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Abstract

A 6MeV heavy ion beam probe (HIBP) is designed for potential measure-
ments on the Large Helical Device (LHD). The article describes a method
to control the 3-D probing beam trajectories in the helical magnetic field,
an estimate of beam attenuation and energy reduction arising from the long
paths in the plasma, and a cylindrical analyzer as a candidate of the energy

analyzer.
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L. Introduction

The heavy ion beam probe[1-10], which is a unique method to permit
direct measurements of internal plasma potential and fluctuations of potential
and density in magnetically confined plasmas, has been developed since it
was successfully applied on a hollow cathode arc plasma[l]. Extension of
this method to recent large devices with stronger magnetic field makes the
scale of the HIBP systems huge and expensive. The 500keV HIBP in the
TEXT tokamak(4] is upgraded to the 2MeV system in order to make the
observation area cover the whole plasma cross section[3].

The Large Helical Device (LHD), a heliotron/torsatron device whose mag-
netic field is generated by superconducting coils, is under construction. The
major and averaged minor radii are 3.9m, 0.6m, respectively. The central
magnetic field strength will be 3T. Three dimensional characteristics and
strength of the LHD magnetic field will provide the most difficult environ-
ment for the application of HIBP. A 6 MeV HIBP project for the LHD has
been developed to measure the internal plasma potential which is an essential
physical quantity related to the confinement property in helical devices. This
article describes the preliminary design and concept of the HIBP system for
the LHD and several problems to be solved in the application of HIBP on

large plasma confinement devices are discussed.

II. Trajectory Control
A. Basic Concept

The performance of HIBPs is deeply connected with the magnetic field
structure of the applied confinement devices. Three dimensional beam tra-
Jectories, such as a helical device, needs a special consideration to determine

the geometrical configuration of the HIBP system[11-13]. The design of the




LHD HIBP is optimized for the 3T standard magnetic configuration whose
axis is located at 3.75m; the axis is shifted inward from the center of the
vacuum chamber by 0.15m. The beam transport system including the accel-
erator and the energy analyzer will be arranged so that the probing beam
from the accelerator with no sweep voltage can observe the potential on the
magnetic axis of the standard magnetic configuration.

The schematic view of the HIBP system is shown in Fig. 1. The primary
beam enters through a bottom port and the secondary beam comes out from
the side port located 18° apart from the bottom port in toroidal direction.
The beam energy of singly charged gold is 5.6MeV for the 3T standard oper-
ation. The system has two additional sets of sweep plates which are located
in the analyzer side. A newly designed cylindrical analyzer is a candidate
as the energy analyzer instead of the traditional 30° parallel plate energy
analyzer.

The tandem type accelerator whose maximum terminal voltage is 3MeV
will be installed as the probing beam injector. A negative gold jon source[14]
has been developed for 3T operation; then the maximum beam energy is
6MeV. For the operation of half magnetic field strength, this accelerator is
also used as a 3MeV single end one by substituting the charge stripping cell

with the thermal thallium or other sources.

B. Active Control of Probing Beam Trajectories

One of the troublesome problems inherent with 3-D trajectories is that
the secondary beam incident angle into the aperture of the energy analyzer
varies two dimensionally depending on the birth point of the secondary beam
(the observation point) and magnetic field configurations. The displacement

of the beam position and the change of the beam incident angle on the plane



including the aperture of the energy analyzer are expressed as
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where Ko, E;, p mean the beam energy, the electric field between the sweep
plates, a parameter indicating the ionization point, respectively, and I rep-
resents a coil current generating the LHD magnetic field, A means an in-
finitesimal change.

The left-hand-side values of AXp, AYp, Abp, A¢p arising from the
changes of AKy, AIL;, Ap can be canceled out by choosing an appropriate
combination of four parameters AE,, AE,, AFE;, AFE,. This means that the
probing beam trajectory can be controlled completely if HIBP systerns have
four sets of sweep plates. As a result, the introduction of two additional sets
of sweep plates allows to obtain two dimensional potential distribution and
to adjust the beam trajectory easily to different magnetic configuration. The
method is now being tested in the Compact Helical System (CHS) which is

a heliotron/torsatron device[13].

C. Observation Range

By integrating Eq. (1) under the condition of AKy, = AL = 0 with
respect to Ap, we can obtain a series of the electric field strengths to make
the secondary beam trajectories pass at the analyzer aperture position with

a constant incident angle. In the present calculation, the parameter p is
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chosen to be the toroidal angle of the ionization point &e,. Figure 2 shows the
electric fields as a function of the toroidal angle of the ionization position, and
the corresponding observation points which are projected onto the magnetic
surface at a toroidal angle { = 0 since the observation points, in fact, are
distributed in the toroidal direction. Several examples of trajectories are
demonstrated in Fig. 3. The primary beam directed backward initially to the
side port where the secondary beam comes out, and the secondary trajectories
are piled up on a line after the point represented by a circle. Suppose a polar
coordinate where the vertical and the radial directions coincide with polar
axis, x-axis, respectively, then the injection angle of the standard probing
beam to observe the magnetic axis is § = 7.8°, ¢ = 205°.

In order to measure the plasma potential from the center to the edge,
the electric field strengths, as shown in Fig. 2, are quite large. The opening
of the sweep plates should be wide enough to allow the bundle of the beam
trajectories to enter. If the width of the opening is assumed to be 0.5m, the
maximum sweep voltage reaches at about 100kV. Controlling such a large
sweep voltage under strong UV radiation from the plasma is one of the issues

to require research and development.

1I1. Probing Beam Interaction with Plasma

The path lengths of the primary and secondary beam trajectories are
shown in Fig. 4 as a function of the toroidal angle of the ionization point &ion-
The lengths of the primary and secondary beam trajectories observing the
potential at the magnetic axis are both about 1.0m. It is expected that the
significant beam attenuation and the beam slow down may be accompanied

with the long paths.



A. Beam Attenuation
The probing beams will be attenuated with the interaction of the plasma,

mainly with the electron ionization collisions. The beam attenuation rate is

given by
o) < o) | 2D o)
S(T.) = / o (ve)ve f(ve) v, (6)

where I, 5(T.), o(v.) and vg are the primary beam intensity, the ionization
rate, the cross section of electron impact ionizations and the beam velocity,
respectively.

The experimental cross section of electron impact icnization is not avail-
able for gold and thallinm. Here we use the cross section from the Lotz's

empirical formula{15], which is represented as
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where E;, I; and £; are the beam energy, the ionization potential and the
number of the equivalent electrons of the atom, respectively. However, this
formula tends to give a smaller value than the actual one since this formula
neglects the auto-ionization process which plays an important role in larger
atoms. Figure 5 presents the ionization rates of gold calculated from the
Lotz’s formula as a function of the electron temperature. The atomic struc-
ture of neutral gold is [ Xe][4 f1*5d™°]6s. The following parameters are substi-
tuted into the formula; the numbers of the equivalent electrons and the cor-
responding ionization potentials of Aut, Au®* are 24, 23, I,(Au) = 20.5¢V,
I;(Au) = 30eV, respectively.




The solution of Eq. (5) can be written explicitly as
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where I, Al, Zobs, Tins Touts Sn(Te) are the secondary beam current, the
sample volume length, the lonization point, the entrance point of the pri-
mary beam into the plasma, the exit point of the secondary beam from the
plasma, the ionization rate from i-th to j-th charged state, respectively. Fig-
ure 6 shows the expected secondary current for the 5.6MeV and 1.4MeV
gold beams as a function of the central electzon temperature, where the elec-
tron density and temperature profiles are assumed to be flat and parabolic,
respectively, and the sample volume Jength is assumed to be 2cm. The sec-
ondary current is normalized by the injected primary beam current for several
different electron densities.

The jonization cross-section used in this calculation includes only the pro-
cess to the next charged state, although the other processes that more than
two electrons are stripped simultaneously can not be neglected. In the energy
range of our beam protons should also contribute to the impact ionization
of the bearm. Thus, the estimation gives an upper limit of the detectable
secondary currents. In the 1.4MeV thallium beam for the operation of half

magnetic field, it is expected that the lonization rates should be similar
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to that of gold since the ionization potentials and the numbers of equiva-
lent electrons are almost same; the atomic structures of neutral thallium is
[Xel[4f1*5d"][65*6p], and the ionization potentials are L(T;) = 20.428eV,
Li(T;) = 29.83¢V.

The present calculation concludes that the current detection mode is not
available even in the lower density plasma, particularly for the operation of
half magnetic field, owing to the strong beam attenuation. A pulse counting
method will be adopted for the beam detection in the LHD HIBP. Thus, the
measurements of the density or potential fluctuations with high frequencies

may be difficult.

C. Slowing-down of Probing Beam

Multi-times Coulomb collisions with ions and electrons in the plasma
should result in significant reduction of the probing beam energy, as well
as its intensity, due to the long path in the LHD plasma. The equation
describing the beam energy attenuation is given by

By 2( 1 1
T o (rse(x) t m(m)) b (1)

where Ep, v, T(z) and 7y{z) are the beam energy, the beam velocity,
the slowing down times due to the electrons and the 1ons, respectively. The
product of the beam velocity and the slowing down time gives the attenuation

length of energy as follows,
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where o represent the field particles (proton, electron). The slowing down
time can be estimated from the formula derived by Chandrasekhar. Figure 7
shows the attenuation lengths as a function of beam energy for three different
proton and electron temperatures under the assumption that the electron
density and the charge of beam are 1 X 102 /m?, q, = gg = 1, respectively.
The proton contribution to the beam energy reduction is much stronger in
lower beam energy, while the electrons give almost same contributions in
MeV range.
Assuming that the beam energy in the expression of the slowing down

time 7 should be constant, the solution of Eq. (11) is easily obtained as

Es = En{0)exp [— [ f—B (T;(g) + %(5)') dg} . (14)

The beam energy reduction for the probing beam trajectory to observe the
magnetic axis is easily calculated using this formula. The results are shown
as a function of the central temperature in Fig. 8§ for several different electron
density cases; the electron density and temperature profiles are assumed to
be flat and parabolic, respectively, and the ion temperature is assumed to be
equal to that of electron. When T, = 2keV, the energy reduction of 5.6MeV
beam is about 100eV for 1 x 10°m~3. Consequently, in the higher density

plasma it should be careful to measure the absolute potential.

IV. Energy Analyzer Candidates
A. Operation Voltage of Cylindrical Analyzer
30° parallel plate energy analyzers have been traditionally used for the

energy analyzers of HIBP owing to its second order focusing property which



diminish the measurement error caused by the difference of beam injection
angle into the analyzer(17-22]. However, its operation voltage for analyzing
6MeV beams (~1MeV) is far beyond the practical limit. Thus, a new kind
of energy analyzer is indispensable to realize the 6MeV HIBP.

The most feasible candidate is, so far, cylindrical type energy analyzers;
this analyzer uses the electric field efficiently, so that the applied voltage on
the electrodes can be small[23-25]. The operation voltage is related to the
gap width between the electrodes as follows;
Vop o 2o & ;

g Ro

where ¢, d, Ry represent the charge of beam particle, the half width of the

(15)

gap, the radius of the standard beam trajectory (r = Ryp), respectively. The
half width d can not be reduced to the maximum radial displacement from the
central trajectory. Since the maximum displacement increases with the beam
incident angle, our requirements of small operation voltage is, in principle,
not compatible with the wide acceptance of the beam incident angle. When
the operation voltage is 60keV for 6MeV secondary beam, the ratio of the
half width to the major radius is d/ Ry =~ 1/100. Then, the gap width 2d of
Scm yields By =2.5m. The dimension of the analyzer is large but practical

as shown in Fig. 1.

B. Focus Properties of Cylindrical Analyzer

As it is well known, the 127.3° energy analyzer has a first focusing prop-
erty, which may be insufficient for the HIBP application where the beam
energy should be measured with a precision of 104 ~ 1075, Consequently,
the acceptance angle widow is required to be as wide as possible. There exits

a possibility that the focus property may be improved in the cylindrical an-
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alyzers if drift spaces are equipped in front of both entrance and exit of the
cylinder. A theoretical study[25] was executed to confirm this proposition.
In the analysis, the treatment of the fringing field penctrating into the drift
regions around the ends of cylinder is essential since the fringing field should
affect even the focus property of first order; the effects are mainly divided
into alternation of the beam velocity and deflection of beam at the cylinder
ends.

One of the main results of the analysis is that the second order focus
can be achieved when the angle length is larger than 127.3°. Therefore, the
acceptance angle become remarkably wider than that of 127.3° if the angle
length is properly chosen. However, the energy resolution of this type is
predicted to be worse than the traditional 127.3°. The focus property is
evaluated in a Taylor expansion of the beam displacement Ar with respect
to the beam incident angle Af;

o

Ar(AB, AKo) = cogo) +cr(¢0) A0+ c2(do) AO” +- -+ + (61{0

) AK,, (16)

where dr/0K, means the energy resolution. If the first and second order
coeflicients are zero (¢;(¢o) = c2(¢bo) = 0), second order focusing is realized.

Figure 9 shows the relations between the drift region lengths of the en-
trance. and exit sides & and I to be consistent with the first order focusing
for 105° , 210° cylindrical analyzers. Note that the dimension of lengths is
normalized by Ry, the fringing field is assumed to be confined within the
region whose distance from the cylinder end is § = 0.1. Figure 10 indicates
the second order coefficients ¢x(dp) and the energy resolutions of 105°, 210°
as a function of the entrance drift region length h. In the case of 210° an-
alyzer, the second order focusing is achieved when the drift region lengths

h = 0.160, [ = 0.552, and the second order coefficient has a small value over
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wide range of 0.1 < 2 < 0.5. On the other hand, the 105° analyzer has much
better energy resolution although there is no focal length to make the second

order coefficient zero.

IV. Summary

The heavy ion beam probe application on the LHD may be one of the

most challenging projects, and there exist several problems to be overcome

as follows.

i)

ii)

iii)

In order to manage the 3-D probing trajectories in a helical magnetic
field, we will introduce two sets of sweep plates in front of the energy
analyzer. For avoiding the voltage break-down due to the strong UV
radiation from the LHD plasma, some new ideas for the voltage reduc-

tion should be incorporated into the design of the sweep plates.

A new method of the sccondary beam detection, a particle counting
method, should be essential since the beam attenuation caused by the
long paths (~ 2m) of the probing beam trajectories in the plasma is
too severe for the secondary beam to be detected as beam current.
The energy reduction due to the multiple Coulomb collisions with ions
and electrons in the plasma should be taken into account for precise

measurements of absolute plasma potential.

A cylindrical analyzer owing the second order focusing is the most feasi-
ble candidate for MeV range heavy ion beam probe as a substitution of
the traditional 30° parallel plate energy analyzer. A prototype should
be constructed, and the properties of focus and energy resolution power

should be examined. The tolerance of the acceptance angle window of
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analyzer is deeply related to the achievement of the active trajectory

control.

The intense researches and developments should be necessary to realize the
potential measurements with the heavy ion beam probe method for the LHD

plasma.
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Figure Captions

Fig. 1: A schematic view of the 6MeV heavy ion beam probe on the Large
Helical Device.

Fig. 2: (a) Electric fields of four sets of sweep plates as a function of the
toroidal angle of the observation point &, (b) corresponding observa-

tion points.

Fig. 3: Examples of probing beam trajectories; (a)top view (b) side view.
The secondary beam trajectories pass at a fixed point (shown by a
circle) with a constant angle. The other circles mean the cross points
between trajectories and the side and bottom ports planes. The x-
points indicate the ionization positions. The rectangles represent the

regions where electric fields of sweep plates exist.

Fig. 4: Probing beam path lengths in the LHD plasma as a function of the

toroidal angle of the observation point fioa.

Fig. 5: Electron impact ionization cross section of gold expected from Lotz’s

empirical formula.

Fig. 6: Dependence of gold beam attenuation on the central electron temper-
ature. The electron temperature and density profiles are assumed to be
parabolic and flaf, respectively. (a)5.6MeV beam for the 3T standard
operation (b)1.4MeV beam for the half magnetic field operation.

Fig. 7: Slowing down times as a function of electron or proton temperature.

Fig. 8: Dependence of beam energy attenuation on the central plasma tem-

perature. The electron and proton have the same temperature and
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the temperature and density profiles are assumed to be parabolic and
flat, respectively. (a)5.6MeV beam for the 3T standard operation
(b)1.4MeV beam for the half magnetic field operation.

Fig. 9: Relations between the drift regions h, [ lengths when the first order

focus is achieved for two cylindrical energy analyzers; (a)¢y = 210°

(b)do = 105°.

Fig. 10: Focus properties and energy resolutions of cylindrical analyzers; (a)éo

210° (b)do = 105°.
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