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ABSTRACT

A 200 keV heavy ion beam probe (HIBP) system is being installed on the Madison Symmet-

ric Torus (MST) reversed �eld pinch (RFP). Measurements of electron density uctuations

and electrostatic potential uctuations in MST are proposed here. For the �rst time par-

ticle transport induced by electrostatic �eld uctuations in the core region of MST can be

measured through the simultaneous measurement of electron density uctuations ~ne, elec-

trostatic potential uctuations ~�, and their wavenumbers. A Proca Green type electrostatic

energy analyzer will be used to measure plasma uctuations at two or three nearby sample

locations. Wavenumber information is derived from the phase shift between sample volumes.

A newly designed complex sweep plate system for both primary and secondary beam lines

has been installed and will provide radial scanning of the beam probe. Issues such as �nd-

ing sample volume locations, wavenumber measurements, correlation between uctuation

signals, energy transport due to uctuations, and theoretical explanations of the observed

uctuations will be addressed in this study.
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1 INTRODUCTION

The Reversed Field Pinch (RFP) is an attractive alternative path to fusion. The RFP be-

longs to the class of magnetic con�nement con�gurations which are driven towards a state of

"minimum energy" by internal dynamos (turbulence driven). Advantages of RFPs include

high power density, less demanding magnet technology and a stable, natural minimum en-

ergy state plasma [1] [2] [3]. One of the major obstacles for the RFP as well as for other

con�gurations is that observed particle and energy transport are anomalous and are much

larger ( two orders of magnitude) than classical and neo-classical predictions [4] [5].

Various uctuations existing in a plasma have long been recognized to be responsible for

the anomalous transport [7]. Fluctuations in electron density, electrostatic potential, mag-

netic �eld, electron temperature, particle velocity, and current density have been observed.

Measurements and correlations between these uctuations will provide information about

transport driven by them, and help people to �nd ways to reduce transport and increase

con�nement.

Heavy ion beam probes (HIBP) have been used on a host of magnetically con�ned ma-

chines to measure eletrostatic potential [8] [9], electrostatic potential uctuations [10] [11],

electron density [12] [14], density uctuations [10] [13] [15], magnetic vector potential [12],

electron temperature [16] [17], and magnetic vector potential uctuations [18].

Particle ux due to electrostatic uctuations is given by � =< ~ne ~vE >, where ~vE is the

E � B velocity uctuation. An HIBP measures this transport through the simultaneous
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measurement of electron density uctuations and electrostatic potential uctuations at two

nearby sample volumes. In these measurements, the correlations and phase shift between the

two measurements as well as the plasma wavenumber are important factors in determining �

[19]. (Measurement of the electron energy transport needs additional information about ~Te

from other diagnostics). Such measurements are made in MST by using Langmuir probes,

but only in the edge region during low density and low current plasmas. A heavy ion beam

probe can make measurements much further into the core plasma. A nearly complete radial

scan can be obtained by changing the beam's entrance angle and energy.

A 200 keV heavy ion beam probe is being installed on MST to measure the equilibrium

potential pro�le, electrostatic potential uctuations, electron density uctuations, magnetic

�eld uctuations, and transport caused by uctuations. This beam probe system will use

a Proca Green type electrostatic energy analyzer to make measurements at 2 or 3 points

simultaneously. The analyzer is a modi�ed version of the one used on the 500 keV TEXT

HIBP. A major di�erence between this system and previous ones is a newly designed, complex

sweep plate system used on both primary and secondary beamlines to give a radial scan of

the plasma.

The proposed thesis will focus on measurement of electron density uctuations and elec-

trostatic potential uctuations in the MST plasma. On the experimental side, this not only

provides MST with a powerful diagnostic tool to measure strong turbulent features in the

MST plasma, but also will provide useful information about experiments pursuing various

methods of improving con�nement by reducing uctuation driven transport. On the theo-

retical side, the data from these measurements will help identi�ng the cause of ~E in the MST
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plasma which is still unknown. It will also inspire theoretical work on the role of electrostatic

potential uctuations [20]. Finally, it will shed some light on the investigation of dynamo

mechanisms, various predictions about the level of electrostatic potential and density uctu-

ations, and turbulence induced anomalous transport. Issues such as �nding sample volume

locations, wavenumber measurements, correlation between uctuation signals, energy trans-

port due to uctuations, and theoretical explanations of the observed uctuations will be

addressed in this study.

In section 2, the importance of ~ne and ~E measurements on MST with HIBP will be

discussed. Section 3 will show a brief description of MST and the HIBP designed for MST. In

order to analyze uctuation features, broadband spectral information as well as correlations,

phase, and time evolution are needed. In section 4, transform methods to analyze the

uctuating data will be given. In the last section, I will discuss some challenges we will face

with MST HIBP measurements. Suggestions to overcome those problems will be discussed.
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2 IMPORTANCE OF ~ne AND
~� MEASUREMENT IN MST

A focus of the MST has been the measurement of uctuations and in particular, the transport

directly driven by uctuations [4]. Many uctuations and uctuations induced transport

measurements have been done in the MST. The present set of MST diagnostics consists

largely of single point or single chord measurements, with pro�les of a few quantities available

on a discharge -to-discharge basis [4]. Table I summarizes those major diagnostics currently

being used to measure uctuation quantities.

Table I: Major Fluctuations Diagnostics on the MST

Name Measurement

FIR ~ne (11 chords)

Magnetic Coil Array ~B (at the chamber)

Langmuir Probes ~ne; ~Te; ~E (at the edge)

Current Density Probes ~j (at edge)

Ion Dynamic Spectroscopy Impurity ion ~v (chord view)

For example, magnetic �eld uctuations that are driven by resistive tearing modes have

been measured in the r=a > 0:75 region to be responsible for the anomalous particle and en-

ergy transport inside the reversal surface by correlating parallel current density uctuations

and parallel electron heat ux with radial magnetic �eld uctuations respectively [21]. Elec-

trostatic uctuation driven particle and energy transport at the edge (r=a � 0:92) have also

been measured. These uctuations are responsible for the extreme edge anomalous particle

transport, but are too small to explain its energy loss [26]. Direct measurement of chord
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averaged velocity uctuations of impurity ions have been done with Doppler spectroscopy

(IDS) [27] [28]. Electron density uctuations have been measured by FIR [29]. Current

density uctuations are measured with inserted probe coils. [5] [30]

Most transport related uctuations measurement have been done at the edge of the plasma

(r=a �> 0:75). The core region transport from uctuations remains largely undiagnosed.

If ~ne, ~E, ~Te, and their correlations could be measured throughout the plasma volume, the

electrostatic components of the various uctuation-driven uxes could be determined [31].

HIBP can extend localized ~ne and ~E measurements much further into the core where they

have never been measured in MST, and be used over a broader range of plasma parameters

than is possible with Langmuir probes. Thus HIBP measurements will yield more insight

into the turbulent processes inside the plasma.

With the information provided by the HIBP, not only the edge uctuation data from

Langmuir probes can be cross checked (HIBP is a complementary measurement to Langmuir

probes at the edge), but also the residual transport caused by electrostatic �eld uctuations

can be derived once magnetic uctuation levels been suppressed [4]. Thus the importance

of ~E induced transport can be addressed.

It has long been understood that the magnetic uctuations are caused by resistive MHD

modes (tearing modes) driven by j=B gradients in the MST. But a major unknown is the

cause of electrostatic uctuations, although people believe ~E may be coupled to tearing

modes. The HIBP can be used as an experimental way to check conjectures about their
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origin [4].

The MST group has proposed a theoretical investigation of electrostatic uctuations which

includes a detailed comparison to experimental measurements. The investigation will have

four components [4]: analytic calculation of the characteristics and saturated amplitudes

of uctuations which are suspected to be important (such as interchange modes), use of

ux tube computation of electrostatic turbulence such as has been developed in the tokamak

context, evaluation of electrostatic uctuations coupled to the large-scale resistive MHD core-

resonant uctuations, and treatment of the edge as a self-organized critical (SOC) state.

The strong core turbulence may drive the edge into a SOC, perhaps accounting for the

commonality of uctuation properties in the RFP, tokamak, and stellarator. This approach

could explain why particular modes have not been successful in explaining edge turbulence.

Detailed discussion of these models are beyond the scope of this proposal. Each of those

models may treat only one or two aspects of a speci�c plasma which can run over a broad

range of parameters. Therefore measurement of these uctuation levels under di�erent condi-

tions, at di�erent positions can provide a lot of information for the developement of theories.

The most important thing is to reduce uctuation levels and transport, and to increase

con�nement. And this can best be done with guidance from theoretical work. One such

successful example is pulse poloidal current drive (PPCD) in which inductively driven edge

current increases con�nement and reduces uctuation levels. The current drive stabilizes

resistive tearing modes driven by j=B gradients (inside the reversal surface of r=a = 0:85)

which are responsible for large magnetic uctuations and magnetic island overlap which in

turn causes large core transport.
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This proposal will focus only on the electrostatic uctuation induced transport, which

means simultaneous measurement of ~n and ~� at two nearby sample volumes. Wavenumbers

and correlations between uctuation signals are obtained with these measurements. Also,

a comparison of ~vr derived from ~E � B of HIBP measurements and that from CHERS

(Rutherford) measurements will be studied.

To summarize, the MST HIBP can provide localized uctuation measurements at almost

all radii for a broad range of plasma conditions, can address ~E induced transport, and can

enlighten the theoretical work on the cause of ~E and its role in RFPs. In addition, this

measurement will enrich the understanding of turbulent transport in di�erent magnetically

con�ned plasmas.
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3 MST AND HIBP FOR MST

3.1 MST

The MST is a reversed �eld pinch toroidal con�guration. Its minor radius of 52 cm and

major radius of 150 cm makes it one of the largest RFPs in the world. (See �gure 1). Unlike

tokamaks and stellarators the RFP magnetic �eld structure is not simply dominated by the

toroidal magnetic �eld. In fact, the toroidal and poloidal �eld components are roughly the

same order of magniude (Figure 2). The name RFP arises because the toroidal magnetic

�eld at the edge reverses direction relative to the interior. This con�guration is produced

by a self relaxation process of the plasma. Although the reason for this relaxation process

is not exactly known, the process itself has been theoretically described by Taylor [32] and

is attributed to the attainment of a minimum energy state by the plasma, subject to the

constraint that the total helicity
R
A � Bdv be conserved. Another interesting feature of

the RFP is the dynamo mechanism. While this mechanism is the chief reason behind RFP

�eld sustainment, it is also the cause of turbulent magnetic uctuations in this type of

con�guration. The MST operates under a variety of discharge conditions. There are

basically two types of operating modes on MST. One is the standard discharge which is

characterized by high uctuation amplitude levels and is highly reproducible from shot to

shot. The other type has reduced uctuations and increased con�nement due to current

pro�le control. These discharges are called (a) pulse poloidal curent drive (PPCD), (b)

enhanced con�nement (EC), and (c) electrostatic bias [22]. Figure 3 shows the Te di�erence

between standard and PPCD discharges in MST. From the perspective of a heavy ion beam
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Figure 1: Schematic view of MST

Figure 2: Magnetic �eld pro�le in MST
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Figure 3: Te pro�le during PPCD and standard discharge

probe, a reproducible discharge will be ideal for calibration purposes. But a low ~B will

let us track the beam trajectory more con�dently. I plan to study both standard and

PPCD discharge cases with HIBP, so that the importance of electrostatic uctuation induced

transport can be addressed under di�erent discharges.

3.2 HIBP for the MST

The schematic of the MST HIBP system is shown in �gure 4. This heavy ion beam system

consists of: A 200 keV Peabody accelerator system previous used on ATF [38] and ISX-B

[24], electrostatic sweep systems, a modi�ed Proca-Green electrostatic energy analyzer [25]

previously used with the 500 keV TEXT HIBP, control systems, data acquisition systems,

and other auxiliary systems. The accelerator has multiple power suppliers and a thermionic

ion source. Na+;K+, and Li+ ions will be used in these experiments. The electrostatic sweep
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200 keV ACCELERATOR

PRIMARY BEAMLINE

CROSS OVER SWEEP SYSTEM

SECONDARY BEAM SWEEP SYSTEM

SECONDARY BEAMLINE

ENERGY ANALYZER

MAGNET AND SCREEN

DETECTOR

Figure 4: Schematic of MST HIBP [23]

system includes 4 pairs of primary and 3 pairs of secondary sweep plates [33]. In the primary

beamline, 2 pairs of plates in both poloidal and toroidal directions form a �20 degrees and

�5 degrees crossover sweep in each direction. In the secondary beamline, one pair of plates

in the poloidal direction directs the secondary ion beam into the analyzer entrance slit with

a �3 degree entrance angle range, while 2 pairs of toroidal plates can collimate the beam

into the analyzer with a 0Æ out of plane angle. The sweep systems are driven by fourteen

4-20 kV Trek power supplies which have slew rates between 35�100V=�S. A detailed sweep

plate design is available online [40]. The electrostatic energy analyzer has 3 entrances to

enable wavenumber measurements. It has been modi�ed from its original con�guration to

reduce UV loading e�ects.
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4 FLUCTUATION MEASUREMENTS AND DATA ANALYSIS

4.1 General Principles of HIBP

As shown in �gure 5, a heavy ion beam probe diagnostic injects a continuous, monoenergetic,

focussed beam of singly charged ions into a plasma with suitably positioned analyzer to

measure the ion beam or beam particles with higher charge states when they exit the plasma.

The singly charged or 'primary' beam comes from an electrostatic ion accelerator that is

Figure 5: Principle of a heavy ion beam probe

focussed and steered with electrostatic sweep plates. The ions used are usually type IA

elements from the periodic table (Li, Na, K, Rb, Cs) or Tl and are considered 'heavy'

compared to the plasma particles. The primary beam particles of mass, mb, and energy, Eb,

enter the B �eld from injection point, 0, and change direction mainly due to Lorentz force

interaction with Bt and B�. Interaction with B� causes a deection out of the plane of �gure 5

and is more important on MST than most previous HIBP experiments. All along the primary

beam trajectory in the plasma, the beam particles are ionized to higher charge states mainly

through electron impact ionization. There is virtually no net momentum transfer due to the

large mass di�erence, so the higher charge state particles begin parallel to the primary beam,
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but they soon diverge due to a larger Lorentz force. From a certain localized sample volume

or ionization position, i, on the primary beam, a Proca-Green energy analyzer intercepts

a portion of net charge +2, 'secondary' particles to measure the current on a set of split

detector plates as shown in �gure 6. By varying Eb and sweep plate settings, a large portion

of a plasma can be scanned.

Di�erent measurements of plasma parameters result from the combination of the indi-

vidual split plate signals, Itop;left, Itop;right, Ibottom;left, and Ibottom;right. The sum of the four

split plate signals yields the total secondary beam current, Isec = Isum = Itop;left+ Itop;right+

Ibottom;left + Ibottom;right, which can be related to local ne and ~ne. The di�erence signal,

Idiff = Itop;left + Itop;right � Ibottom;left � Ibottom;right, is related to local � and ~�. The ~ne, �,

and ~� measurements will be derived in the following subsections.

Figure 6: View of Beam Image on the Split Plates [34]

4.2 Density uctuation measurement

The secondary signal is impinging on the detector plates is proportional to the local density

ne

is / nenb < �iv >
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where < �iv > is the average ionization rate of primary beam ions by plasma electrons

which depends on the plasma temperature Te, and nb is the local beam density [35]. As Te

in the core of MST is several hundred eV, < �iv > is almost constant for the type of ions we

are going to use. Hence the relative uctuation in the collected secondary signal gives the

relative density uctuation level at the measurement volume:

~is
< is >

=
is� < is >

< is >
=

~ne
< ne >

(1)

where < ::: > denotes averaged values.

4.3 Electric �eld uctuation measurement

The plasma potential at the sample volume position can be obtained from :

�sv =
Wd �Wi

qs � qp
(2)

where Wd is the beam energy at the detector, Wi is the beam initial energy, qs and qp are

secondary and primary ions charge state. The beam energy Wd at the detector is measured

by using [36]:

Wd = qsVA

�
G(�I ; �) + F (�I ; �)

iU � iL

iU + iL

�
(3)

where VA is voltage on the analyzer anode, iU and iL are the currents on the upper and lower

plates, G(�I ; �) is called the 'ideal gain function' and is given by:

G(�I ; �) =
XDtan�I � YD

4dsin2�Icos2�

F (�I ; �) is called the 'ideal o�-line processing function', and is given by:

F (�I ; �) =
w(sin� + cos�tan�I)

8dsin2�Icos2�
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�I is the poloidal angle (see �gure 7), and � is the toroidal (out of plane) injection angle at

the entrance slit plane of the analyzer. From (2) and (3), one can calculate the potential

Figure 7: Schematic drawing of the Proca-Green parallel plate energy analyzer

uctuation signal at the sample volume [36]:

~� =
qs

qs � qp
VAF (�I)�((iU � iL)=(iU + iL)) (4)

where �((iU � iL)=(iU + iL)) is the uctuation in the di�erence to sum ratio.

4.4 Wavenumber (average k) measurement

The uctuating electric �eld ~E is derived from ~E = �ik ~�, where k is the wavenumber of the

uctuation. The HIBP for the MST has the ability to simultaneously measure two nearby

sample volumes (with multiple entrance slits on the analyzer). The phase shift �p between

these two signals and the distance between the two sample positions d will tell us the average

wavenumber �k

�k =
�p

d

Note, this is just the 'average k' along the direction connecting these two sample volumes

when multiple modes are present [31]. The upper limit for k measurement is determined
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by the sample volume and is usually < 5cm�1. The sample volume size is determined by

the beam size, beam divergence, magnetic con�guration, sample volume location, and the

entrance slit width. Usually, we want to focus the beam as small as possible using the

accelerator optics. The width of the entrance slit can not be too small in order to get proper

signal levels. The distance between entrance slits is usually �xed.

There are two factors that are going to inuence our k measurement. One is that the

poloidal magnetic �eld is comparable to the toroidal magnetic �eld. This causes a toroidal

separation of the sample volumes and the measured k will usually be a combination of k in

toroidal, poloidal, and radial directions. The k direction needed for transport measurements

is a combination of poloidal and toroidal components. It is probably not possible to isolate

one component. The second factor is that the secondary sweep system will complicate

wavenumber measurements in our experiment. I'll discuss this issue in the next section.

4.5 Electrostatic uctuation induced particle and energy transport

Particle ux driven by uctuations is given by:

�f = �fE + �fb (5)

where

�fE =
< ~E?~n >

B
(6)

is particle ux induced by electrostatic uctuations, and �fb is particle ux induced by

magnetic uctuations [31]. Energy ux driven by uctuations is:

Qf = Qf
E +Qf

b (7)
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where

Q
f
E =

3

2
kbn

< ~E? ~T >

B
+
3

2
kbT

< ~E?~n >

B
(8)

is energy ux caused by electrostatic uctuations, and Qf
b is energy ux caused by magnetic

uctuations. In equation (8), kb is Boltzmann constant. From above, we can see that an

HIBP can measure ~E induced particle ux directly by correlating ~E and ~n. But in order to get

energy ux, temperature information from other diagnostics is needed, although correlation

with HIBP measurements will probably be very diÆcult.

There are two methods that will be used to calculate correlations between two signals:

one is in the time domain with statistical analysis, the second is in the frequency domain

with discrete Fourier transforms (DFT). The two methods give similar ensembled averaged

results, with each concentrating on di�erent signal features.

In the time domain, of primary interest for the HIBP data is the cross-correlation of two

signals, X1(t) and X2(t), de�ned by:

�12(�) =
R12(�)

[R11(0)R22(0)]1=2
(9)

where R12(�) is called the cross-covariance of X1 and X2, and is given by

R12(�) = h(X1(t)� �X1)(X2(t+ �)� �X2)i

where < ::: > denotes an expectation value [36]. Cross-correlation can tell whether there are

two modes present in the plasma.

In the frequency domain, Fourier transforms tell the spectral character of the turbulence.

The phase shift at any frequency between two signals is also derived by the DFT, thus
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wavenumber and phase speed can be calculated. The DFT is used for many uctuation

measurements, particularly broadband turbulence. The HIBP experiments use the coherence

and phase with two di�erent combinations of signals. The �rst combination is correlating two

signals (which measure the same plasma parameter) from two nearby sample volumes. The

second combination is correlating two signals (which measure di�erent plasma parameters)

from the same sample volume. If S1(f) and S2(f) are Fourier transforms of two signals,

coherence is given by:

(f) =
jP12(f)j

[P1(f)P2(f)]1=2

where P1(f) is autopower of S1(f), P2(f) is autopower of S2(f), and P12(f) is cross-power

of S1(f) and S2(f) [36]. E. J. Powers [19] gave the electrostatic uctuation induced particle

ux as:

< ~n~v > =
1

B
< ~n ~E >=

2

B

Z
1

0

k(!)jPn�(!)jsin[�n�(!)]d!

=
2

B

Z
1

0

k(!)jn�(!)jsin[�n�(!)][Pnn(!)P��(!)]
1=2d! (10)

where �n�(!) is the phase di�erence between ~ne and ~� signals, and the wavenumber spectrum

k(!) has to be derived from two point measurements.

Both methods will have important applications in our data analysis. But the time domain

methods can't tell wavenumber information, while the DFT loses time features of any modes.

In order to address time features in the highly unstationary signals in practice, the short

term Fourier transform (STFT) is used. With the STFT, a proper window function is chosen

(with experience) to cover separate time sections of a signal to locate speci�c features of the

signal within that section. What kind of a window should be used? Narrow windows give

good time resolution, but poor frequency resolution. Wide windows give good frequency
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resolution, but poor time resolution. Furthermore, wide windows may violate the condition

of stationarity. This can be very tricky and tedious. In addition, a leakage problem should

be avoided.

4.6 Wavelet transform

Wavelet transforms are capable of providing a time-frequency representation of the signal,

similar to the STFT above, but solve the problem of resolution di�erently [41].

Wavelet analysis is done in a similar way to the STFT analysis, in the sense that the

signal is multiplied with a function, the wavelet, similar to the window function in the STFT,

and the transform is computed separately for di�erent segments of the time-domain signal.

However, there are two main di�erences between the STFT and the wavelet transforms:

1. The Fourier transforms of the windowed signals are not taken, and therefore a single peak

will be seen corresponding to a sinusoid, i.e., negative frequencies are not computed.

2. The width of the window is changed as the transform is computed for every single spectral

component, which is probably the most signi�cant characteristic of the wavelet transform.

The continuous wavelet transform is de�ned as follows

CWT x (�; s) = 	 
x (�; s) =

1q
jsj

Z
x(t) �(

t� �

s
)dt (11)

As seen in the above equation , the transformed signal is a function of two variables, � and

s , the translation and scale parameters, respectively.  (t) is the transforming function, and

it is called the mother wavelet .
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Wavelet transforms have been used on the MST to study the evolution of the velocity

uctuations over a sawtooth where the frequency spectrum has a strong time dependence

[37]. I propose to apply wavelet transforms in the HIBP data analysis, with the hope to get

some useful information about the evolution of the uctuations.
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5 CHALLENGING ISSUES FOR THE MST HIBP DIAGNOS-

TIC

The MST HIBP is designed speci�cally to work only for the MST (like previous machines).

We have encountered many serious issues during the designing process, and we will encounter

many problems during the experiments. Some are general to all HIBPs, but some are more

speci�c to uctuation measurements with the MST HIBP. The following discussion is not

an attemp to cover all the issues that we may have. Also, we don't have �rm answers to all

the issues which can only be studied in detail later.

5.1 Sweep plate calibration issue

As sweep plates play an important role in the new HIBP system, calibration of it becomes

essential to our measurement. Basically, there are two ways to do this:

1. Numerical methods:

(1) The �nite element program Flux2D can solve a 2 dimentional Laplace equation. Flux3D

can solve the 3D problem but requires much more computing time. In addition, it's almost

impossible to get the same resolution with Flux3D as from Flux2D with present computer

capabilities. Flux2D was used in previous HIBPs to derive sweep angles [12] [38]. Figure

8 shows the sweep angles in the primary sweep system in the poloidal direction calculated

from Flux2D, as well as from our modi�ed model which has been used in the sweep system

design.

(2) The boundary charge method (BCM) can be used to calculate the �eld. We divide each
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Figure 8: Sweep angles calculated from Flux2D and modi�ed model

sweep plate into mesh grid elements and assume that the charge density on each element is

uniform. The potential of a point ri in the space is then [39]:

Ui =
1

4�"0

NX
j=1

�j

ZZ
dsj

jri � rjj
(12)

where "0 is permittivity in vacuum, �j is the free charge density on element j, rj is the center

point of element j, and the integration is over the surface of each grid element, summation

is over all elements 'N'. The charge density on each element is calculated by applying the

above equation on each sweep plate's boundary. For a 3D problem with an open boundary

as in our situation, the BCM method is more suitable than the �nite element method. I will

pursue this method and cross check it with Flux2D results.

2. In situ calibration: (primary sweep plates only)

(1) A set of detection wires will be positioned at the end of the primary beamline for mea-

suring beam position. We can also use 'scrape o�' on the 4 pairs of sweep plates in the
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primary beamline to determine beam position (See �gure 9).

(2) Primary beam detectors.

Single pin, multi-pin, cross-rod and rotary rod detectors have been placed at the bottom of

the MST chamber opposite to the beam injection port through the pumping holes (see �gure

10). Details are posted online [41]. In the radial direction, � �12Æ sweep can be detected.

In the toroidal direction, approximately 1Æ misalignments may be detected. Detectors at

other places are positioned to monitor the beam during a discharge.

For the secondary sweep plates, only numerical methods can be used, since there is no

way to shoot a primary beam with an accurately known injection angle into the secondary

beamline.

5.2 Energy analyzer calibration issue

The calibration of the analyzer is most important for measurement of the plasma potential.

One motivation of calibration is to �nd the inection angle �I0 of the ideal 'gain function'

G(�I ; �) in the equation (3) of previous section. The best way to do this is shooting a singly

charged ion beam into the analyzer with known beam energy. By adjusting voltage on the

analyzer's anode and balancing up-and-down current on the detectors, 'gain' can be derived.

Preliminary calibration has been done on RPI's test stand, and a gain curve achieved.

However, in situ calibration is also needed because the analyzer has been moved. This

will present some diÆculties in our case due to (1) uncertainties in the plasma produced
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Figure 9: Sweep angles at some 'scrape o�' points
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Figure 10: MST pumping holes, HIBP injection port and exit port, etc.

magnetic �eld, (2) high magnetic uctuation levels (� 1%), and a (3) short plasma lifetime.

Recent calculations have shown that at some low energies (� 20 keV for Na+), ion beams

can reach the 4.5" exit port that is used for the HIBP (see �gure 10). Therefore, there is a

possibility that we can use singly charged sodium or lithium ions to calibrate the analyzer.

I will take a further look at this possibility later.

An alternative way of calibration is using secondary charged ions. In his proposal of plasma

potential measurement in the MST, Uday Shah has shown some details of this kind of

calibration [43]. One unknown here is how the plasma potential will inuence calibration in

this way.

For both methods, (1) secondary sweep plates play an important role. We have to combine

the sweep plates' voltage information and that of up-down, left-right current information

on the detector plates in order to decide the incoming beam's positions and angles. At the
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analyzer entrance plane, toroidal injection position and angle can be uniquely decided by

voltages on the 2 pairs of toroidal sweep plates and left-right current on the detector plates.

However, poloidal injection position and angle can not be uniquely decided, because we only

have one pair of poloidal sweep plates in the secondary beamline. This can be partly solved

if a slit or aperture is used in front of the 1st set of the sweep plates. (2) A large number

of shots are needed in order to gradually accumulate enough information to derive the gain

curve. Hence, shot to shot reproducibility is needed.

5.3 Sample volume location issue

If we assume that the trajectory of the diagnostic ion beam can be accurately decided in

the HIBP's electrostatic optic system, then the exact location of the sample volume will be

decided by the actual magnetic �eld distribution in the MST. In a RFP machine like MST,

the magnetic �eld is partially generated by the plasma itself and only partially known.

Therefore, how to locate the sample volumes is a great challenge for the MST HIBP.

In our HIBP design process, the magnetic equilibria �eld of the MST that has been used

to calculate trajectories comes from a 2-D toroidal �t model. This model basically solves

the Grad-Shavranov equation and self consistently maps the measured edge magnetic �eld

(from pick up coils) and chord-averaged magnetic �eld (from FIR) to the whole poloidal

cross section. We expect that for our measurement, case by case study of the magnetic �eld

and trajectoies will be needed.

Despite the fact that the magnetic �eld is not very accurately known, the deviation from
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the actual MST �elds is not expected to drastically change the shape of the �eld pro�les

used in theoretical calculations, but rather the relative magnitudes of Bt and B� across the

minor radii. The pre and post sawtooth models shown in �gure 11 have both been used to

calculate sample volumes in MST. If we hypothetically consider the two cases to represent

the upper and lower limit of the magnetic �elds, and use this for trajectory calculation, we

see that this results in location uncertainties in sample volumes of about 10 cm or less in

the core region (see �gure 12).

Figure 11: B �eld of MST at Pre and Post sawtooth

Figure 12: Sample volumes of MSTHIBP at Pre and Post sawtooth
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Figure 13: q pro�le and MHD modes

While uncertainties in sample volume locations due to relatively unknown magnetic �elds

is a big challenge, there are ways to reduce these errors. In Uday Shah's thesis proposal [43],

some suggestions were proposed:

(1) Making use of the secondary signal's dependence on density ne(r) and temperature Te(r)

pro�les. But this will subject to the fairly uniform distribution of density and temperature

within the reversal surface of the MST.

(2) Making use of the information that the dominant uctuations in the MST are core

resonant magnetic tearing modes centered around (poloidal)m = 1 and (toroidal) n = 5; 6; 7.

Mode information will show up in the density spectrum. But this technique is limited because

the modes overlap and have global properties. Figure 13 shows a typical q pro�le with relative

sizes of islands sizes and positions.

(3) If it turns out that �(r) in the core varies rather signi�cantly over short distances, this

can enable rather accurate determination of ux surfaces which can be compared to theory

to yield sample volume position information.

As all the above methods have their shortcomings, we would suggest the B �eld model
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mentioned previously to be our major tool to locate the sample volumes at di�erent timing

points. Cross checking with the density and temperature information, as well as dominant

MHD mode caused uctuation signals are needed for better location of the sample volumes.

5.4 Plasma/UV loading e�ect issue

The sweep plates play an important role in our newly designed HIBP system, and our design

is based on an ideal case in which we expect the power supplies that drive those sweep plates

can keep the output at the exact values we program. Because any power supply has a current

limit, the voltage output of a power supply can drop to zero if this limit is exceeded. This

becomes serious if there is plasma/UV loading present on the sweep plates, especially for

those close to the MST ports. We have conducted a series of sweep plates tests since summer

1997. The results from these tests are summarized as following:

(1) Loading e�ect is plasma dominated, and very striking.

(2) The power supply can not hold its voltage under normal discharge conditions without

any plasma suppression structures.

(3) Plasma loading e�ect is especially serious during sawtooth process.

(4) Negative driving works better than positive driving.

(5) Magnetic suppression structures for our tests can not keep the plasma back enough. A

reduced e�ective port (a slit or aperture) size and/or a �ne metal mesh may be needed. If

using reduced ports, plasma region that can be diagnosed will be a�ected. If using a metal

mesh, grid size should be small, as Debye length at the plasma edge is approximately 0.1mm.
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Our conclusion about this issue is: Plasma loading e�ect is large, and some kind of mod-

i�ed magnetic suppression structures for both entrance and exit ports are needed. This will

somehow compromise our measurement range on the MST. Whether or not the suppression

structures that will be used allow us to scan through the whole angular range that has been

designed for the sweep system is still an open issue. UV loading e�ect hasn't been addressed

in our sweep plates tests, so this e�ect may not be negligible on the sweep plates. Whether

UV will inuence our modi�ed energy analyzer's behavior is still an open issue.

5.5 Beam modulation, path e�ect and false potential uctuation signals

To determine the secondary current at the detector, one has to calculate the attenuation of

the primary beam and secondary beam in the plasma. The current detected is given by [44]:

Ids = 2�Iprim�
1!2

s �snsexp

(
�

Z SV

P1
ne(�)�

1(�)dl �
Z P2

SV
ne(�)�

2(�)dl

)
(13)

where Ids is the detected sum signal, � the secondary emission coeÆcient, Iprim the primary

beam current, �1!2

s is the e�ective cross section for 1+ to 2+ electron impact ionization, �s

is the sample volume's thickness, ns the electron density at the sample volume, ne(�) the

electron density, �1 and �2 are e�ective primary and secondary attenuation cross sections,

P1 and P2 are points where the beam enters and exits the plasma, SV the sample volume.

From the above equation, we can see that uctuations in the plasma density and electron

temperature along the trajectory contribute to the sum signal uctuations in addition to the

'true' signal generated by uctuations at the sample volume. This has been refered to as

a beam modulation and/or a path e�ect. If we neglect temperature uctuation e�ects, the
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normalized current uctuation signal is [34]

~Is
I0s

=
~ne
ne
�

Z SV

P1
�1~nedl �

Z P2

SV
�2~nedl (14)

Upper bounds on the path e�ect can be estimated by using experimental density and temper-

ature pro�les. The beam modulation e�ect is of particular interest in studying the interior

uctuations. The conclusion of the TEXT simulations is that the modulation e�ects are

present and probably a�ecting the signals, but not by a large factor [36] [45]. But these

e�ects have to be examined for the MST HIBP.

It has been noticed that a density uctuation can yield a false potential uctuation signal,

especially when the component of wavenumber normal to the sample disk face is close to

2�=�s, where �s is the thickness of the sample volume disk. In practice, typical wavelengths

are much larger than the short dimension of the sample volume (� 1mm). If we assume

~n=n� 1, the false potential uctuation signal can be estimated as: [36]

~�false = �
j

2
C
~n

n
kd

where d is the width of the sample volume, C = qsVAF (�I ; �)=(qs � qp), and j indicates 90
Æ

out of phase. This e�ect can be corrected by taking measurements with several di�erent

slit openings. The e�ect can be reduced by reducing the entrance slit opening, too. In the

TEXT HIBP, this e�ect is signi�cant. In the MST HIBP, this e�ect is yet to be studied.

5.6 Wavenumber measurement issue

The uctuating electric �eld is derived according to ~E = �i�k ~�, where �k is the average

wavenumber. The wavenumber is given by ratio of phase shift and distance between two
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nearby sample volumes. In principle, the phase shift is undetermined because you can

add 2�m to the shift where m is any integer without changing the signal. However, in

practice, it is usually possible to determine the integer with reasonable assumptions [36].

The sample volume separation should be smaller than the correlation length lc in order for

the wavenumber measurement to make sense.

In previous HIBPs, the separation of the two sample volumes is a function of initial

injection position, injection angle, magnetic �eld distribution in the plasma, position of the

analyzer, and separation of the two nearby entrance slits. In the MST HIBP, things become

a little bit complicated as there are secondary sweep plates in the secondary beamline. Some

kinds of e�ective entrance slits are needed to be mapped to the front of the sweep plates. We

don't have a proper simulation program taking care of this situation at present. I propose

to make a computer simulation program to address this issue. The program should follow

the outline below:

A. Find a primary ion trajectory which has a section from where secondary ions can reach

the front of the secondary sweep system. Let's call this section as 'target section'. If this

fails, change the injection conditions and redo this process.

B. From this 'target section', �nd a point from where the secondary ions can be steered into

the energy analyzer's one entrance slit with certain voltages applied to the secondary sweep

plates. Let's call this point as '1st target point', voltages applied as '1st tried voltages', and

entrance slit as '1st slit'. If this fails, go back and repeat from process A.

C. With �xed '1st tried voltages', look for another point on the 'target section' from where

the secondary ions can reach energy analyzer's entrance slit next to the '1st slit'. Let's call

this point as '2nd target point'. If this fails, go back and repeat from process A.

36



D. Iterate through A! C until we can �nd both 1st and 2nd 'target points'.

Another issue in wavenumber measurement is its direction. In previous HIBPs, wavenum-

bers primarily in the poloidal direction were usually measured, with assumption that the

perpendicular motion of the modes is poloidally dominated. In the MST, as q < 1 because

of comparable poloidal and toroidal magnetic �eld, modes will be more in helical direction.

We have to take a look at this once secondary signals been detected.
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