision at time a and are 
dissociated after some rotation in a 8econd collision at time b. During rotation in 
the field the radially injected parti!=les gain axial velocity v. as a result of interaction 
with the poloidal field (in a locally straigth geom~try with cylindrical coordinates the 
z-component corresponds to the toroidal component and the poloidal field is split into 
a radial and an azimuthal component, see Fig. 1): 

v. = l' ;'.dt = l' ~(v,B, - v,B,)dt. 
• • m 

This equation may be written in the following way: 

v. I' B,., (", v') l' B,., ",., ( ) a~ - = - _. - ·A -- ·B 'Wzdt= - - ·-·Fr,{},tP · dt/; . 
Vo <I B. Vo Vo 'Y B. Vo 

Here F(" ~ ,.J» = A(,,~) . 'in(.J> - ~) - B(',~) . co,(", - ~) i. a pure geometrical 
factor, q and m are the charge and mass of the particle, w. the Larmor frequency in 
the toroidal field, V o the total and Vpol the poloidal velocity of the molecular ion. "'1,6 
and .p are phase angles in the frame of the toroidal Larmor orbit. As long as V. is small 
and the field can be rep laced by the field of the guiding centre, V. only depends on the 
field geometry, here assumed to be known, and the unknown ratio of the poloidal and 
toroidal fields. 

In many cases areas in the plasma can be ind icated where the radial component of 
the poloidal field is negligible. One then has A= 1 and B= O. In any case, as long as the 
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field geometry is known the axial velocity can be calculated as a. function of the ratio 
of the poloidal and toroidal fields. A neutral particle analyzer with spatial resolution 
in the toroidal direction can measure this axial (toroidal) velocity, determining the 
toroidal angle of the neutral product of the dissociated molecule. From comparison of 
the measured and calculated angles one obtains the field ratio at the crossing point of 
the molecular beam and the line of sight of the analyzer. 

Production and penetration of molecular beams. Production of molecular ions in 
hydrogen sources is well known and can be optlmized. With low pressure in the 
neutralizer l ) I the number of full-energy neutral molecules may be larger than 25 % 
of the half-energy atoms (which may disturb the measurement) and larger than 20 % 
of the accelerated molecular ions at 30 kV. The penetration is mainly determined by 
charge exchange, which is very similar for 30 keY molecules and 15 keY atOIns2). As 
the neutrals after dissociation are emitted into a limited space in a small energy range, 
the beam intensity or the penetration can be much lower than for the usual active 
charge exchange diagnostic, where the particles are emitted into full space and a wide 
range of energies. This means that the method is applicable at larger In d I than 
active charge exchange. 

Dissociation of the molecule. After the charge exchange (or ionization) process 
the molecule will be dissociated rather fast. In a 1 keY plasma and for 8. 30 keY 
molecule the plasma density for a dissociation e-foJding time equal to a Larmor period 
in a 2 T field is about 5 x 1013 cm-s . Although the axial velocity slightly changes 
with increasing number of turns of the molecule for a given observation line, this will 
not affect the measurement, because the short lifetime of the ionized molecule ensures 
that the atomic hydrogen is emitted during the first turns. 

lnHuence of the atomic beam particles. Atomic hydrogen with half-energy may 
undergo double charge exchange in the plasma and hit the analyzer with the same 
energy as the atoms emitted from dissociation. H the second charge exchange occurs 
during the first turns of the ion, these atoms do not disturb but add to the signal. T he 
charge exchange process of the beam ions even with the neutral particles of the beam 
is , however, much less probable than dissociation of the molecule. With (high) neutral 
beam densities of 109 cm- 3 the lifetime of an ion for charge exchange is at least 7 ms 
or 1.0 x 105 turns. As the drift time of a 15 keY proton to the plasma edge (40 cm) 
in the gradient of the toroidal field is of the order of 100 j1lJ, only about 1 % of the 
protons have a chance of charge exchange during this time and actually the proton will 
have left the beam area in the line of sight of the analyzer (::::::2 cm) in 5 J.& lJ. As the 
number of molecules was estimated at about 25 % of the protons with corresponding 
energy, the direct double charge exchange proton contribution to the signal will be 
much less than 5 %. The contribution of the trapped protons originating from outside 
the analyzed area is even smaller. Although their number is 20 times as large (40 cm 
beam path compared with 2 cm of analyzed beam area), the neutral density outside 
the .beam is much smaller and only a small rract ion of the trapped ions (about 5 %) 
makes a charge exchange collision when crossing the field of view of the analyzer . 

Model calculat ions for ASDEX geometry. In ASDEX (see Fig. 1) a diagnostic 
beam can be radially Injected from below 30° from the vertical axis in the poloidal 
direction. An analyzer can observe the beam through a horizontal port. For this geo
metry model calculations were made to relate the toroidal angle of the escaping atoms 
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to the field ratio, averaged over the path of the ionized molecule. The equations of 
motion were solved in local Cartesian geometry with a ripple-free toroidal field and a 
poloidal field, linearly increasing with the radius of the Shafra.nov-shifted circular flux 
Burface!! and inversely proportionally to the major plasma radius. Figure 2 shows the 
toroidal angle 0: as a function of the geometrical minor radius of ionization of the mole
cule. According to the toroidal field directions in ASDEX the molecule rotates about 
three-quarters of a turn till dissociation with a velocity in direction of the analyzer. 
The Shafranov shift in this case is 5 cm. The angular width of the curve is due to a 
possible maladjustment of the beam of ±l cm in the radial direction when crossing the 
horizontal midplane. Figure 3 shows a for different Shafranov shifts and at the same 
time gives the value fJ defined as the arctangent of the average ratio of the poloidal 
and toroidal fields in degres. A 10 % error in determining the Shllfranov shift leads to 
an error in measuring f3 of less t.p.an 0.10. 

Proposal for the measurement of the Shafranov shift and the poloidal field. IT 
the beam scans across the plasma and the analyzer observes the atomic Dux in the 
toroidal midplane (with perpendicular flux surfaces), not only can the poloidal field 
be measured over a large part of· the plasma cross-section but also the Shafranov 
shift. Figure 4 displays the toroidal angle a as a function of the radial p.osition of the 
measuring volume in the midplane. 0: crosses zero at the position of the Shafranov 
shift. As the analyzer can be calibrated in situ for ' zero plasma current by observing 
the double charge exchange protons in a gas-filled chamber with toroidal field, the shift 
can be determined absolutely. The width of the curves gives the spread of the observed 
angle by observing the area about 1 cm above and below the midplane. 

Effects of divergence and Frank-Condon effect. A systematic shift of the beam 
or analyzer can be detected and corrected by the in situ calibration. However, the 
divergence of the beam, and here especially the toroidal divergence, adds directly to 
the observed angle. The beam divergence should therefore be reduced to about ±0.5° 
by suitable diaphragms. Also the widths of the beam should be reduced to a few cm. 
The unavoidable Frank-Candan effect, which contributes a mean energy of 4.5 e V to 
t he atom, leads to an angular spread of ± l o and a mean value in the taroidal direction 
of 0.64°. These symmetric angular spreads reduce the requirements for the angular 
resolution of the analyzer. A resolution of even more than 0.2° will allow the maximum 
of the angular distribution to be determined with an accuracy of about 0.2°. 

Discrimination of the signal against charge exchange background. Although the 
molecular content of the total beam may reach only 10 %, the beam induced charge 
exchange signal at the energy of the dissociated neutral atom will be much smaller 
than the signal to be measured, because of the wiqe energy and angle spread of the 
charge exchange neutrals. In any case the passive and the actively induced background 
can be subtracted, when a pulsed beam is used and if the observation includes angles, 
where the signal to be measured is expected to be zero. 

The measuring device. The analyzer could work with electrostatic deflection wi
thout mass analysis. Diaphragms reduce the observation angle along the beam, and 
the beam itself limits the observation in the toroidal direction. Stripping of the 15 keY 
neut ral atoms in the analyzer could be done in a foil. Detection can be performed via 
channel plates that view a toroidal angle of about _2° to +8° and are divided into a 
number of subsections depending on the desired angular resolution. 
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Summary. The toroidal angle of the energetic atoms result ing from dissociation 
of an injected and ionized hydrogen molecule can be measured and related to the local 
value of the poloidal and toroidal field ratio. From these measurements the Shafranov 
shift and the local values of q can be determined. For ASDEX q=l at r=O.l ID leads 
to a mean angle of about 3.5 0

• q-values in this range might therefore be determined 
with an accuracy of better than 10 %. The time resolution is expected to be of the 
order of 1 ms. This measurement may therefore give additional information about the 
redistribution of currents during sawteeth or internal disruptions. 
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