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Abstract

In this letter, the spectral asymmetry of the motional Stark spectrum of a neutral
beam emission in a toroidal plasma is revealed. The © component is more peaked on the
more-Doppler-shified wavelength side about the ¢ component, mainly owing to the
existence of the angular divergence of the injected beam. A method using the ©
component to measure the pitch angle in the case of a high magnetic field with an optical
system containing two polarizers is also demonstrated. It is predicted that the pitch angle

could be measured with an accuracy of about 2%.
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Because measurement of the pitch angle of the internal magnetic field was important for
deriving the safety factor or current density profiles in a toroidal plasma, several methods that used
the Faraday rotation effect!), Laser scatteringz) and the Zeeman effect®) were developed in the last few
years. Recently, the motional Stark effect (MSE) of the Balmer o line emitted by a fast neutral
hydrogen- or deuterium-beam (~50 keV/amu) in a toroidal plasma was recognized to be useful for
measuring the pitch angle with high precision®. In DII-D and TFTR, the pitch angle measurement
that used a so-called poIarimeter4J5) was successful. For the case of a high magnetic field, an
example was given by a JET experiment”) designed with an optical system that in principle consisted
of a spectrometer and two polarizers tilted with respect to the horizontal direction by + 45°. The pitch
angle was obtained by using the polarizers to determine the ratio of the © component intensities. Due
to the overlap of each component of the MSE spectrumn, especially for case of the overlap of the &
emission of the full energy beam and that emitted by the half energy beam, a theoretical symmetry
assumption of the Stark features is necessary to simplify retrieving of the absolute intensities,
Doppler shift and wavelength splitting of each component’-8). The MSE spectrum is fitted by a sum
of Gaussians convolved with the instrumental function of the spectrometer. Generally speaking,
since there is spectral asymmetry in the spectrum as shown later in this paper, the fitting is expected
to be difficult in practice due to the many parameters involved in the fitting program. In our recent
research, a method utilizing the determination of the polarization direction of the 6 component with
the same optical system was studied, by which the pitch angle could be measured with reasonable
accuracy. This letter aims to show the spectral asymmetry of the MSE spectrum and demaonstrate the
method using the o lines to derive the pitch angle.

As is well known, the Balmer a line of hydrogen atom emission in an electric field is split
mainly into nine components due to the Stark effect 9). The central ¢ component (Am=1,-1) is
polarized perpendicular to direction of the field, while the w lines (Am=0) distributed on both sides of
the ¢ have parallel polarization when they are observed transversely, and are spectrally symmetric
about the ¢, For a beam emission in a toroidal plasma, the situation is similar due to the motional
Stark effect. However, the spectral feature in this case, coupled with Doppler effect, becomes more
complicated owing to the existence of angular divergence of the beam.

A simplified model may be helpful for the comprehension. In Fig.1, the beam is only a
beamlet with velocity, v, and angular divergence, A6, passing across a uniformly distributed
magnetic field, B, with intersection angle, {, and the viewing line of the imaging system is a single
line intersecting the beam with the angle, B. Supposed that there were three lines, the central o (A,
=6562.8 A) and two i-th 7 lines at both sides of the Gy, defined as line 1 and 2 with the wavelength
being Aj-AA+Akg and M+AR+ALp. The Alg is the Stark splitting here and Ay 5, the
wavelength of their Doppler shift. For the case of the viewing line in the direction of the beam, one
can imagine, the both angles B and { at point A in the figure 1 are decreased compared with the case
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at position D. The Doppler shift of both the lines become increased, while their Stark splitting, AX,,
are decreased. At position E, the situation is opposite. The variation of AL always tends to cancel
the wavelength shift for the line 2, whereas it strengthen it for the line 1. As a result, line 2 is more
peaked. The same thing will happen for line 1, if the viewing line is in direction opposite to the beam.

Quantitative differences of the wavelength width of both lines can be given as the following.
Combined with the motional Stark effect, the Doppler shifted wavelength of the line 1 and 2 are given
by

v
Ay =i+ < cos By(1 £ a(i)vBh,sin £), (D

where, ¢ is the light velocity and 'a(i)' is a proportional coefficient for the wavelength splittingg).
Assuming that the emission probability of all of the original particles of the beamlet are same on the

viewing line, then the wavelength width of both lines are
v
Ak, =M (->sin BAB* a(i)v BA cos{AL).  (2)
The width difference can be obtained as
8(A) = 4a (i)v BN, cos (A, 3)

This is proportional to the beam angular divergence. Let's examine the %5 lines of the MSE
spectrum. It can be found that 2{AA;—AAJ(AA+AN,) of the 75 lines is about 15%, if the magnetic
fieldis 3.0 T, B is 40° and { is 65°. The 8(AA) may be enhanced if the variation of magnetic field in
the viewed region is taken into account. The situation is similar for a beam consisting of many
beamlet.

To avoid the problem mentioned above, it was found that ¢ component can be used to find
the pitch angle in the case of a high magnetic field with the same optical system, even if the G
emission is elliptically polarized in general and is anisotropic.

Fig. 2 shows a universal situation of the ¢ light transmission along the viewing line. The
beam and the toroidal magnetic field define a plane, the mid-plane, and the viewing line lies on it.
The Lorentz electric field is in a plane perpendicular to the beam and the total magnetic field. The
straight line stands for the linearly polarized part of the ¢ and the circle, for the circularly polarized
component. The angle, &y, is the angle of the electric field with respect to vertical direction, y is the
angle between the electric field and the viewing line, @ is the polarization angle of the ¢ line
transmission along the viewing line and B is same as earlier definition. The relations between these

angles according to the geometry are

tan (¢ = tan ¢ cos B (4



and
cos ¥ = sin o sin P. (5)

For the ideal case that the 7t manifolds are well separated from the ¢ components, the intensity of the

© emission is determined by each polarizer as
Il‘2=lm/2+1mcosz(45 + o). 6)

Here, I ;. and I are the intensity of the circular and linear part, respectively, in the 0 which are
satisfied with a relation of I, /g = 2cotty, since the probability of the ¢ transition
A(W)=A(O)coszq1+A(n/l)sinzlu (where A(0) and A(w/2) are transition probabilities when y=0 and
/2, respectively, and A((0)=2A(n/2) }. The relation between the angles and the measured intensities

I;, I, can be obtained from equation (6) such that

cot 2 _if5r 1 2a -1 7
W—z‘g_lsm a ! D]

Here, & =1, /1,. The polarization direction of the ¢ component can be given as

ncos B+ \/nzcoszﬁ—(l + sin 2 B) } )

tan o= cos B{ (1+ sin °)

where 1 =(§+1)/(E-1). The '+ operation in the equation (8) depends on 1) and is opposite to its sign.

As an application, the pitch angle of the internal magnetic field in the JIPP TII-U plasma
was simulated using this method as depicted in Fig. 3.

Since the 7w components of the spectrum in the real situation may overlap with the ¢
component due to the broadening of the line, the validity of formula (8) was checked by our
simulation. Fig. 4 shows the results. The accuracy of the pitch angle measurement can be better than
3% if the intensity of the G lines in wavelength range of 4 A is utilized. This result can be extended to
a wide parameter range of beam and magnetic field, because the motional Stark effect of the beam
emission is directly connected to the magnitude of the Lorentz electric field, as long as the Doppler
shift of the wavelength of the beam emission is large enough for separation of the ¢ component of the
full energy beam emission and the ® component emitted by the half energy beam.

In practice, a filter can be used instead of the spectrometer to remove the © component
because the wavelength of the G, component is not effected by the magnetic field. A simulation
result is also shown in Fig. 4 by the circles. It is expected that the error in the pitch angle
measurement due to the mixing of the n and ¢ line is less than 3% if two tandemly arranged filters are
used with a passband of A}\.p= 2.0 A of a Lorentz-shaped transmission curve.

In summary, the spectral asymmetry of the beam emission caused by the angular divergence

of the beam in a plasma has been revealed in this letter. The ® components of the spectrum are more



peaked on the more-Doppler-shified wavelength side. To avoid problems in the method of fitting the
spectrum with a spectral symmetry assumption, a method using the 6 component to obtain the pitch
angle information has been developed. In the case of a high magnetic field, our simulation indicates
that the pitch angle can be measured with an accuracy of about 2%.
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Figure Captions

Fig.1  Geometry schematic of an ideal diagnostic system.
A beamlet with a divergence angle A® is injected into plasma across a uniform
magnetic field with an angle . The viewing line crosses the beam with an angle {.
Position A and E are on the viewing line where the beam has an angular divergence,
AB.
Fig2 The schematic of the pattern of the G component transmission of the beam emission along
the viewing line on the mid-plane.
Fig.3 The simulated pitch angle of the internal magnetic field of the JIPP TII-U tokamak vs the
major radius, with 549 separation of the injected beam and the spectrum observation.
The toroidal magnetic field is 3.0 Tesla, major radius, 0.93 m and the minor radius,
0.23 m in the simulation. The plasma density and temperature profile are parabolic
distribution and are 5.0x10'3 ecm3 and 1.0 keV at the plasma center. The input
parameters of the beam are a the beam energy of 40 keV, a power ratio of each
component of 0.75:0.15:0.1, an angular divergence of 0.5° and a focal length of 3.0 m.
Fig.4 The expected relative error of the pitch angle measurement is calculated with the
wavelength width, A&, of the 6 component taken as a free parameter. The circle point
curve is the expected error in the measurement for A?\.p =2.0 A passband width of both

filters if the transmission curvature of the filter is Lorentz shaped.
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