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A New Method of Measuring the Magnetic Field in Hot Plasmas
Using Helium Neutral Beam Injection
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A new method is proposed to measure the magnetic field direction in hot plasmas using helium (He) neutral
beam injection. The injected He beam is ionized by collisions with field electrons, and the ionized He beam
atoms emit line radiation during their gyromotion with their rotational axis in the direction of the magnetic field.
The direction of that axis can be determined locally from the Doppler width of the line radiation in the region
along the beam path. The current intensity and energy of the injected He beam necessary to obtain reasonable
intensity of line radiation from He™ ions are estimated. This estimation includes the effect of ionization from the
metastable state of the He beam atoms and takes the 468.6 nm line radiation from He* ions as an example. It is
shown that the radiation intensity and line broadening width obtained using a He neutral beam with energy of
1keV and current of 10 mA - 100 mA are sufficient for spectral measurement in typical reversed field pinches. It
is also shown that the beam with energy of 10keV and current of 0.1 - 1 A is sufficient in medium sized tokamaks.
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1. Introduction

There are several methods of measuring the mag-
netic field in plasma. The most convenient and traditional
method is to use a magnetic pick-up coil probe, which is
inserted into the plasma and detects the variation in the
magnetic field inductively. The magnetic probe is widely
used in the measurement of low temperature plasma, but
its use in hot plasma is limited because of damage to the
probe itself and contamination of the plasma by probe ma-
terials. Therefore, the probe cannot be used in the hot,
dense plasma usually realized in magnetic confinement ex-
periments for nuclear fusion research.

Instead, a measurement method based on the motional
Stark effect (MSE) is widely used in confinement systems
of high temperature plasma with a strong magnetic field,
such as tokamaks and helical devices [1]. However, a high
power density neutral beam injection in a strong magnetic
field is preferred for MSE measurement, and hence this
method is not easy in a confinement system with a weak
magnetic field, such as a reversed field pinch (RFP) and a
spherical tokamak. In spite of these difficulties, the MSE
was applied to a RFP experiment in Madison Symmetric
Torus (MST), and the value of the magnetic field at the
plasma center (as low as 0.2 T) was successfully measured

[2].
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Faraday rotation of a polarized laser beam is also used
to measure the magnetic field parallel to the beam [3]. The
profile and fluctuation of the magnetic field in MST have
been measured successfully by this method[4]. Faraday
rotation, however, is the combined integral effect of the
density and the magnetic field direction along the laser
beam path through the plasma. Therefore, the density pro-
file should be known precisely for estimating the magnetic
field profile, which complicates the analysis.

Here, a new method is proposed to measure the mag-
netic field in hot plasma, by which the local direction of
the magnetic field can be obtained. A schematic draw-
ing of the measurement system is shown in Fig. 1, where a
helium (He) neutral beam is injected perpendicular to the
magnetic field into hot plasma, probably on the equatorial
plane of the machine (up and down symmetry may be as-
sumed). Injected He beam atoms are ionized to He™ by
collision with electrons in the plasma. After the ioniza-
tion, the He* ions exhibit the gyromotion in the magnetic
field and emit line radiation during their gyromotion until
the He* ions are fully ionized or leave from the detection
region by various drift motions.

By measuring the line radiation from He* ions, an in-
clination of the axis of the gyromotion (hence the direction
of the magnetic field) can be determined from the Doppler
width of that radiation, since the rotational axis of gyro-
motion is in the direction of the magnetic field, and the

© 2008 The Japan Society of Plasma
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Fig. 1 Schematic diagram of the measurement system. Only a
few representative orbits of gyromotion are shown.

speed of the motion, which is the initial beam speed, is
monochromatic. Detector positions are selected to opti-
mize the spectral resolution for the inclined angle of the
axis of gyromotion. The spatial distribution of the direc-
tion of the magnetic field lines can be obtained by measur-
ing the angles at multiple points along the beam line. Two
or more detectors in different positions for a certain detec-
tion region can be used to improve the angle resolution.

The beam should be injected perpendicular to the
magnetic field as precisely as possible, since the compo-
nent of the beam velocity parallel to the magnetic field can
cause drift along the magnetic field line, and the He™ ions
leave rapidly from the detection region if the parallel ve-
locity component is significant.

To examine the feasibility of this method, the fol-
lowing parameters should be considered. Estimation of
them will give the intensity and energy of the injected He
beam required to obtain reasonable radiation intensity in
the Doppler broadening measurement of a selected line,
e.g., the well-known 468.6 nm line radiation of He* ion.

1. Penetration length of the beam (dp), which depends
on the injected beam energy (E},), plasma density (n),
and temperature (7).

Value of the gyroradius of He™ ions (r) in the mag-
netic field, which determines the spatial resolution
and depends on the beam energy and magnetic field
strength (B).

. Life time of He™ ions (tjoy2) until being fully ionized
or lost by charge exchange, which is also determined
by the plasma density and temperature.

Loss time (7yos5) during which the He* ions stay in
the detection region (V). This is determined by the
speed of various drift motions.
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5. Strength of line radiation (ls636) to obtain sufficient
photon counts (Ncoynt)-

6. Required wavelength resolution in the Doppler width
measurement.

In this study, the above parameters are evaluated for
plasma with reasonable density and temperature profiles.
In the following study, we consider pure hydrogen (H)
plasma and assume that electrons and ions have the same
T and n values.

First, basic considerations for estimating the above
parameters are described, several of which are estimated
approximately with homogeneous plasma temperature and
density profiles. After that, detailed evaluations are per-
formed by considering the radial variations of He beam
penetration and line radiation from He" ions, assuming
realistic profiles of temperature, density, and magnetic
and electric fields for a typical reversed field pinch (RFP)
plasma. The effect of the metastable state of He atoms is
also taken into account. It is shown that magnetic field di-
rection measurement is feasible if a He neutral beam with
relatively low energy (1-10keV) and current in the range
of 0.01-1 A can be injected into the plasma.

2. Basic Considerations for the Feasi-
bility of Measurement

2.1 Penetration of a helium neutral beam
through hot, dense plasma

The penetration of the He neutral beam is one of the
most serious considerations for the feasibility of this mea-
surement. Since the effects of slowing down and diffrac-
tion of the He neutral beam by collision with hydrogen
ions are small in the low energy range considered here [5],
the penetration length (dp) of the injected beam is mainly
determined from the characteristic lengths of ionization by
plasma electrons (dion1) and charge exchange with plasma
ions (dex1). This is given by the following equation.

dp = dionldexl/(dionl + dexl)7 (1)

where dion1 = vp/(1Sion1G) and dexi = 1/(n0ex1). SioniG 18
the ionization rate coefficient for ionization of He atoms at
ground level to He* ions by electron impact, vy, is the beam
velocity, and o is the charge exchange cross-section of
He atoms with hydrogen ions (H) [6]. Here, the value of
Sion1G 18 calculated using the equation for the ionization
cross-section given in Ref. [7]. When the electron temper-
ature is in the range of 0.2 - 1 keV, Sioni1 is nearly constant,
e.g., Sion1g 18 4.5 x 107 m3/s at T = 0.5keV.

At this stage, ionization from the metastable excited
state of He atoms is not taken into account. The effect
of the metastable state is considered in Chapter 3 and dis-
cussed in Sec. 4.2. The effect of ionization by H" impact is
also neglected here. It is slightly significant in the case of
a tokamak with large E}, which is considered in Chapters
3 and 4.
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The detailed estimation of the penetration of the He
atom beam in the hot, dense plasma is given in Ref.[8]
for beam energies higher than 25keV, where ionization
from excited states, by proton collision and by impurities
is taken into account. It is shown that ionization from ex-
cited states is important if the product of the density and
the penetration length (ndp) is greater than 102 m=2. In the
situation considered here, ndp is in the range of 10'” m=2
and the beam energy is less than 10 keV. Therefore, the ef-
fects of excited states and proton collision can be neglected
excluding the effect of the metastable state.

The effect of ionization by electron impact is dom-
inant in the decay of a neutral beam with E} less than
20keV, and charge exchange becomes significant for Ej,
greater than 20keV. The effect of charge exchange is the
most significant at Ey, ~ 80keV. As shown in the next sec-
tion, the spatial resolution requires a low energy beam,
consequently, ionization has the largest effect on the decay
of the beam.

Usingn =2x10”m™, T = 0.5keV and Ep, = 1 keV,
which correspond approximately to the values in the large
RFP machines such as Toroidal Pinch Experiment-RX
(TPE-RX) [9], Reversed Field pinch Experiment (RFX)
[10], and MST [11], and assuming flat profiles of n and 7',
dion1 18 0.24m, deyq 18 290 m (0ex; = 1.7 X 1072 m‘z), dp
is 0.24 m, and nearly 12.5% of the injected beam can pen-
etrate into the plasma with a penetration length of 0.5 m.
With these values, the measurement proposed here is fea-
sible.

2.2 Minimum limit for the magnetic field
strength
In this measurement, the spatial resolution is primar-
ily determined by the gyroradius of the He™ ion. For ex-
ample, to obtain a resolution of 2r1, = 5cm, E}, should be
less than 1keV for B = 0.37 T. Since r_ is proportional
to ES'S , lower energy is preferable for better spatial reso-
lution. However, for E}, less than 1keV, it is difficult to
obtain a beam with sufficient current density. If a spatial
resolution of 10cm is tolerable, then B ~ 0.2 T will be
feasible with Ey, = 1 keV. Therefore, the feasibility of mea-
suring weak magnetic field with strength less than 0.2 T is
fully dependent on future improvement in the low energy
beam technology.

2.3 Number of He" ions in the detection re-
gion

The number of He* ions in the detection region is es-
timated by considering the balance between the production
and loss of He" ions in this region.

He™ ions in this region are produced by ionization
of the He neutral beam atoms. The loss of He* ions is
caused by further ionization to He?* ions by electron im-
pact or charge exchange with hydrogen ions, by neutraliza-
tion through charge exchange with the remaining hydrogen
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atoms in the plasma, and through various drift motions by
which the He" ions leave from the detection region.

Considering the short time during which the He* ions
stay in the detection region, typically less than 5us as
shown in later, the effect of the slowing down and diffrac-
tion of He* ions by collision with hydrogen ions can also
be neglected for energy in the considered range [S]. There-
fore, in the steady state, the number of He* ions (Nye+)
in the detection region with volume Vs is given by the
following equation,

NHe*(l/Tloss + I/TionZ) = Cion1 + Cex1, (2)

where Nye+ = nipe+ Vobs(ime+ is the Het ion density), Tioss
is the escape time of the He* ions from the detection re-
gion by drift motions, and Tiyy is the ionization time for
ionization from He* to He?* given by 7o = 1/(nSion2),
where Sion2 18 the ionization rate coefficient for ionization
from He* to He>* by electron impact. The temperature
dependence of Sy is calculated using the value given in
Ref.[12], (e.g., Siom2 = 3.7 X 1075 m¥/s at T = 0.5keV).
The charge exchanges from He™ + H* to He?* + H, and
from He* + H to He + H* are neglected, since their ef-
fects are much smaller than that of electron impact in the
considered beam energy region (Ep < 10keV) [13].

Cion1 is the source term of the He* ions produced by
ionization from He beam atoms by electron impact and
Cex is that by charge exchange with hydrogen ions. They
are given by

Cion1 = 11,8 ion16Av0!,

Cex1 = nnplpOex1 Apdl,

3)
“4)

where ny, is the He neutral beam density at the ionization
point, Ay, is the beam cross-section and ¢/ is the length of
He beam line within the detection region.

Tloss 1S approximately given by

Tioss = OL/vg &)

where 6L is the characteristic length of the detection re-
gion, Vips ~ (6L)%, and vq is the speed of drift motion of
the He* ion. Hereafter, we will use 6L = 0.1 m and as-
sume that 6/ = L.

Since the difference in He* densities will be small at
both ends of the detection region boundary along the beam
line, the effect of He* ion flow in and out along the beam
line can be neglected. Therefore, it is necessary to consider
the motion of He* ions in the direction across the beam
line for estimating the loss of He* ions from the detection
region. Here three kinds of drift motions, gradient B drift,
E x B drift, and parallel drift, are taken into account.

Strictly speaking, the escape time should be estimated
by considering the actual gyromotions of the He* ions in
the given magnetic field, since their gyroradii cannot be
neglected compared with the size of the detection region.
However, these estimations require a detailed design of the
assembly of the detection system, and such a detailed de-
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sign is not necessary for the present estimation of the fea-
sibility of this diagnostic method.

2.4 Estimation of intensity of 468.6 nm line
radiation
The total intensity of the line radiation [photons/s]

from the He™ ions in the detection region is given by,

(6)

L1686 = nXradNHe+

where Xi,q is the radiation rate coefficient corresponding to
the observed line.

Considering the visible 468.6 nm line radiation of the
He* ions, which corresponds to the transition from the
n = 4 level to the n = 3 level, and assuming almost all
the ions are in the ground (n = 1) state (Corona Model),
we estimate the value of X,,4. In the estimation, the excita-
tions from the ground state to 45, 4P, 4D and 4F levels are
considered individually, and the radiative transitions from
those four levels to the n = 3 levels are summarized by tak-
ing into account the branching ratios from the 4S5, 4P, 4D
and 4F levels to all permitted lower levels. Individual rate
coefficients for excitation from the ground state to the 4S5,
4P, 4D and 4F levels are calculated from the excitation
cross-sections given in Ref. [14], and the individual radia-
tive de-excitation rate coeflicients are estimated using the
branching ratios deduced from the transition probabilities
listed in Ref.[15]. The value of Xq is 1.2 x 10717 m?/s
at T = 0.5keV. The excitations from the metastable state
and other excited states, and de-excitation to the n = 4 lev-
els from higher levels are not taken into account. These
effects will enhance the radiation of the 468.6 nm line and
the present X;,q will give a low estimation.

3. Estimation of Intensity of 468.6 nm
Line Radiation in a RFP Configu-
ration

Here we examine the feasibility of this measurement
method in a realistic RFP configuration. We calculate the
radial variations of the He beam density, He™ density, and
intensity of He* 468.6 nm line radiation in a RFP plasma
similar to the MST, which has the major/minor radii (R/a)
of 1.5m/0.52m[11]. In this calculation we include the ef-
fect of the metastable state of He neutral atoms, which sig-
nificantly affects the ionization from He to He™ if the initial
ratio (Ymeta) Of the density of He atoms in metastable sate
to the total He atom density is large at the injection point
of the beam, since the ionization coeflicient for ionization
from the metastable state is much larger, by almost an order
of magnitude, than that from the ground state. The effect
of variation of ype, Will be estimated in the next chapter.

Assuming the steady state and taking the beam line
as the x-axis (x = 0 is the plasma center and the beam
is injected at x = a), the equations for He beam density
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variation become

—vp(dnpeg/dx) = —nnHGS ion1G — MMHGXGM

—NNHeGT ex1Vb — MNHeGTion1 Ub, (N
—vp(dnpem/dx) = —nnpemS ioniM + MNHGXGM
—NNHeM T ex1 Vb — HIHeM T ion1 Ubs (®)

where npeg is the He beam density at the ground state,
npem 18 that at the metastable state, Sionim 1S the elec-
tron impact ionization rate coefficient for ionization from
metastable state, Xgyv is the excitation coefficient for exci-
tation from the ground state to metastable state, ojoq) is the
cross-section for ionization with H* ion impact. The tem-
perature dependences of SioniG, SioniMm, and Xgm are cal-
culated using the estimation formulas for the correspond-
ing ionization cross-section given in Ref. [7]. The ion im-
pact ionization cross-section is not significant in the low
beam energy region with energies less than E, = 10keV
as shown in Ref. [16]. For example, the value of ojon; vp
is = 2 x 1071 m3/s for E, = 1keV, which is smaller than
Sionig by two orders of magnitude.

When including the effect of the metastable state, the
source term for the He™ ions in Eq. (2) is modified to

Cion1 + Cex1= [nnHeGSioan + nRHMS ionM

9

+10 ex 1 Vp(MHeG + NHeM) 1ABOL,

We assume radial profiles of [1- (r/a)*] for both den-
sity and temperature with values of central plasma density,
ne = 2x 10" m~3, edge plasma density, ny, = 1 x 10" m=3,
central temperature, 7. = 500eV, and edge temperature
Ty, = 10eV, which are not too different from the exper-
imental values obtained in MST. We use the values of
Ey, = 1keV, beam radius r, = 1.5 cm, and injected beam
current Ipp = 100 mA. The initial value of beam density is
given by npy = I/ (nevbrﬁ), (e is the elementary charge).
Because a large beam current is difficult to obtain in the
low beam energy region, this small value of I is used in
the estimation. Recent development of He ion beam source
technology suggests that this level of beam current will be
feasible with a reasonable injector size [17, 18].

We also use the magnetic field profiles estimated from
the experimental MST results, whose radial profiles are
shown in Fig. 2, where the poloidal field at the plasma edge
(Bpa) is set to be 0.3 T. This value corresponds to a plasma
current of 780kA, which is slightly larger than the value
achieved experimentally so far in the MST. As shown in
Fig. 2, the magnetic field strength is 0.8 T at the plasma
center (By) and 0.3 T at the edge (Bp,). 1. is ~ 3cm for
Ey, = 1keV near the edge, which can provide a reasonable
spatial resolution.

An assumed profile of the radial electric field (E)
is also shown in Fig.2, whose value at the edge (E,y) is
5kV/m, which is probably higher than the experimental
value. The radial profile of E; is assumed to be given by
E. = Erw(r/a)2[2 - (r/a)z]-
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Fig. 2 Radial profiles of the magnetic and electric fields used
in the estimation. Suffixes r, p, and t indicate the radial,
poloidal, and toroidal components, respectively.
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Fig. 3 Radial profiles of various drift motions that mainly con-
tribute to the He* ion loss (grad B, E X B and parallel).
Calculated from the magnetic and electric fields given in
Fig.2. Suffixes r, p, and t indicate the radial, poloidal,
and toroidal components, respectively.

Radial profiles of gradient B drift, E X B drift, parallel
drift caused by the misalignment of the beam (here, 2.5°
misalignment is assumed), and summation speed of them
are shown in Fig.3. For 6L = 10cm, 7ioss = O0L/vq is
typically 3 - 10us in the assumed profiles. Loss of He™
ions from the detection region is determined mainly by the
gradient B and E X B drift motions in the outer region, and
by the parallel drift motion in the core region.

For the given magnetic configuration and electric
field, the toroidal components of the gradient B and E X B
drift motions, which are the largest components of drift
motion in the outer region, have the same direction unfor-
tunately, since E. is produced by the rapid loss of electrons,
and gradient B and E; have opposite directions (negative
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Fig. 4 Orbits of He" ions ionized at several points along the He
beam. Side view of orbits in a poloidal cross-section (a)
and view from the top of the torus (b).

gradient B and positive E\).

Examples of orbits of He* ions until 10us from the
ionization at various positions along the beam, are shown
in Fig.4. In the calculation, a magnetic nearly identical
with that given in Fig.2 is used, but the effect of electric
field is not considered. Correction of toroidal effect in the
MST is also taken into account. The estimation is close to a
realistic situation, although the toroidal effect is not signifi-
cant in RFP, since the poloidal field has the same amplitude
as the toroidal field and the curvature of the magnetic field
line is mainly determined by the minor radius. As can be
seen in Fig. 4, the He™ ions stay in the detection region for
more than 5us. When the electric field is taken into ac-
count, the total drift velocity near the edge approximately
doubles and the loss time is reduced to 3 ps.

By solving equations (7) and (8) numerically, the ra-
dial variations of npeg and npem are obtained, and are
shown in Fig.5 for the case of ymeta = 0.1. For the as-
sumed temperature and density profiles, only 12.5% of the
initial beam can penetrate into the center of the plasma.
L4636 calculated from Eq. (6) is also shown in Fig. 5, and is
greater than 10'* photon/s in the region of 0.3 < r/a < 0.9.

The number of photons counted by the detector may
be given by

Ncount = I46867DTdetect(d-Q/4 77)7 ( 10)

where yp is the total sensitivity of the detection system,
Tdetect 18 the accumulation time of the measurement, and
dQ is the solid angle of the detector. By using plausible
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Fig. 5 Radial profiles of penetration of the He beam and inten-
sity (I486) of He* line radiation (468.6 nm) at the detec-
tion region. In the case with initial metastable state ratio
of 0.1 (¥mew = 0.1). Densities of ground state (ngeg),
metastable state (npenm), and sum of them (nyr) are also
shown.

values, we are able to estimate the detected photon count.
Here we assume values of yp, Tgetect, and the radius of the
detection window (rp) as 1073, 10 ms, and 0.025 m, respec-
tively. The distance to the detection window (Lp) from the
radiation region is assumed to be two times of the minor ra-
dius (a). dQ = 7 /4a* is 2x 1073 for a = 0.5 m and Neount
is greater than 1.6 X 10° for 0.3 < r/a < 0.9. This Neoun
will probably be sufficient for spectroscopic measurement.

If it is possible to use a smaller value of radiation in-
tensity, the time resolution can be improved by using a
shorter Tgeiect OF the Iyg can be reduced to the 10 mA range.
These results indicates that the proposed magnetic field
measurement method is feasible in typical RFP plasma
similar to MST, if a He neutral beam with I, ~ 10 -
100mA, E, ~ 1keV, and r, ~ 1.5cm is realized and E,
remains less than 5kV/m.

The photon count near the central region can be in-
creased by increasing the beam energy, since the magnetic
field strength near the center is larger than that near the
edge region. The field is 2.7 Bp,, as shown in Fig.2, at
the center, and the gyroradius is smaller than 2.5 cm even
for Ey, = 4keV. By increasing the beam energy, the beam
can penetrate deeper, and a high current beam is expected.
Combination of these two effects enable l463¢ greater than
10'* photon/s in the central region with E, = 4keV and
IbO = 250mA.

4. Discussion
4.1 Estimation of Doppler width

The maximum value of Doppler width of the 468.6 nm
line with beam energy of Ej, is given by 44y [nm] = 0.68
(Ep [keV])?® The observed maximum value is Adyax =
Ay sin ¢ where ¢ is the angle between the rotational axis
of gyromotion and the straight line drawn from the cen-
ter of gyromotion to the detection position when the gy-
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Fig. 6 Profile of Doppler broadening due to gyromotion with
a monochromatic energy. Wavelength and intensity are
normalized by their maximum values. Wavelength is di-
vided into 20 sections.

roradius is much smaller than the distance to the detection
position.

The broadening profile is expected to be quite differ-
ent from the Gaussian profile, since the Doppler broad-
ening is caused by the gyromotion of He* ions with a
monochromatic energy (Ey). The expected time variation
of Doppler shift of a single He* ion is given by 44p
AAmax c0s (wet + Qo) during the gyromotion, where w, is
the gyrofrequency, ¢ is time, and £ is the initial phase.

In the Doppler broadening measurement, it is com-
mon to divide a certain wavelength region into N separate
parts with a discrete step of 44s. Setting A4; = Admax /N,
the duration time d¢ within which 44p stays between A and
A + A4 can be estimated. It is reasonable to assume that
the line radiation has an equal probability around the or-
bit of gyromotion, and thus, the statistical intensity of the
line radiation between A and A + A4 is proportional to the
ot. Figure 6 shows an example of the expected broadening
profile with N = 20 and the vertical value normalized by
its maximum at the largest shift.

As shown in Fig. 6, the profile of Doppler broaden-
ing is quite different from the Gaussian profile in the usual
temperature measurement. A sharp increase and decrease
appear around the maximum shift position, which makes it
easy to determine the maximum Doppler width necessary
in the present measurement. In actual situations, several
mechanisms causing other broadenings of the line radia-
tion are present, and the shape of the profile is not so sharp
as shown in Fig.6. These additional broadenings deter-
mine the limitation of the accuracy of the measurement.

The radial variation of the direction of the magnetic
field line is more than 90° between the center and edge of
RFP plasma, since the direction of toroidal magnetic field
at the edge is reversed with respect to that at the center.
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Fig. 7 Same graphs as show in Fig.5, but for the case with a
different initial metastable state ratio (Yyera = 0.5).

Similarly, it is several tens of degrees in a spherical toka-
mak (ST). Therefore, resolution in the order of 10° will be
sufficient to measure the radial variation of the direction of
the magnetic field. However, E}, must be low in those ma-
chines, since the magnitude of 7, should satisfy a required
spatial resolution in weak magnetic fields (as low as 0.3 T).

For example, the beam with a low E}, of 1 keV gives
rL =3 cmand 44y = 0.68 for B = 0.3 T. Then the required
resolution becomes less than 0.068 nm. It is not difficult to
obtain this resolution by the ordinary Doppler broadening
measurement method, and is larger than that of the fine line
structure and Zeeman effect of the 468.6 nm line.

In typical tokamaks, which have a major radius of
1.5m, minor radius of 0.5m, B = 3 T and ¢ = 3, the
beam with Ej 10keV gives r., lcm and 4y =
2.2 nm. However, the maximum radial variation of the an-
gle of the magnetic field line is about 10° between the cen-
ter and the edge, even though the non-circular and toroidal
effects are taken into account, since the toroidal magnetic
field is much larger than the poloidal one. This means that
a resolution of the order of 1° is required to obtain rea-
sonable spatial resolution. Consequently, very high reso-
lution in the Doppler width measurement, of the order of
~ 0.02 nm, is required, which will not be impossible but is
difficult, and the limitations by other causes of line broad-
ening, such as the fine line structure, Zeeman effect, and
motional Stark effect should be taken into account.

4.2 Effect of the metastable state

As described before, the effect of the metastable state
of the He neutral atoms can be critical for penetration of the
beam. If the value of ypey, is high at the injection point, the
penetration length is reduced considerably. An example
is shown in Fig.7, where a He beam with ypea = 0.5 is
examined. The ionization of He atoms is localized near
the boundary, and hence, the beam intensity is reduced by
a factor of about two at the center. 4636 is also reduced by
a factor of about two.

The 4636 profiles with several ype, values are shown
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Fig. 8 Radial profiles of intensity of line radiation (/468¢) With
different initial metastable state ratios (Ymeta)-

in Fig. 8. It is shown that, except for the ymeta = 1 case, the
central value of I4636 is nearly proportional to the value of
Vmeta- FOT the Ymera = 0.9 case, the intensity of I46g6 1S re-
duced by an order of magnitude. However, 4636 is 6 X 1012
photon/s even in this case, and the Doppler measurement
is probably possible.

The 468.6nm line becomes very strong near the
boundary region for large ymen. If information near the
boundary is required, e.g., the radial profile of the mag-
netic field direction near the reversal surface, then a He
beam with large ymeta is preferred. We will be able to select
a Proper Ymeta according to the position for which informa-
tion is required, if we can control ypeta, although the way
to control it is not yet known.

4.3 Rough estimation of parameters in a
tokamak
For a typical medium sized tokamak, as considered in

the Sec.4.1 (B = 3T, R/a = 1.5m /0.5m, T = 1keV,
and n = 5 x 10" m™3), if we use the same values of yp,
Tgetect, and rp as before (1073, 10ms, and 0.025m), and
also assume that the distance to the detector is ~3a = 1.5m
(dQ = 9 x 107*) because of the plasma elongation, we can
examine the feasibility of this measurement. The value of
r is 1 cm for Ey ~ 10keV, which can provide a good spa-
tial resolution. The estimated value of l4g6 is greater than
2 x 10 photon/s and N .y may be greater than 1.5 x 10°
counts for I,y = 1 A. These values will also be sufficient
for the spectroscopic measurement. Here we use a large
value of Iy (=1 A), which is not difficult to achieve for the
high beam energy region (E, = 10keV) using the present
beam technology. Considering the estimated intensity of
radiation, Io can be reduced to about 0.1 A.

Since the magnetic field is strong in tokamaks, and
the gyroradius is not too large for the measurement even
with the relatively high Ey, a heavy atomic species with
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high ionization potential, such as neon can be used. It
should be noted, however, that, as estimated in Sec. 4.1,
very high resolution in the wavelength is required and the
fine line structure, Zeeman effect and motional Stark effect
in the line radiation should be carefully considered, since
the beam velocity (hence 41y) is reduced for the heavy
atom.

4.4 Other aspects

A He neutral beam that can penetrate into hot plasma
with a reasonable density value can be used for other di-
agnostic applications. For example, the plasma electron
density profile can be estimated by observing the decay of
the line emission from the neutral beam atoms. Fluctuation
of electron density can also be estimated by observing the
fluctuation of the He or He™ line emission, although care
is required in the analysis, since the He and He™ ion densi-
ties are dependent on the integral effect of the plasma den-
sity and temperature along the beam path, through which
the He beam has penetrated to the detection position. An-
other possible application is to measure the trace of the
drift motion of He* ions in a wide spatial region by mon-
itoring the line emission, which can be used to estimate
the electric field strength and direction if the profile of the
magnetic field is known. If the beam is injected with a sig-
nificant velocity component parallel to the magnetic field,
then the magnetic field line can be traced by observing the
line emission from He™" ions.

5. Conclusion

The feasibility of measuring the radial variation of
the direction of the magnetic field using He neutral beam
injection is studied at high temperature, medium density
plasma. The injected He neutral beam is ionized by col-
lision with plasma electrons, and the ionized beam He*
ions rotate around the magnetic field line (gyromotion).
By measuring the Doppler broadening of the line radiation
from these He* ions (e.g., 468.6 nm) during the gyromo-
tion, the direction of the magnetic field can be determined.

By estimating the penetration of the He beam into the
plasma and the radiation intensity of the 468.6 nm line, it is
examined whether the radial variation of the magnetic field
line direction can be determined in the reversed field pinch
plasma, which is similar to the MST (R/a = 1.5m /0.5 m,
Bp, = 0.3 T). Considering realistic profiles of the tempera-
ture, density, and magnetic and electric fields, and includ-
ing the effect of He beam atoms in the metastable state, the
radial variations of the densities of He beam in the ground
state, and in the metastable state are calculated separately.
Excitation from the ground state to the metastable state and
ionization from these two states are taken into account.

The number of He* ions in the detection region is cal-
culated from the balance between the production and loss
of He* ions. The production is the ionization of He beam
atoms in the detection region, and the loss is caused by the
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ionization of He* to He?* and the drift motion of He* ions
from the detection region. The drift motions are calculated
for a real magnetic field similar to that in the MST. From
radial profiles of the number of He™ ions and the plasma
density, the radial variation of intensity of the 468.6 nm
line radiation can be obtained.

The results show that a He beam having E, =1keV
and I,y = 100mA (possibly ~ 10 mA) is sufficient to ob-
tain a radiation intensity that can measure the angle of the
magnetic field lines with reasonable spatial (~6cm) and
time (~10 ms) resolutions. The estimated radiation inten-
sity, Iuss6. is greater than 10'* photon/s for 0.3 < r/a < 0.9.

By using a He beam with E, = 10keV and Iy = 1 A
(possibly ~ 0.1 A), which is not difficult with the present
beam technology, this diagnostic technique can be used in
tokamaks having a magnetic fieldof B=3T,R/a = 1.5m/
0.5 m, temperature = 1keV and density 5 x 10 m~3, al-
though very high wavelength resolution is required for
Doppler measurement.
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