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Abstract

DEMONSTRATION OF ELECTRON BERNSTEIN WAVE HEATING

IN A REVERSED FIELD PINCH

Andrew H. Seltzman
Under the supervision of Professor Cary B. Foi@stJay K. Anderson

At the University of Wisconsin-Madison

The Electron Bernstein wave (EBW) presents an ratére to conventional electron
cyclotron resonance heating and current drive ierdense plasmas, where the electromagnetic
waves are inaccessible. The EBW is a short wag#iealectrostatic wave excited by mode
conversion of externally launched electromagnédedr X-) modes. In this experiment, an edge
launched X mode tunnels through a narrow evanesegitn before conversion to the Bernstein
mode, with efficiency maximized near 100% for opiredge density gradient scale length. No
previous observations of RF heating have been wvbden the reversed-field pinch (RFP).

The RFP presents a set of unique challenges toelfinlg. The confining magnetic field is
generated almost entirely from current within tHasma, resulting in a dynamic equilibrium
with |B| maximized on the magnetic axis (no higkidiside exists) and a broad spectrum of
current-driven instabilities. Consequent stronge=density fluctuations can diminish coupling

to the EBW using OXB conversion, and the multipieeinal resonant modes lead to a stochastic
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magnetic field over much of the plasma minor radiua close-fitting conducting shell is
required for stabilization of ideal external modesthe case of the Madison Symmetric Torus
(MST), a thick shell which also serves as a sitigia toroidal field coil, provides vertical field
through induced image currents, and stabilizesstbeer growing resistive wall mode. Other
RFP devices have a thin conducting shell with actiaddle coil sets for controlling the resistive
mode. The relatively weak magnetic field of thefoguration leads to very overdense plasma
(wp/c > 5) but also, when combined with inductive cutrprofile control to reduce tearing
fluctuations, allows for generation of high betagrhas (10-25%).

Previous studies of EBW physics in the RFP showciefft coupling, both through
reciprocity in a blackbody emission measurementtarmaligh optimization of a waveguide grill
launching structure, provided the edge density igrads suitable. Ray tracing studies predict
accessibility of EBW heating and current drive otrex outer half of the minor radius.

This thesis presents the first observation of R&tihg of a RFP plasma using the EBW. The
X-mode is launched from the low field side at 5.HZ3with up to 150kW source power in 3ms
long pulses; mode conversion occurs efficientlytie antenna near field (Kn=~1); no
dedicated limiter surrounding the antenna was tsesteepen the edge density gradient. Good
coupling due to the naturally steep edge densiggignt in the RFP resulted in net/F power
ratios of 60-70% at second harmonic. The wave gaies radially inward through a magnetic
field that is either stochastic or has broken fewfaces, before depositing its power on a
substantially Doppler-shifted cyclotron resonandde radial EBW deposition profile is
measured through thick-target bremsstrahlung wisieritable probes near the plasma periphery

on the n=2 harmoniax= nwce — K||V||), also allowing a novel measurement ofigla transport
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in the edge (r/a > 0.9) of the RFP. Emission frarfixed limiter shows evidence of EBW
absorption on harmonics from n=1-7 in the normarapng range of MST (= 50-500kA).

Deposition location was controllable with |B| andtamed analytical models and equilibrium
reconstruction. In the thick-shelled MST RFP, thdial accessibility of EBW is limited to r/a >
0.8 (~10cm) by magnetic field error induced by therthole necessary for the antenna;
accessibility in a thin-shelled device with activebntrolled saddle coils is likely to be r/a> 0.5
in agreement with ray tracing studies. Confinentieméscales of fast electrons were too short to
depend on collisional effects; RFP transport catise®bserved loss of fast electron population.
Radial diffusion rates were probed with EBW heagtzttrons. Enhanced confinement plasmas

reduced perpendicular diffusion and allowed EBWingan plasmas with beta of 15-20%.
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Depending on reference or person the term “firstioaic” with reference to RF

absorption/emission may be interpreted as eith&rar==2 foraw, = naw,, . In this thesis,
“first harmonic” is taken to be synonymous with d@amental (n=1) harmonic.

Significant effort was invested in the developmeind switching power supply to drive the
klystron tube. This thesis focuses on the physiedextron Bernstein wave heating in the
reversed-field pinch and only briefly outlines th@wver supply. For a detailed documentation
of the hardware, please refer to my master’s thé8essign of a resonant soft switching

power supply for stabilized dc impulse delivery”eBirs, University of Wisconsin, 2012



| ntroduction

0.1 Overview

The Electron Bernstein wave (EBW) [1], [2] preseatsalternative to access the electron
cyclotron resonance for heating and current driveoverdenseafpe>wce) plasmas where the
conventional electromagnetic waves are cut ofhatperiphery. The EBW is a short wavelength
electrostatic wave excited by mode conversion ¢éreally launched electromagnetic (O- or X-)
modes. The reversed-field pinch (RFP) presentsiquarset of challenges to RF heating. The
confining magnetic field is generated almost ehtifeom current within the plasma, resulting in
a large Ohmic heat input and a dynamic equilibrivitin |B| maximized on the magnetic axis, as
shown inFigure 0.1 (no high field side exists); B(r) profiles areportional to plasma current.
In Madison Symmetric Torus (MST) [3] a thick shelhich also serves as a single turn toroidal
field coil, provides vertical field through inducathage currents, and stabilizes the slower

growing resistive wall mode.
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Figure 0.1. Magnetic field geometry of the RFP showing axisyetme |B| and field reversal

at the wall. Figure courtesy of MST group.
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Figure 0.2. Location of resonant and cutoff surfaces from M&fHconstruction in a 306kA
plasma. Locations of fundamental through® Hiarmonic EC resonances are shown.

Electromagnetic cutoffs at 5.5GHz are shown toteaisthe edge for X and O modes. See

Chapter 1 for definitions of resonances and cutoffs



The EC wave cutoff surrounding the plasma in an RfeRents X and O mode accessibility
in the RFP as shown iRigure 0.2. Mode conversion of X/O waves into EBW allows derep
radial accessibility into the plasma edge. As &Xamode electromagnetic wave propagates into
higher density it first reaches the right(R) cutdfhe wave then evanescently decays between
the R and upper hybrid (UH) layers. The wave tham exist as a slow x-mode wave between
the UH and left (L) cutoff layer. In contrast teeefromagnetic waves that have a high density
cutoff, the EBW has a low density cutoff at the t#$onance. The simultaneous existence of the
slow X and EBW in the same location allows enempé transferred from the x-mode to excite
the EBW.

The efficiency of coupling to the EBW is stronglpntrolled by the edge density scale
length, which sets the distance between the L,B,#1 layers. In the RFP, the steep«Q.5-2
cm) edge density gradient allows efficient coupliogthe EBWSs in the low GHz range by
providing a narrow evanescent decay region betweriR and UH layers. The EBW may then
propagate inward to higher densities until it is@bed on a Doppler shifted EC resonance

harmonic. The EBW is strongly damped on all EC hames. The driven current is controlled
by the sign of thel, spectrum at location it is absorbed. In generaklaw midplane launch in

MST will result in negative current drive, while above midplane launch will result in positive
current drivd4].
0.2 Resear ch Contributions
EBW heating has been previously demonstrated ianalks, stellarators, and the spherical

tokamak, however it has not been previously dematest in the RFP. Localized RF heating of
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electrons may be an important diagnostic or cortol in the RFP, however the overdense
plasma prevents accessibility of X and O mode Riihg. Launching of the EBW may be used
to overcome these limitations and allow edge laedliheating. This thesis presents the first
demonstration of RF heating in the RFP, confirmgddgalized RF heating inside the L cutoff
layer and ability to control deposition location bgjusting |B|. Heated electron locations are
confirmed from HXR measurements of bremsstrahluognfinsertable target probes. EBW
heating is demonstrated on fundamental and higlwendnics. The radial accessibility in a thick
walled RFP is estimated to be r/a=~0.8.
0.3 Overview of Chapters

Chapter 1 consists of an overview of previous EB&dtimg and current drive research in
stellarators, tokamaks, spherical tokamaks, anddytal plasma devices. In addition, research
on electron Bernstein emission (EBE) as well asi® @ mode launch and coupling in the RFP
is reviewed.

Chapter 2 discusses modeling of X mode wave laamchmode conversion to the EBW.
Consideration of edge field, density, and magnéetd profile in MST are analyzed and
modeled. Modeling of porthole field error in a thiwalled RFP is presented. Mode conversion,
propagation and absorption of the EBW in the RFBhidbwn to allow accessibility past the
electromagnetic cutoffs in an overdense plasma.

Chapter 3 discusses the design and constructidheoEBW heating experiment on MST
consisting of several distinct sections. First aereiew of RF heating hardware is presented,
including a klystron tube, pulsed power supply, agvde components, and launcher antenna

assembly. Second, associated RF control and diagrieedware for the EBW experiment is
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presented, including an active RF power stabilimatand control system, IF demodulation for
forward to reflected phase comparison, and arcctlete Finally, x-ray diagnostics used in the
experiment are presented.

Chapter 4 discusses the results from the EBW exgert. Heated electrons in the plasma
were confirmed by x-ray bremsstrahlung from a dhstion of insertable probes and limiters.
Measurement of radial electron profiles at a taatyddisplaced location allow mapping of EBW
deposition depth at locations matching theoretizatlictions. Porthole field error was found to
limit radial accessibility by introducing a jump toegher harmonic absorption near the wall at
higher plasma currents than would occur in the rdsef field error. Measurements of falloff
time from passing and trapped electrons imply hgath a magnetic field that is either stochastic
or has broken flux surfaces.

Chapter 5 discusses the interpretation of the tesamd potential applications of EBW in the
RFP. MST serves as a testbed to study EBW physiassiochastic magnetic field or on broken
flux surfaces, possibly similar to environmentsttvdl be encountered when resonant magnetic
perturbations are applied to the edge of a tokafoakeELM control, or during the handoff
between helicity injection and RF current drivertstia in a spherical tokamak. In addition EBW
is likely to be needed in high density stellarat@sd may be used in the RFP to probe field

stochasticity and local beta limits.



Chapter 1 Motivation for EBW Heating

This chapter presents an overview of relevant reekem EBW emission, heating, and
current drive in toroidal and cylindrical devic€old and Hot plasma treatments of wave cutoffs
and resonances of are presented to illustrateaitie df RF accessibility in the RFP. The first
section presents an overview of published work BMEphysics. EBW experiments and results
from tokamaks, stellarators, and spherical tokanaa&sompared and reviewed.

The second section focuses on the potential us&B@¥ current drive in the RFP to
stabilize magnetic tearing modes. The mismatchuimeat drive and current profile in the RFP is
presented along with the physics behind mode grawith eventual stochastic magnetic field
lines leading to reduced particle and temperatandimement. The use of EBW for sustained off
axis non-inductive current drive is presented asethod to align current drive and current

profile leading to enhanced confinement.



1.1 Electromagnetic Accessibility in the RFP and the EBW

Many fusion research devices rely on X and O modeenheating for electron cyclotron
heating and current drive, profile control, andogization of tearing modes. The RFP presents a
case where both X and O waves are cut off at tmphezy of the plasma due to overdense
(wpe>mce) conditions. Such conditions typically exist in R spherical tokamaks, and next
generation stellarators currently in developmerde Wf a hot plasma electrostatic wave, the
Electron Bernstein Wave (EBW) allows heating on ¢lgelotron resonance in locations of the
plasma that would be inaccessible to electromagmetive heating. Conversion of the X wave to
the EBW is possible with high efficiency in the R&Rowing heating within the electromagnetic

cutoffs.

1.1.1 Cold plasma dispersion and edge propagation

Wave propagation from the launcher antenna to tge ef the plasma to the mode
conversion region is well approximated by the qalmsma dispersion relation (CPDR) [5], [6];
the CPDR is non-dissipative. The CPDR is usefuda@termining wave cutoff locations, or
regions in the plasma where the index of refracti@comes negative causing the wave to
exponentially decay. These cutoffs occur for etgotgnetic X-mode waves at densities
between the upper hybrid (UH) and right (R) frequies, and above the left (L) frequency, ,
controlled by plasma density and magnetic fieldd atefined below. These characteristic
frequencies form layers resembling nested ciralethé poloidal cross section of MST as both
density and |B| are roughly functions of minor ugdiFor a 5.5GHz launch the R, L and UH

cutoff layers occur within the first few cm of tleelge. Although cutoffs are modeled, finite
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plasma conductivity, collisional damping and losaes not included in this model. Cyclotron
damping does not appear in the CPDR and requireiuthe hot plasma dispersion relation.

The CPDR can be written as:

—P(n?-L)(n*-R)

tar’ (8) = 1.1
ar () (s -RL)(n*-P) (1)
Where terms S, D, R, L, and P are given below
1
P=1 7 (1.2)
=1- pe
S=1 P (2.3)
__a)ce Cc)ie
D= © -k (1.4)
Re1- e (1.5)
w(w+a,)
e
L=1- P (1.6)
Aw-a,)

For a radial launch from the plasma edge, propagat perpendicular to the local magnetic
field, k OB, leading t®#=90° andtar? (6) = . The solutions to this equation indicate that
(s -RL)(n*-P)=0 (1.7)

The two solutions to this equation correspond &éoXkfmode and O-mode launch conditions.
While both waves propagate across magnetic fiakklithe O mode wave has electric field
polarization parallel to the magnetic field, whihee X mode wave has electric field polarization

perpendicular to the magnetic field. The X-mode evaxists in two variants, the fast x wave and



the slow x-wave. The fast x-wave, known as “fasté do the high phase velocity, exists in
regions of the plasma where the wave frequencyeatgr than the R frequency. The slow x-
wave, known as “slow” due to the low phase velqatyists in regions of the plasma where the
wave frequency is between the L and UH frequendibts thesis will focus on the X mode wave

launch. In a cold plasma the refractive index efxkhmode wave is given by

(kY _ @ -w(wrw)] o) -w(w-w)]
R P S
n2=% (1.9)

As the launched fast X-mode wave travels inwardnfrthe edge it first encounters the R
cutoff(1.12) and begins to evanescently decay. $tdficiently steep edge density gradient,
efficient tunneling between the R(1.12) and UH(}) I&yers is possible. Mode conversion to the
EBW occurs at the UH layer with slow X wave existerbetween the UH and L(1.14) cutoff

layers. A plot of edge frequencies in a typical M@&sma is shown inF{gure 1.1) and in the

plasma edge.
2 1/2

, {:}eg } (1.10)

e“0
, =8 (1.11)

m
s :%[wc +(a +4w;)”1 (1.12)
=+ )" (1.13)

@, :%[—wc +(af +4a)§)1/2} (1.14)
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Figure 1.1. Index of refraction calculated for the x-mode waaue, illustrative curve for
EBW, cutoff, and resonance locations are plotte@)nPlasma frequencies are plotted in (b) for

5.5GHz x-mode edge launch in a 210kA plasma.

Overlap of dispersion relations for slow X and EBMIst at similar wavelengths on the UH
layer allowing coupling of power between X and Bsem waves to occur. The EBW is a hot
plasma electrostatic wave with electric field p@ation parallel to propagation direction that is
carried by the synchronization of electron gyroisibas shown ifrigure 1.2. The EBW does
not have a high density limit like X and O wavelwalng heating in an overdense plasma in
locations where electromagnetic waves are cufléié EBW is cutoff for frequencies lower than
the UH frequency requiring excitation be mode cosiam from an electromagnetic X or O wave

launched from the plasma edge. The EBW is presentgekater depth in following sections.
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Fast X Slow X [EBW

SOCO0O

_—

H L

Figure 1.2. Coupling between the slow X-mode electromagnetieeyand the Bernstein wave

occur at the UH layer.

1.1.2 Hot plasma dispersion relation and EBW propagation

Bernstein wave propagation is governed by the fesnpa dispersion relation that takes into
account the finite size of the electron gyro-orbitsa hot plasma, finite Larmor radius effects
allow an electron Bernstein mode to exist in anralense plasma, at frequencies greater than

the upper hybrid resonance.

The hot plasma dielectric relation [6] with propaga perpendicular to BN, finite and

T,=T and a small kis given by (1.15), where is the wave frequencyy, is the plasma

frequencyce is the cyclotron frequency,sMs the thermal velocity, Z is defined in (1.16)dd

is a Bessel function containing p (1.17).

20_} o
k§+k§+zv—;”5e‘”s Z{h K\C;) Z(ZS)}In(,uS) =0 (1.15)

S th,s Nn=—co | Yth,s
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z,(¢,) = (1.16)

(1.17)

For E parallel to Bn® > ‘qj‘, propagation perpendicular to the magnetic fiatd neglecting

ion contributions, the dispersion relation becor(te48). It is evident from the equation that

resonances occur when the wave frequency is atdmaesof the cyclotron frequency.

2

2

251, (1)
n=1 Foe_n

e
Ey = :l_F I (1.18)

1.1.3 Mode conversion to the Bernstein wave

Optimization of EBW coupling has previously beeramined on a 3.6GHz experiment [7],
[8] using a phased array antenna in MST. Optimuamda angle for the X mode wave was
found to be perpendicular to the magnetic field.launched X wave propagates inward,
evanescently decaying between the R and UH layear the UH layer the electric field Eigen

mode is given by (1.19) and the index of refract®given by (1.20)
- (ID~. ~~ _~
E= (E Er EZ& Oqo} (1.19)

n>=— (1.20)
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As the wave approached the UH layer. «,, = ./, +w?, ands - 0 causing the index of
refraction to approach infinity and the radial cament of the electric field component of the

wave to become large WitEIIIZ assisting with efficient coupling to the EBW. Ceagtion

between the slow X branch and EBW branch occutlseaUH layer causing mode conversion to
the EBW which then can propagate past the L cuntdfdenser plasma.

Launched power that is not lost to the parameteicag instability (PDI) or the evanescent
decay between the R and UH layers can be mode dedveo the EBW at a finite mode
conversion efficiency depending on launch angle iaduency as well as plasma magnetic
field, and density scale length for OXB [9] and XB],[11] launch. At optimum launch angle of
the X wave to the magnetic field, in this case aliglinward, the maximum achievable mode
conversion efficiency is given bynfax (1.21) withn as the Budden parameter given in (1.22),

as the phase @f(-in/2), and$ as the phase between the slow X wave to and fhenvHR.

C, =4e™ (1— e‘””) sinz(6?+£) (1.21)
R SR 2

'max

1/2
WL, a Vi+a® -1
¢ | Ja?+2(L, /L) || a*+(L, /Ls)V1+a?

n= (1.22)

In MST the magnetic scale length >> the densitylestength, Ly >>L, |, allowing the

Budden parameter in the mode conversion regioretsirplified to (1.23), and evaluated at the

UH layer location.

f = %l [ Jra? - 1}“ (1.23)

ca

a=w,.la, (1.24)
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For an edge density of 2el17/m"-3 and constant @lasumrents of 250kA and 350kA,
maximum mode conversion efficiency is plotted wsnglty scale length inF(gure 1.3). Field
error corrections, discussed in a later sectios, applied to the magnetic field at the mode
conversion location (UH layer).

n =7e+17 [m™], Ip=, 250.0 [KA] n =7e+17 [m™], Ip=, 350.0 [KA]
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Figure 1.3. Maximum conversion efficiency vs density scale kngvith and without

porthole field error at constant Ip.

1.1.4 Parametric decay instability during mode conversion

At the UHR it is possible to excite the paramett@cay instability (PDI), if a sufficient
power density is launched. The PDI is caused byetketric field from one oscillating wave
exciting a wave of another frequency that it campte to. In practice a small amount of
damping, either collisional or collision less witevent excitation of the PDI unless there is
sufficient power in the launched wave driving thexibation. This is observed when the PDI
occurs above a certain power threshold. When thenpetric instability occurs, a fraction of the

injected RF power excites an additional wave at ltdwer hybrid (LH frequency(1.25) or
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multiples thereof shown irF(gure 1.4). In MST the LH frequency is on the order of 40Méaiz

the UH layer for a 250kA plasma witlAVE17m?.

Wy = @ (%} (1.25)

Parametric decay has been observed during EBW iexgrats on MAST [12] at 80kW of
heating power at 60GHz and a power density of ~TkWf2, and in cylindrical magnetized
plasma experiments at 2-4GHz at 200W of power fageby a 3cm diameter antenna [13]; by
comparison for 80kW launched power in MST througbcan porthole the power density is
~4kW/cm”2 allowing the possibility of PDI excitaioduring EBW mode conversion.
Observation of the PDI is a sign of mode converdmithe Bernstein wave [14]; there is no
substantial power loss to the PDI during EBW modeversion. Due to the lack of sufficiently
narrow notch filters to measure any PDI within 40¥éf the RF heating power, no attempt was

made to measure this effect.

Power, MV

s 1 @l
4 rel. Amp = o Power Shot #11420 1 (@

LH signal, mW

Wo=21 + 2,3 GHz

Figure 1.4. Parametric excitation of multiples of the lower hgbfrequency (left) in a
cylindrical plasma experiment. Figure courtesyif][ Parametric excitation of the lower hybrid

frequency during EBW heating on MAST (right). Figurourtesy of [12].
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1.1.5 EBW absorption on the Doppler shifted cyclotron har monic

The hot plasma dispersion relation has resonaneas multiples of the cyclotron
resonance, offset by a Doppler shift. The EBW igcaly thick on all harmonics [15] allowing
efficient absorption at low magnetic fields. Thesaiption of EBWs in a hot plasma on the
Doppler shifted cyclotron resonance (1.26) heatsaation of the fast electron tail of the

maxwellian distribution of electrons.

- nw _ky,
Wy e (1.26)
y
y=— (1.27)
V
1->
C

The bump on tail has asymmetry in the distributbdrheated electrons that allows current
drive controlled on launch position. Launch of tBBW above or below the mid-plane will
preferentially drive a net current in the plasnithex positive or negative, depending on the sign
of k.

EBW heating and current drive can be calculatecC®}-3D [16], [17], a bounce averaged
Fokker-Plank code utilizing the collisional quasigar diffusion. CQL3D simulates the effects
of RF absorption on the resulting electron distiitru In MST, CQL3D predicts a current drive
efficiency of approximately ~150A/kW [18], [19] faero diffusion. An example output showing
resonantly heated electron distributions compaoeiti¢ passing / trapped boundary is shown in
(Figure 1.5). The distortion in electron distribution is notéal the right of center where the

contours distort rightward indicating heating afettons in the positive)direction.
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Figure 1.5. Contours of the EBW-heated electron distributior{es) with trapped vs pasing

boundery marked in black lines for 2MW of RF hegtin

1.1.6 Previous EBW Research

A number of previous fusion experiments have wdizhe EBW for heating, current
drive, and diagnostic purposes. Laboratory scal®VEdperiments involving both X and O
mode launches have involved direct measuremenBd&¥ Enode conversion, EBW heating and
current drive of a plasma, and EBW emission froptaama. Direct measurement of EBW mode
conversion using scanned RF probes are possiblevier frequency (~1-3GHz) when the EBW
has a sufficiently long wavelength to couple torasertable antenna. EBW heating experiments
conducted in toroidal fusion devices heat plasma incalized area and measure temperature
increase via SXR or HXR diagnostics. EBW currernvalrexperiments measure RF driven

current by measurement of loop voltage or counterent drive required to null current in a
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stellarator. EBW emission experiments for purposésadiometry of overdensenfe>wmce)
plasmas allow measurement of plasma temperatuma frside the x-mode cutoff layer;
reciprocity implies EBW accessibility where emigsie detected.

EBW heating has been used on stellarators, tokamekd spherical tokamaks in
overdense plasma conditions. Edge mode converBmmsaaccessibility of the overdense region
for heating, current drive, and EBE based radioyateasurements. A tabulation of relevant
device parameters has been compiledlab(e 1-1). A detailed overview of each experiment

listed below ispresented in (Appendix A).
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Table 1-1: Overview of EBW Heating Parametersin Previous Devices

ne
Mode | Freq | Prr scale | op e

Author Date | Machine | Type | Conv | [GHZ] | [kW] | |B|[T] | [mm] | [aw] | Novel Contribution

Seltzman | 2017 MST RFP | xB,0xB 55| 130 0.1 EBWH in an RFP

Uchida 2010 LATE ST 5| 190| 0.096 105| Current drive in ST

Diem 200¢ | NSTX ST OXB 12 -- 0.4 EBE/Li wall conditioning
EBW conversion in

Podoba 2007 WEGA | Stell. | OXB 2.45 26| 0.05( 100 stellarato

Cengher 2006 MST RFP | xB,0oxB 3.6 0.01 0.1 125 EBW coupling in RFP

Shiraiwa 200§ TST-2 ST XB 8.2 200 0.3 5 EBWH in ST

Laqua 2003 WTAS Stell. | OXB 70, 400| 2.15 10 3 | EBWCD in stellarator

Jones 2003 CDXU ST XB 4 -] 0.21 6.6 EBE ina ST

Shevchenk | 2002 | Compass! | Toka | XB 60| 600 2 167 | EBWCD in a tokamak

Chattopadhyay] 2001| MST RFP | XB 3-8 -- 0.1 14 EBE in the RFP

Maekawa | 2001 WT-3 Toka | XB 48| 100| 1.75 EBWH in a tokamak

Lagqua 1998 W7AS Stell. | OXB 58-72 -- 2.1 10 EBE in a stellarator

Laqua 1997 W7AS Stell. | OXB 70, 220 2 10 EBWH in a stellarator

Luce 1992| DIII-D Toka | XB 60| 1000| 2.14 Inadvertent mode con
EBW mode

Sugai 1981 N/A Linear | XB 0.75-3 2| 0.05 40 conversion

Direct measurement of EBW mode conversion with riadde probes connected to

heterodyne detectors has been observed by Sudain[20 cylindrical device and Podoba, in

WEGA [21]; both are low field (~50mT) devices wiRF excitation at 2-3GHz. Sugai used a

triple dipole antenna, while Podoba used a dipaegmetic loop probe. Phase and amplitude

measurements of wave electric field componentatdd the expected shift from perpendicular

to parallel to the wave vector at the UH surfacegeé measured the wavelength of the EBW

after mode conversion, finding a match with expeesigues.

EBE diagnostics have been implemented on MST [@2]AS [23], CDXU [24] and

NSTX [25] allowing absolute radiometry measuremefntsn inside the cutoff layer using
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conversion to either X or O mode. Comparison ofiataah temperature from optically thick
EBW emission matched a calibrated temperature ditgn either SXR or Thomson scattering.

In W7AS, EBE radiometry with OXB mode conversionedsan obliquely mounted
antenna receiving 58-72GHz. Radiometry measurements were comparable to SXR T
measurements.

In CDXU, XB conversion measureds Tomparable to Thomson. Theasurements. An
adjustable local limiter used to steepen the edgesity gradient improved conversion efficiency
to 100% compared to 10% conversion efficiency foraatenna mounted outside the machine
aimed through a window.

In NSTX, a radiometry system using OXB mode coneersvas operated at 18-36GHz.
Collisional edge damping reduced coupling efficket@ the EBW wheiby, / w>10". No local

limiter around the antenna was used. Lithium watiditioning improved conversion efficiency
from 10% to 60% by depleting edge electron densitye resulting inward shift in the UH
location increased electron temperature at modeersion from 5eV to 20eV and steepened
edge density gradient.

EBE radiometry in MST [26] operating in the 3-8GHmge measuredeProfiles with
an absolutely calibrated radiometer. A quad ridgeténna without a local limiter was used as a
receiver. Comparison to Thomson measurements iedicd5% mode conversion efficiency,
with X-mode polarization dominating.

EBWs heated and drove current in the W7AS [27]] & WEGA [29] stellarators. In
WT7AS, OXB mode conversion was used for heating @andent drive with 220kW at 70GHz.

Non-resonant heating used an EBW bouncing betwedoard and outboard UH layers
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gradually heating the plasma. Obliquely launchedBGXnversion of 400kW at 70GHz drove
current in a neutral beam sustained plasma by aegombsorption at efficiencies of 3A/KW
(1.2kA). The WEGA experiment measured EBW heatiit) @XB conversion with a 2.45GHz,
26kW source resulting in a measurable increaséentren temperature inside the LCFS. Mode
conversion to the EBW was directly measured witlnaertable probe.

EBW heating and current drive on WT-3 [30] and Cas®D [31] tokamaks used an X-
mode wave, passing through an optically thin EC®edamode converted to the EBW at the
UHR located at the low field side, and reflectedkofor core absorption. In WT3, EBW heating
was observed with XB conversion of a 48GHz, 150ldfrse. The launch scenario of the WT3
experiment is unique with an O-wave launched fromtop of the machine reflecting off of an
OX mode converter plate on the inboard side with ¢Biversion at the UH layer resulting in
centrally localized EBW heating observed with SXfnography. In Compass-D, a high field
side launch of an X-mode wave with a 60GHz, 600ldldrse drove current at an efficiency of
167A/kW (100KA drive). EBW heating was observedditiD [32], [33] using a 60GHz, 1MW
X-mode wave converted into the Bernstein wave flgeceng off of the UH layer.

EBW experiments in Spherical tokamaks have dematestrheating in TST-2 [34] and
current drive in LATE [35]. In TST-2, a low fieldide launch of 8.2GHZ at 200kW was
converted to the EBW by XB conversion. Edge dengidient steepening with a local limiter
surrounding the antenna improved mode conversidicieefcy to 80%. Core heating was
measured with a 20 chord SXR detector. Collisiai@hping in the edge was not found to be an

issue for a single pass of the wave. In LATE, EBWswsed for non-inductive current ramp up
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with a 5GHz, 190kW source. Currents of 20kA wergeatdr yielding a current drive efficiency of
105A/kW.

In the previous EBW experiments, several trendsbeanbserved. Experiments utilizing
probes to measure direct conversion to the EBW lesedurrent, low field devices and 2-3GHz
sources allowing a long enough wavelength of bloghEBW and launched wave to be measured
through heterodyne phase detection. Both expersneete conducted in devices where a low
density, low or zero current plasma was possildlewing the use of physically small probes
(~3mm antenna tips) that would not survive in adundest environment. Heating and current
drive experiments in stellarators utilized outboaside oblique launch with OXB mode
conversion, while tokamaks favored high field siiB launch through an optically thin EC
resonance, converted to EBW at the low field sid¢éRUand reflected back to the core for
absorption. Spherical tokamaks used XB mode comrefsom a low field side launch. Heating
location in most experiments was measured by SXiography and bulk temperature rise was
measured with Thomson scattering. In most XB made/ersion cases, for EBE/heating/current

drive, a local limiter optimized edge density geadj increasing mode conversion efficiency.
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1.2 Motivation for EBW Heating and Current Drivein MST

1.2.1 Magnetic geometry of the RFP

The RFP is a toroidal fusion device characterizedaih overdense, high beta plasma with
self-organizing magnetic fields. The edge magrfetid is mainly poloidal with a small toroidal
component that reverses near the ediggufe 1.6). The magnitude of the field approximately

doubles from the edge to the core.

0.4
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Minor radius (m)

Figure 1.6. Toroidal(red), poloidal(blue), and magnitide(yelloaf magnetic fields in MST

for a 395kA standard plasma.

Current in the plasma is sustained inductively bp@p voltage of ~20V in the toroidal
direction. Magnetic field reversal near the edgedpces a mismatch in inductive current drive

and current profile as plotted iRigure 1.7).
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Inductive Current Drive (Vpg=20v)

14 |—E

0 0.1 0.2 0.3 04 0.5
Minor radius (m)

Figure 1.7. Toroidal electric field driven by transformer acti(red), current drive |[Hblue),

and current profile (g) in MST.

E, drives a peaked lambda profile, where lambda fse@ in(1.28). The lowest energy
configuration of current and magnetic field distions in the plasma is represented by a flat
lambda profile [36]. The gradient in lambda repres¢éhe amount of MHD energy available to

drive growing magnetic modes.

A= (1.28)

These modes are resonant on flux surfaces withn@atnumbers of safety factor (1.29) with
m=1 modes being the least stable. Rational saéetpf locations become spaced closer together

near the reversal surface as plottedHigyre 1.8).
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q(r):mzﬁzw (1.29)
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Figure 1.8. Safety factor in a typical standard MST plasma wiétional surfaces marked.

Note that y axis scale is expanded.

The magnetic fluctuations grow non-linearly duriagsaw tooth crash [37], introducing a
radial perturbation that generates magnetic isla@tewing magnetic fluctuation amplitude
increases island width until overlap causes figldd to become stochastic leading to decreased
particle and energy confinement. Simultaneouslyalper current is driven near the edge,

flattening the lambda profile and stabilizing thectuations.
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A method of inductive poloidal current drive, cdllpulsed poloidal current drive (PPCD)
[38], aligns current drive with current profile tdsng in a reduction in stochasticity [39], as
plotted inFigure 1.9 for simulations based on MHD modeling, improvedspha confinement
and increased temperature. Due to the inductiver@adf PPCD, it cannot be sustained

indefinitely.

Figure 1.9. Poincare surfaces of magnetic field before(left) after(right) PPCD predicting

significant reduction in stocastic magnetic fidkigure courtesy of [39].

One proposed non-inductive method is the use ofcRifent drive in the plasma edge
(Figure 1.10) to align the current drive in the RFP to the eatrprofile. Two potential
candidates for RF current drive in the RFP have be@entified: lower hybrid current drive [40],
[41], and EBW current drive [42]. Absorption of tlEBW on the Doppler shifted cyclotron
resonance generates a suprathermal electron tailer@ drive through selective heating on one

side of electron distribution function can be opted through two possible methods, the Fisch-
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Boozer [43] mechanism for co-current drive and@t&kawa [44] mechanism for counter-current

drive.
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Figure 1.10. J(r) control used to flatten lambda profile(leff)dasubsequent reduction in

magnetic tearing modes(right). Figure courtesy &M\yroup.

In the Fisch-Boozer mechanism, ECCD or EBW heatingsed to transfer perpendicular
energy to resonant electrons creating an asymmegsistivity because the more energetic
electrons are less collisional. The asymmetry sistivity generates a net electron flow in the
same direction as the resonant electron’s paradleicity. It has been experimentally observed
that Fisch-Boozer current drive efficiency decreas@en absorption takes place in a magnetic
geometry where a large number of the resonantrefecimay become trapped in banana orbits,
such as near the edge of a tokamak. In additiotrajgping electrons due to the immediate
addition of angular momentum, the loss of effickens further effected by the pitch angle

scattering of passing heated electrons into trafya@@na orbits. For bounce periods much less
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than the scattering time, symmetrically de-trapmectrons will produce an effective net
counter-current drive.

The Ohkawa mechanism utilizes the effects fromtthpped electron fraction to generate
current and is significantly more efficient thare tRisch-Boozer mechanism at locations where
the magnetic geometry allows a significant trappkettron fraction [45], such as near the edge
of a tokamak. The Ohkawa method heats electronsnenside of the velocity distribution in a
location where they are then pitch angle scatteredtrapped banana orbits, then symmetrically
de-trapped in velocity space, generating net ctideve.

Distributions of parallel and perpendicular enetggnsfer are governed by the quasi-
linear diffusion operator and must be simulatedrakker-Plank codes, such as CQL3D; both
trapped and un-trapped electron populations ar¢eticy the EBW. Simulations of EBW
propagation with the ray tracing code Genray eseniaoppler shift and parallel index of
refraction in MST, however accurate ray tracinghi@ edge is not possible due to the presence of
porthole field error. Analytical models are usedptedict deposition location as a function of

edge field.

1.2.2 Difficulty of RF heating the RFP

MST presents a number of similarities and diffeemnto the previous experiments. The
high beta and magnetic geometry in the RFP presedtsninant poloidal field in the edge, with
|B| proportional to Ip. The edge field increasesdpproximately a factor of 2 at the core.
Spacing between cyclotron harmonics becomes simahigh harmonic launch, limiting radial

accessibility as absorption shifts from one harmdaithe next higher harmonic at the wall as
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shown inFigure 1.11; greatest heating depth is obtained for fundanméraemonic launch. In
this figure, EBW is excited from the edge, neaeptt of 1cm and propagates inward until it hits
a line on the graph. EBW heating experiments amopeed at 5.5GHz with direct probe

measurements at 3.6GHz.
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Figure 1.11. EBW absorption location is plotted in blue for @mtions for dopler shift and

porthole field error, and in green corrected foppler shift in the absence of a porthole.

Porthole availability mandates a radial launch dmgle waveguide antennas, requiring
an XB conversion scenario for optimal coupling. deamwall currents in MST vyield a porthole
field error reducing |B| by a factor of 2 at thged46]. Error field extends ~1 porthole diameter
radially inward. Field lines at the edge bend itite porthole, directing plasma into the antenna
aperture, creating a challenging launch environmravious coupling experiments at 3.6GHz

[47] demonstrated steepening the edge density ggradiith PPCD or the use of a BN cover on



30
the antenna aperture improved coupling. Use of B5@llows a smaller antenna and porthole
with reduced field error. Use of a BN limiter widmaller portholes is challenging due to
confined space.

Direct current drive measurement in the RFP maybeopossible due to low predicted
current drive efficiency in the RFP (~150A/kW) [18] comparison to the high values of
inductively driven current (~2MW Ohmic, 200-500kA)leasurement of heating locations with
SXR PIN diode arrays was not possible due to tbeirsensitivity and RF pickup. Single photon
counting CdZnTe detector arrays observing targesgon from heated electrons colliding with
insertable probes and limiters allowed depositioofile measurement. Thomson scattering is
limited to core locations and is not able to resdbulk heating of the plasma by the EBW due to
the edge localized deposition and significant Ohineiating power.

Deposition depth of the EBW was measured by cdiagjdahe first moment of the radial
heated electron profile using target bremsstrahlfwogn insertable probes and limiters.
Deposition depth was controllable with plasma aurrand matched the Doppler shifted
resonance location corrected for porthole fielcefor the n=2 harmonic. Direct probing of
plasmas where the EBW is absorbed on the fundaim@mtd) harmonic were not possible due
to higher plasma currents that prohibited the (sesertable probes. Based on modeling, n=1
heating will achieve heating at r/a~0.8. Heatedted® loss rates were found to be much faster
than collisional time scales, with falloff rates fiast electron population in the 10s of ps as
measured with target probes. The high falloff rateslectron population in standard plasmas
indicates that the high rate of RFP transport [d8ninates background plasma and neutral

scattering of heated electrons.
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1.3 Summary

EBW heating and current drive has been previoubBeored in tokamaks, stellarators,
and spherical tokamaks. The first observation of Hefating in the RFP using the electron
Bernstein wave has been demonstrated on MST. TResRffers from a misalignment of current
drive and current profile leading to growing magn@bodes that cause magnetic field lines to
become stochastic resulting in poor energy confer@minductive methods such as PPCD can
align current drive with current profile, but cam@ sustained. RF heating and current drive has
been proposed as a method to provide sustaineakisffcurrent drive in the RFP, however the
overdense nature of the plasma in MST prevent®lisectromagnetic X and O waves that are
cutoff within the first few cm of the edge.

EBW does not suffer from density limitations and kize require accessibility to heat and
drive current in the plasma edge. Theoretical modeind EBE observations on the RFP have

implied that edge localized EBW heating and curdeivte in the RFP is possible.
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Chapter 2 Modeling of EBW heating in the
RFP

This chapter presents modeling of EBW launch, pgapan and absorption. The first
section focuses on a mathematical description wiogde wave launch and mode conversion to
the Bernstein wave. The mode conversion mechanetmeen X/O waves and EBW as well as
the propagation and absorption of the Bernsteinewan the Doppler shifted resonance is
described. The second section focuses on numenmadéling and computer simulations of EBW
propagation and absorption. Genray is used to mé@terpredicted ray paths as well as calculate
the difference in absorption position from the CPD&e to the Doppler shifted resonance.
Predictions of RF accessibility are presented tdigt the maximum depth that EBW may be
used to drive edge currents in an RFP.

EBW heating in the RFP involves a challenging lduscenario including porthole field
error, cutoffs and mode conversion in the anterea field, and propagation of the Bernstein
wave in a magnetic field that is either stochastibas broken flux surfaces. In MST, overdense
(mpe>mce) plasma cuts off X and O mode electromagnetic wawehe first few cm of the plasma
edge. The naturally steep edge density gradieMSi, compared to a tokamak, allows efficient
mode conversion without a dedicated antenna limitéee EBW is strongly damped for all

harmonics leading to edge absorption of the firgpfler shifted cyclotron resonance the wave
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encounters. Porthole field error weakens edge fislda factor of 2 at the wall reducing

accessibility by introducing higher harmonic resmes in the edge.
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2.1 Modeing of EBW Mode Conversion

2.1.1 Edgedendty and magnetic field profiles

Modeling of mode conversion efficiency requires wiexdge of density and magnetic field
profiles in the edge. The efficiency of EBW modeneersion depends on the frequency, plasma
density, magnetic field and their scale lengthgyeedensity scale length is given by

—_ ane N
L, —{ne( axj } (2.1)

UHR

Edge density profile can be modeled with(2.2), wiglbeing a measured or estimated density at

distance ¥ from the wall, x being the distance from the vaaitl Ly being a density scale length.
n=nyexp (x=x,) /L, | (2.2)
The magnetic geometry of the RFP, plottedrigure 2.1, consists of a toroidal field profile
peaked on the magnetic axis that decreases towedwall, eventually crossing through zero

and attaining a small amount of reversal at theeed@pe poloidal field is large near the wall and

zero on the magnetic axis.



35

Magnetic Fields in RFP

Figure 2.1. Magnetic fields in the RFP demonstrating reversahe toroidal field(green) at

the edge, dominance of the poloidal field(blue)rritka wall, and radial rependance of |B| (red).

Two variables, F and, are used to describe the relations between toédsd field at the
wall, By(a), the poloidal field at the wall,p&), and the average toroidal field over the plasma
volume < B >. F, known as the reversal parameter(2.3), ineschow deeply the toroidal field
reverses, whil@, known as the pinch parameter(2.4), indicates rifative strength of the

poloidal field with respect to the toroidal field.

(2.3)

PG (2.4)
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In RFP plasmas {)<<By(a) thus |B(a)| is largely unaffected when switghioietween F=-
0.2 (reversed) and F=0 (non-reversed) plasmass ascasionally done in operation. The data
collected in thesis uses F~-0.2 plasmas. The &dge magnetic field (2.5) can be found
knowing F(2.3),0(2.4), and the average toroidal field. Since<€9?, the dominant edge field
contribution is from the poloidal field, and toraidfield can be ignored, allowing modeling of

the edge field profile with ampere’s law.
B(a) = B} +BZ = (B)Vo7+ F? (2.5)
In MST the relation between Ip and |B(a)| from é&fguum reconstruction, regression fit of

[B(a)| vs. §, and amperes law (2.6) are within 0.6% error.
B, (a) =2“—7;ax |, =3.846kG /KA]xI (2.6)

In the absence of porthole field error, the polbmanponent of the edge magnetic field can
be modeled by(2.7), where “a” is the minor radind & is the distance from the wall. It should
be noted that this formula is not valid for largelial displacements (r/a<0.8) into the plasma,

where |B(r)| diverges frompB).

o Ml
? 2n(a-x)

2.7
Modeling of edge fields near the wall start withpsre’s law, and add effects due to porthole
field error, discussed in the next section. Thisalomagnetic field is used to determine the

expected location of EBW absorption by adding Depphift to the computed radial cyclotron

frequency profile.
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2.1.2 Portholefield error contribution

The presence of a porthole in the current carrgimgll of MST disrupts the wall currents,
contributing a perturbation to the magnetic fiekbnthe wall. Results include a reduction of
local magnetic field and a “bulging” of the fielohés radially outward into the porthole. Since
the EBW is strongly damped on all harmonics, thmt¢hed wave will be absorbed on the next
higher harmonic at the wall, reducing radial aciel#ty. These effects can be mitigated by the
use of error correction coils (not implemented brs texperiment), or the reduction of the
porthole diameter, which reduces the spatial exdétite field error.

Porthole field error has been examined in RFP4%), [50] and can be modeled analytically
[51] by assuming a porthole located on a conduqgpiage. The scale length of the equilibrium
field is assumed to be much larger than the pagthible port radius is much smaller than the
minor radius of MST, and the port has no effectlenglobal plasma current. The perturbation to
the edge magnetic field around the porthole istgtbin a cross section of MST, shown in
(Figure 2.2). Effects of the porthole error field contributi@me evident in the right plot; field
lines and vectors are drawn outward into the pdethithe magnitude of the field error calculated
with [51], and corresponding ECR frequencies onpbethole axis is plotted irF{gure 2.3) for
a 350kA plasma for 5cm (left) and 12cm (right) potes. The magnitude of the field error on
the porthole axis is unaffected by the hole simdd fmagnitude is reduced by a factor of 2 flush
with the wall. The spatial extent of the field eri® proportional to the diameter of the porthole;
larger portholes introduce field error farther intbe plasma, with the error extending

approximately ~1 diameter into the plasma.
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Figure 2.2. Magnetic field contours(left) and field lines(rigtior 5cm porthole.
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Figure 2.3. ECR frequencies in the edge for first harmonic Yt second harmonic (blue).
Solid lines represent edge field without portho&ddf error, dashed lines include the field error
contribution for a 5cm (left) and 12cm (right) goote. The 5.5GHz launch frequency is denoted

by the horizontal red line.

Of important note irFigure 2.3 is the introduction of edge absorption of a high&monic.

Note that no correction for Doppler shift is prosttin these plots, the actual resonance would
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occur closer to the wall when the Doppler correti® applied. In this example, first harmonic
absorption (red), and second harmonic absorptitre)tare shown for a 350kA plasma. In the
absence of porthole field error, magnetic field ggo@ zero at the wall, indicated by the solid
vertical lines at 0 depth. An EBW launch at thiagsha current would propagate inward until
absorption at 15cm on the first harmonic. In thespnce of a porthole, magnetic field begins to
fall off farther from the wall and is non zero witlthe porthole. As a result the second harmonic
resonance, shown in dashed blue appears near ¢g edmping the EBW at the wall. To
compensate for this effect, plasma current mustnbeeased to move the second harmonic
resonance at the wall to above the launch frequdrawyever in doing so, the first harmonic line
also moves upward intersecting the resonance ckosé¢ine wall. Thus the maximum radial
accessibility is limited by the presence of thetipole error field.

For first harmonic this poses an additional problemthe second harmonic resonance
entering the waveguide antenna causing localizea&lE0rption in the antenna and arcing; the
efficiency of ECH vs. harmonic is given by [52]. &loptical depth [53], [54] for normal
incidence for X/O-mode fundamental and second haitnabsorption show good absorption
causing arcing problems in the antenna. This doepose an issue for second and higher EBW
harmonic heating as the third and higher EC resmsamre very weakly damped and do not
cause arcing problems in the antenna. This effast @bserved to be especially pronounced in a
12cm porthole launch where the spatial distribgion the field error are large. The 5.5 GHz
system could not achieve first harmonic heatindhvaitlaunch from the 12cm porthole due to
arcing problems in the antenna. Subsequent comisinuaf a 5¢cm porthole mount antenna, with

a correspondingly smaller field error, successfhltated on the first harmonic.
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2.2 Modeing of Heated Electronsin M ST

Heated electron collisonswith background electronsand ions

Measurements presented later will show EBW heatedtren dynamics, where the
observed time scales are used to infer underlymgsips. An important comparison is to the
expected classical time scales. Estimates of tba [&, ne, and neutral density from previous
probe measurements and simulations are used toutertipe classical collision times and drift
rates. These calculations are used later in trststhe

Heated electrons traveling through the plasma scHtter off of electrons, ions, and
neutrals in the background plasma. The lifetimesoérgized electrons and their density and
energy spectrum at a given toroidal angle will #ednined by their scattering rates. The
scattering and energy equalization times are pteddselow. The density and temperature 3.5cm
from the edge of MST iser~2E17 m? and &=~20 eV, while the incident EBW heated electrons
are on the order 10-60 keV.

In MST the density is measured with a CO2 interfegter that measures phase shift of a
10.6um laser passing through the core of the pladMeasured density is a line averaged value,
related to core densitypnby (2.8) assuming a (B4 profile shape. Averaging leads to a 2/3
scale factor between the line averaged and cotesal

- 13 rY 1 BrY 2
T T

2a
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In MST electron temperature data can be directlgsueed with the Thomson scattering
system, or optionally with Langmuir probes in thdge. In the absence of Thomson data, the
temperature profile can be estimated using the mdkBiewer scaling law [55]. A central
temperature value ((2.9)) is assumed based on plagmrent and core density, where core
density is assumed to be 1.25 times the line aedratpnsity measured by the CO2 laser

interferometer.

T.o[eV]= 200[ Ip[kA] ng{ o [Cm_s]}w‘ (2.9)

200 ¥13

This core temperature value is used to scale ThommEasurements to the match the peak value,
and an estimated profile is generated.
The edge electron temperature for the last 7 cmaddeled with a linear fit forRigure

2.4) for temperature data from a 250kA plasma.
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Figure 2.4. Edge electron temperature estimated by MSTfit(blaredl a linear fit (red) are
plotted for a 250kA plasma.

The fitted electron temperature in the edge is reabim (2.10), where x is the distance from the

wall, assuming a 3.34 eV edge temperature.

Ty e =320+ 3.34eV] (2.10)

Langmuir probe measurements may also be used eéontee edge electron temperature. In
experiments conducted by Miller [56], a triple tipngmuir probe was scanned radially into a
200kA plasma discharge. Resulting electron tempe¥aand density profiles were measured

within the first 11cm of the edgé&igure 2.5).
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Figure 2.5. Edge electron density(left) measured with a triddangmuir probe in a 200kA, f=-

0.18, r=1.2e19n? plasma. Figure courtesy of [56]. Plasma conditifunsEBW target plasmas
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are typically half the line average density of thist. Measured probe values are scaled linearly

when used in EBW modeling to approximate typicegéa plasma conditions.

The 90 degree scattering times [57], [58] are (2.04.12) where mis electron mass, T is
plasma temperaturee is density, Z is ion atomic number, and Ah(s the coulomb logarithm,

calculated from(2.14). Computed electron scattetimgs assuming 20eV background plasma,

ne=2e17 e density, andl, = E, ;. is plotted in Figure 2.6).

r% = 673,m. (KT)™* (2.11)
ne’ In(A)
Too = 653 m, (KT) (2.12)

n (ze)’ & In(A)
The coulomb logarithm is calculated to be A{14 using the above approximations for

typical background plasma temperatures in MST.

5= £KT, (2.13)
4rme’
3 1/2
In(A) :In(ne%T/lgj: ne(lz{%} J (2.14)
2

The fast electron collision times on backgroundtetss ranges from 100ms to ~1s over the
range of measured energies. As will be mentionddt@r sections, this time scale is significantly

greater than other processes affecting electrofirmment in the RFP.
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Figure 2.6. Electron on electron scattering times for heatedtedbns between 2 keV and 50 keV

in a plasma of &r2e17 m?.

2.2.1 Heated electron collisonswith background neutrals

Scattering times of electrons on neutrals is cated with (2.15) [59], whereptis the neutral
density, os is the scattering cross sectionp s the electron mass, and, 1 the electron
temperature. Neutral density 4cm from the wad=#EL6 ) is calculated with DEGAS?2 for

250kA and 350kA plasmas, shown plottedfigre 2.7).

;-1 _ 1 m (2.15)

a alo, - alo
NO<'V, N, KT,
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Figure 2.7. DEGAS2 simulations of neutral density(left) and parature(right) in a 250kA and
350kA standard plasma indicate that density at ftom wall is n(250kA)=6.8e16 [m"-3] and

no(350kA)=1.2e17 [m"-3].

The cross section of electrons colliding with malec hydrogen [60], [61] is the sum of the
individual cross sections for elastic scatterimgization, and Lyman band photon emission, the
dominant interaction processes. The cross sectomsabulated for electron energies between
leV to 1lkeV, requiring extrapolation to energiesi¢gl of EBW heated electrons. Above 10eV,
the cross section decreases exponentially withggnellowing extrapolation to the 10keV to

50keV range, plotted inF{gure 2.8). At 20keV, the estimated total cross section is

el ~1E—17[cm2] with neutral ionization being the dominant camition to the cross

section.
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Figure 2.8. Extrapolation(lines) of total interaction crossts@t for energies up to 50keV based

on measured data(marked points) from [60].

Scattering times of electrons on the backgroundtralsuare plotted in Rigure 2.9).

Scattering times of heated electrons on neutr&<@0-400us at 4cm depth over the 10-50keV

energy range. Collisional timescales of electromsieutrals are much longer than timescales of

other plasma processes presented in later sections.
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Figure 2.9. Collision times for 10-50keV electrons with neuthgiddrogen are calculated to be in

the 200-400us range using plasma conditions modelB&EGAS2 4cm from the wall.

2.2.2 Perpendicular diffusion of heated eectrons

High electron diffusion rates [62], [63] in the RBRe expected to be a dominant contribution
to EBW heated electron population loss. The radii@lision rate is proportional to the parallel
velocity and the magnetic stocasticity in a brokegnetic field [64], as given in (2.16).

D,=vD, (2.16)
Perpendicular diffusion for thermal electrons isirfd to be 30m”2/s for standard plasmas and
3m”2/s for PPCD plasmas [65] near the edge. Theepeicular diffusion coefficient for EBW
heated electrons (2.17) in a standard plasma ismasd by scaling the thermal electron

diffusion coefficient with the parallel velocity &BW heated electrons (~ 7.5Te) given by the

Doppler shifted resonance condition.
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V,
Do e = |2 Dy gy =82] NP | (2.17)
’ V||,therr'ral ’

Diffusion time in a standard plasma calculated (#ith8), whereAr is a characteristic distance of

a 4cm probe insertion depth, yields a 19us timéeséaffusion timescales are much faster than

collisional timescales in the RFP and are expeittdst the dominant electron loss mechanism.

(2.18)

2.2.3 Heated electron trapping in banana orbits

Trapped and passing electrons both play an importéa in the heated distribution since
a large EBW kupshift [4] and absence of a high toroidal fieldestrap only a modest fraction.
In MST a small mirror ratio exists due to toroit§cias plotted in Kigure 2.10). Radial B
profiles are proportional to plasma current, thuganratio is invariant in Ip. Typical bounce
times of 200ns are expected for EBW heated elestna@ar the edge. In MST banana orbits are
in the poloidal direction with no radial width, ptotted inFigure 2.11 and drift in the toroidal

direction, as will be shown in the following sectio
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Figure 2.10. Mirror ratio and velocity ratio for trapped pargsl in a 250kA plasma, 3.5cm

marked with verticle red line.

Figure 2.11. Poloidal cross section of MST with magnetic fielwthtours (black), possible EBW
trajectory @138° Toroidal (red), and a possibledmanorbit of heated electrons (green). Banana

orbit has no radial width.

2.2.4 Toroidal driftsin MST

Due to the magnetic geometry in the RFP, trappedtreins drift toroidally at a speed
proportional to their perpendicular energy apdnear the edge drift speed does not depend on
minor radius. An insertable target probe, label&drAFigure 2.12, serves as a key diagnostic by

detecting trapped electrons that have drifted ¥sffeks toroidally from the heating location.
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Figure 2.12. Banana orbit of heated electrons (green), limitdr5@ Toroidal (blue solid line),
and target probe P1 @300° Toroidal (black line) @rserved by HXR detectors D6 and Q12,

respectively.

Trapped electrons measured by the target proberiéical in determining heated electron
radial profiles, and thus deposition depth. Sirre@ged electrons are transported toroidally by
drifting, the effective parallel velocity along fliielines is less than passing electrons, reducing
loss due to perpendicular diffusion. Trapped etetgrdrift around MST in the positive toroidal
direction for standard plasma current direction thuéhe grad B and curvature drifts(2.19). As
the VB drift is due to perpendicular energy and cunenift is due to the parallel energy of the
bouncing electron, both are considered. Drift vigyois invariant with radius near the edge as

the terms in the magnetic field gradient term ir2Q2 cancel out factors of minor radius in (2.19)

L) = .
”LVé+meVII BXD|B|:_ kED+2kE\| BXT2|B| (2.19)

V
" |28 dB| 8" |eB eB | [B
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D|B|:i[”°'p}:_”0'pzf:_|B|if (2.20)

In the limit where B<<By, theVB drift is given by (2.21), a function of only &nd E.

kE, 1 - 27kE,
" =$BD|FSQH(B ) o= sgi{B, )@ (2.21)

el
The combined@B and curvature drift is given by(2.22)

k(E, +2E)) BxO[B _ 27k (E, +zg)

B E 8° e,uo‘l ‘ (Bg){p (2.22)

For an electron of total energy E, the averagé deiocity will be between theB and curvature
drift speed. The drift velocities plotted ifigure 2.13) indicate that trapped 20keV electrons
drift toroidally at ~4E5m/s. The toroidal transine(2.23) required for heated electrons to make
one complete circuit around MST is plotted Figure 2.14).

L[or path 2”( R) orbn)

Vdnft Vdnft

I

T transit —

(2.23)
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Figure 2.13. Toroidal drift velocity for trapped electrons dweWB (blue solid), curvature drift

for pitch angle scattered electrons with E in theaflel v direction(dashed blue).
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Figure 2.14. Toroidal transit time for one cycle around MST &or orbit at a radius of R+a for a

20keV trapped electron.
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2.3 Genray smulationsand wave propagation

Genray [66] is a ray tracing program that numelycablves for the EBW trajectory in the
plasma based on the index of refraction at eachngpoint along the ray. The ray is launched at
the UHR surface after mode conversion. Initial édbods given to Genray specify the launch
point at 98% of the minor radius, the X wave isuassd to travel radially inward from the wall
to the point of mode conversion.

Propagation and dispersion of the EBW depends amete field and electron temperature
[67]. A Doppler shift is added to the cyclotron geance condition to correct for electron
velocity in the plasma. The Doppler shidigop (2.24) goes to zero at the wall as a result of
decreasing electron temperature, while the inangaBoppler shift at increasing depth. Launch
position above or below the mid-plane controjsshift direction resulting in the EBW trajectory
bending towards the weaker magnetic field, with plaeallel refractive index decreasing along

the ray (becoming more negative) until it as absdrét the Doppler shifted resonance.

w. =N —M:na) 7)) 2.2
rf ce y ce doppler ( . 4)

Our primary use of Genray is to compute the Dappleft at the expected location of
EBW damping as effects of porthole field error mmetvcalculation of the correct deposition
location. Within the presence of the field erroe tmagnetic model given to Genray would be
incorrect when simulating deposition within a pofthdiameter from the edge, while outside the
field error the transition to the next higher hameowvould be calculated to occur at an incorrect
plasma current. EBW damping calculated with thel ggdsma dispersion location corrected for

porthole field error and Doppler shift are use@d¢ourately model heating locations.
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The magnitude of the Doppler shift is computedd@®s. The parallel refractive index is
calculated by Genray ignoring field error as pldtie (Figure 2.15). The local magnetic field is
used to calculate the cyclotron frequency. Theeddfiice in cyclotron frequency and launched
RF frequency is then used to find the Doppler sadta function of minor radius for each
harmonic using(2.24). The field error correctiondaDoppler shift are now applied to the

magnetic field profile to determine the locationtteé launched RF resonance.

x10°

Doppler Shift [rad/sec]

40 42 44 46 48 50 52
p [em]

Figure 2.15. Parallel refractive index(left) and doppler shififit) plotted vs absorption position

for the n=2 harmonic.

Modeling with GENRAY provides profiles of Dopplehift as a function of local electron
temperature. Computed Doppler shift informatioapplied to models of edge magnetic field to
provide corrections in absorption position allowexgrurate modeling of heating locations in the

presence of porthole field error.
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24 Summary

This chapter presented modeling of EBW launch, ggagion, absorption and subsequent
transport of the heated electrons. Observed efiectte EBW experiment can be explained
accurately with classical models.

The first section presented a description of x-mladeich and conversion to the EBW.
Edge density and magnetic field profiles were usedhodel the location of the R, L, and UH
locations. Port hole field error modeling demortsitlathe reduced radial accessibility of the
EBW. Conversion efficiency to the EBW depends onsity gradient scale length. Losses due to
parametric decay were addressed. The hot plasmgerdisn relation controlling EBW
absorption on a Doppler shifted cyclotron resonaleaels to efficient EBW absorption on
fundamental and higher resonances.

Section two presented modeling of drifts and transpf the EBW heated electrons
including collisions with plasma electrons, ionsdaieutrals. Toroidal drift rates were modeled
by classical formulas to estimate trapped torodtét speed as a function of electron energy.
The effects of heated electrons colliding with tens and probes were used to model possible
bremsstrahlung spectrums based on various enestyibdtions.

Section three presented Genray modeling and iitaliions. Porthole field error prevents
accurate calculation of ray trajectories and aligmippositions in Genray; nspectrum and
Doppler shift can be accurately calculated allowappler shift estimations to be added to an

analytical model of absorption position.
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Chapter 3 Hardware

This chapter presents an overview of the hardwadeexperimental design of the 5.5GHz
EBW experiment. A diverse variety of RF and diagimosquipment was constructed in the
commissioning of the EBW experiment. Several hardweevisions optimized the heating
system for consistent and reliable operation. Haréwdeveloped for the experiment can be
classified as either RF heating hardware, RF cbsgrstems, and x-ray diagnostic systems. RF
heating hardware includes the klystron tube, cylead molybdenum antenna, and waveguide
hardware.

A variety of RF control systems were implementegravide an RF pulse at a stable power
level through feedback control from the measuredvéod power from the klystron tube.
Previous implementations of RF power and phasecttete had unacceptable noise pickup
during operation. A complete redesign of the RFgdastics with substantial design effort in
noise shielding resulted in significant reductionnoise pickup and the ability to accurately
control RF power.

X-ray diagnostics were constructed to measure relestheated by the EBW. A spatial
distribution of probes and limiters observed bygknphoton counting hard x-ray (HXR)
detectors measured electron energy and radialgsofquired to determine the absorption depth

of the EBW. Careful selection in filters and detectayout was instrumental in allowing
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measurement of electrons in PPCD plasmas whergytmaakd emission must be separated from

RF heating effects.
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3.1 RF Power Generation and Transmission

3.1.1 Klystron and support equipment

A klystron and support equipment generates sevarabreds of kWs of RF power for
launch into MST through a waveguide antenna. Tlstidn requires a number of RF control
and protection systems to ensure stable and sa@atam without damage to the antenna or
klystron itself. In addition a high voltage pulspdwer supply capable of up to 100kV at 50A
(run at ~78kV, 30A) was constructed to power thestkbn. A high voltage transmission system
including high voltage pulse snubbers, crowbar lsgaps, and an actively cooled oil bath for
the klystron were also constructed. Significanbefivent into the design and construction of the
pulsed power system to drive the klystron tube.

RF power for the EBW experiment was generated Byralus radar klystron tube (USN-
8406A/VKC-7762B), shown irFigure 3.1, designed for 1MW peak, 18us wide pulses at
5.5GHz with a 428pps pulse rate. The tube is desiga operate at 75-85kV with 35A of beam
current and 5-20W input power. When operated &daced output power on the order of 100-
300kW, the tube will operate at pulse lengths ofn® without arcing. The klystron was
installed in a cart containing the required soldrmoiagnet for beam focusing and an oil bath for
insulating and cooling the cathode. The oil cirtedathrough a liquid-liquid heat exchanger
removing heat from the filament that boiled theulating oil in previous designs. Water was
circulated through the tube body, collector, andyned for cooling. A filament transformer
provided ~5Vac power to the tube filament usingighhvoltage x-ray cable as the secondary

winding.
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Figure 3.1. Klystron tube being lowered into magnet (left). &wn in magnet assembly with

cooling oil bath attached (right).

3.1.2 Antenna

RF power is launched into the plasma from a cylcadrmolybdenum antenna, shown in
Figure 3.2, designed to insert flush to the inner wall with@ulimiter. The molybdenum is
resistant to plasma bombardment and the low secpredactron emission coefficient further
decreases the probability of arcing. The antenanaclaes the TE11 mode that couples to the x-
mode in a plasma. Power handling of the antenrtaanpresence of plasma was found to be
~150kW, limited by signs of arcing in the antenma & F window. A tapered transition adapts

the cylindrical cross section of the antenna tordetangular cross section of the transmission
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waveguide. Between the antenna and the trans#éignllbox window acts as a vacuum break,

separating the high vacuum environment of MST ftbenpressurized waveguide.

Figure 3.2. Cylindrical waveguide antenna. Leftmost componsna idifferentially pumped
seal allowing the molybdenum antenna (center tefglide and rotate without admitting gas to
MST. Rectangular to cylindrical transition (rightstp connects cylindrical pillbox window

(center right) to the waveguide leading to the tktys tube.

The second part of the vacuum break is formed lujffarentially pumped sliding seal,
shown inFigure 3.3. The differentially pumped seal allows the antetmalide in and out of the
antenna porthole and rotate to change launch patarn without admitting gas to MST. The
sliding seal also isolates the antenna ground fiteeMST shell with a set of insulating plastic
bushings that hold the sealing o-rings. The difige#ly pumped seal connects to a gate valve on
the shell of MST, allowing isolation of the antenpart when the antenna is removed for

servicing.
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Figure 3.3. Differentially pumped sliding seal for cylindricaholypdenum antenna. Seal
components (left) shows arrangement of o-rings@astic spacers that stack within the stainless
case. Assembled seal (right), shows pumping paratésl between the two o-rings. Plastic

spacers provide ground loop isolation by insulaintenna from the shell of MST.

The antenna is connected to the klystron througéries of flexible and rigid waveguide
segments as well as a circulator (that acts asaator) and directional coupler shownFigure
3.4 andFigure 3.5. Use of flexible segments greatly improved eassystem assembly and did
not limit power handling or cause arcing within thkaveguide. Launch polarization is controlled
by installing the waveguide twist segment showfiigure 3.4, for an x-mode launch, or use of
a straight segment for o-mode launch. The red stinpvn inFigure 3.4 supports the antenna,
preventing off axis loads that may cause leakshm differentially pumped seal. A plastic

bushing is installed on the antenna when insentedttacted to maintain proper depth.
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Figure 3.5. Klystron connects to antenna through an isolat@erbly (circulator with
waveguide load) to absosb reflected power and ectitinal coupler for forward and reflected

power monitoring.
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3.2 RF Diagnostics and Control System

3.2.1 RF system overview

The EBW RF heating system consists of several daterected RF power and control
systems. The heating system is built around a Bz fadar klystron conditioned to operate at
pulse lengths longer than its original design,@lth at a lower power. The klystron is driven by
a traveling wave tube (TWT) amplifier connectedato RF signal generator tuned to 5.5GHz.
Windowing of RF pulses is controlled by an HP1172@at PIN diode switch, providing 10ns
rise and fall times, located between the RF geaeratd TWT. The TWT boosts the signal level
power from the RF generator from signal level (@DmW), to the 10-20W required to drive the
tube. The Kklystron further boosts the RF poweraipdaveral hundred kW, though for reliability,
the system is typically operated at ~80-150kW. AdR5circulator (CML engineering),
functioning as an isolator, absorbs reflected painen the plasma that could damage the tube
or interfere with operation, and a bidirectionalpter located between the antenna and isolator
measures forward and reflected power from the paSrgnals from the directional coupler are
split into a fast RF diode power detector and aermediate frequency (IF) demodulator to
monitor relative phase between forward and refebp@wer. Power is launched into the plasma
from a cylindrical molybdenum antenna, and antesamténg is monitored with optical methods
and measurement of forward and reflected power.

Earlier versions of the RF system did not includeaative power feedback control system
resulting in an unstable power output from the téys tube. The current hardware version,

shown inFigure 3.6, uses a high speed diode detector to monitor powsgaut from the klystron
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tube, and a high speed proportional-integral-déxiea(PID) control system to stabilize output
power at a preset level. This control loop actsaasautomatic gain control (ACG) for the
klystron, stabilizing output power and reducing powioise. Due to operation in a pulsed
magnetic field environment, ground loop isolatisnréquired to prevent noise pickup between
the experimental hardware, located in the safetgdyaection of the machine area, and the
control systems, located in the control room. Ahlsgeed isolator breaks the ground loop, while
providing high bandwidth transmission of analog rtaimg and control signals.
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Figure 3.6. Block diagram of RF system.
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3.2.2 High speed isolation amplifier

Due to the pulsed magnetic fields in the MST maehamea, a voltage potential will be
induced around a ground loop. Isolation of sigmal ground lines to and from the control room
will prevent noise pickup from induced potentiafdamps. Lower cost isolation amplifiers based
on Analog Devices AD210 isolators achieve 20kHzdvadth, while isolators based on AD215
isolators achieve 100kHz bandwidth. Isolation afigsk with these bandwidth limitations would
not be able to provide sufficient response to redhigh frequency fluctuations in klystron
power, typically at and above 120kHz due to tlehBrmonic of switching frequency, or higher
at higher frequencies due to voltage noise. Intaddilower bandwidth isolation amplifiers have
slower rise time and longer delay between input @mghut pulses, preventing fast response to
klystron and antenna arc detection when monitoreqgd changes in forward/reflected/TWT
power measurements.

A high speed isolation amplifier based on the Ghe2lM1100 was designed to provide
ground loop isolation with a ~3.3kV voltage starfddthe amplifier has 120MHz bandwidth,
900v/us slew rate, 1.1kohm input impedance, an@i®m0Ooutput impedance. The amplifier will
pass a voltage of +-1.2V without clipping. Powersigpplied to each side of the isolation
amplifier by isolated dc-dc converters. Due to tiigh bandwidth and fast pulse response
required, the amplifier circuit requires impedameatching to a 50ohm coaxial cable to prevent
ringing, achieved with the use of buffer amplifieas shown idrigure 3.7. The buffer amplifiers
also provide sufficient output current to drive th&put cable, and provide overvoltage transient

protection to the input.
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Figure 3.8. High speed isolation amplifier boards are showrthanleft, boards mounted within

an RF shielded enclosure are shown on the right.

Isolation amplifiers were assembled on circuit ldoeards, shown ifrigure 3.8, and
packaged in an RF shielded box for noise immuriigsting of the isolation amplifier design
indicated low signal distortion up to ~10MHz, witdlativly flat gain up to 20MHz, shown in
Figure 3.9. The large signal response at 20MHz shows thet@hese rate limiting in the output

signal. Due to the lack of a gain margin at thesgh@version frequency of the isolation
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amplifier, external bandwidth limiting of the PIDmtrol system is required to maintain system
stability. Testing of pulse response charactesstghown inFigure 3.10, indicated a ~24ns
delay time between input and output pulses, withimmal Gibbs overshoot. Integration of the
isolation amplifier into the RF control system sfgrantly improved the frequency response
characteristics of the system allowing klystron pownoise reduction and power level

stabilization, as will be shown in later sections.
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Figure 3.9. Frequency response (top) and phase shift (bott@twden input and output signals

of the high speed isolation amplifier.
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Figure 3.10. Pulse response of isolation amplifier indicatingh4lelay time between input
(green) and output (blue) pulses, and 19ns rise (left). Phase shift for a 10MHz sin wave is -

75 degrees (right)

3.2.1 Phasedetection

Measurement of the phase difference between foramadareflected power from the antenna
provides an effective distance measurement toitseréflecting surface in the plasma. Previous
phase detection systems suffered from poor seitgitue to the lack of an output amplifier, and
noise pickup due to poor shielding.

The phase detector, shownhkigure 3.11, andFigure 3.13 is connected to a local oscillator
(LO) that is phase locked to the RF generator dgwihe klystron tube. The LO operates at
455kHz above the klystron frequency. The LO sigredses through a ground loop isolator and
is amplified by an RF bay LNA-4560 low noise amiplif(LNA). The LNA output is split into 4
equal signals driving independent IF detection ale#s IF detection channels are connected to
the forward and reverse arms of the directionaptarnio sample power to and reflected from the
plasma. The input of each IF channel passes thraugbund loop isolator and an 800MHz high
pass filter for additional noise reduction. Thefl€équency is generated by mixing the LO and
RF signals with a MITEQ DMX0418L double balancedxemni The output of the mixer is
connected to a high bandwidth amplifier [68], shawikigure 3.12, based on an analog devices
AD826 operational amplifier (OP amp). The inputthe amplifier board is isolated by a mini-
circuits TT25 IF transformer, while the outputsslated by a T1-6 IF transformer. The resulting

IF signal is digitized by the MST data acquisiteystem and digitally demodulated.
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Figure 3.11. Simplified block diagram of phase detection system.
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Figure 3.13. Phase detector amplifier board (left) with one loé two channels populated.

Assembled 4 channel phase detector (right).

Phase information is recovered from the IF sigttaisugh digital synchronous demodulation
(DSD) [69], where the phase of a carrier wave temheined from the phase of the IF output. In a
DSD system, IF signals are directly digitized anocgssed in software, rather than using analog
hardware to recover a phase signal. A filter fuorg(i3.1), windows the Fourier components
from a FFT of the IF signal by convolution to a 8k&lz window around the LO frequency. The
filtered FFT is then inverted with an inverse Feuriransform (IFFT) and multiplied with its
complex conjugate to provide a complex phase (3.&¢ complex phase is converted to a real
phase angle (3.3), providing a relative phase &mhdF channel. Since the LO and RF signals
are phase locked, the difference in phase anglegebe the forward and reverse arms of the

directional coupler provide the phase between itheats at the RF frequency.

Filter ( f ) = 0( I:carrier+|F-50k|-|z —f ) _9( Faarrier+|F+50<l—|z -f ) (3'1)

Phase, = IFFT(FFT (IF,, )-Filter (f))IFFT(FFT(IF,, Filter (1)) 3.2)
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The phase diagnostic provides information on tlegtixe location, and fluctuation frequency
of distance to locations of power reflection in flasma. While this may be used for analysis of
edge density fluctuations, the most useful aspethe phase diagnostic is to indicate arcing in
the antenna or pillbox window by observing a redurctin phase fluctuation frequency,

discussed below in a later section.

3.2.1 High speed diode detector

Active feedback control to stabilize RF power aretluce power noise requires high
bandwidth measurements of klystron power. In addjtfast response to power changes reduces
the time delay between initiation and detectioraefantenna or klystron arc, thereby reducing
the amount of power dissipated into the antennd, raucing sputtering onto the pillbox
window. A high speed diode detector based on arS38® diode was designed to provide high
bandwidth power measurement. Each diode has a grimap isolator and is connected to an
independent high speed amplifier powered by araisdl dc-dc converter. Amplifier channels
are based on an analog devices AD828 OP amp dalibra provide 1V output to a 50ohm load
per 10mW input on the detector diode. A 100ohmstesiis placed in parallel with the detector
diode to improve bandwidth, as show kigure 3.14. The diode detector system has several

HP33330b diodes mounted within a shielded RF enodgss shown iRigure 3.15.
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Figure 3.15. High speed diode power detector amplifier boardt)(leand 4 channel power

detector module (right).

Pulse measurements of a 10mW RF signal with 1&edirme, shown ifrigure 3.16, show a
~19ns delay between voltage waveforms on the daukthe output of the amplifier board.
Including delay from the isolation amplifier, thetdl delay from an arc based power fluctuation

to detection at the control/monitoring system i2rgl indicating the system achieves the rapid
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pulse response time required to minimize energyiplsed in antenna arcs, and high bandwidth

required for noise reduction.
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Figure 3.16. Test of pulse detection with fast diode power deteand isolation amplifier.

Control signal (green) switches a fast RF pin diedéch. Voltage waveforms are monitored
from an un-amplified diode detector (purple), tlestfdiode detection system with amplifier
board (blue), and output of the isolation amplifi€¢he fast power detector amplifier board
contributes 19ns delay to the monitoring systemlevtiie fast isolation amplifier contributes

23ns delay.

RF diodes provide a non-linear voltage respons®Ropower at high signal levels.
Previous versions of power detectors operated itheed in their linear region by placing ~70-
90dB of attenuation before the diode detector, gigdificant amplification after the detector to
raise the voltage to levels that can be digitizédaeptable resolution. While this method
provides a power signal that is preportional tdage, the high amplification required introduces

significant noise to the measurement and crosstrgupetween adjacent amplifier channels.
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Subsequent analog noise filtering will further reeluneasurement bandwidth but will not solve
cross coupling, particularly evident in pickup bétlF frequency on the power channels.

The HP33330b diode used in the fast power detéa®ra 200mW maximum continuous
power rating, allowing for substantial input poweithout damage. To simplify calibration of
the detector system, a full scale power of 10mW ulassen to allow direct connection to the
calibrated RF signal generator. Operation in naedr mode greatly reduces noise pickup but
requires calibration to determine power from meaduroltage. A power sweep of the diode
detector, shown ifigure 3.17, provides calibration of detector power by fittiagpolynomial to
the measured curve. Typicaf Ralues for 3 and 5 term polynomials ranged fro8998-0.9999,
indicating an excellent fit. Post processing ofed&dr voltage signals in software is required to
provide power measurements. The power feedbackai®ystem is able to directly accept an
analog output from the diode power detection syssame the non-linearity is minor and well

behaved, allowing for stable control.
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Figure 3.17. Power detector calibration cuurves and fitted aquat

3.2.2 Voltage variable attenuator

High speed control of klystron power is accomplashsy inserting a voltage variable
attenuator (VVA) between the RF signal generatat dre TWT. The RF signal generator’'s
automatic level control (ALC) cannot be controledernally, and an internal high pass filter on
the AM control input blocks DC level signals, inttibg direct level feedback from inputs on the
generator. Although the high voltage power suppiyidg the klystron tube compensates for
voltage droop during the RF pulse, space chargéetiep at the cathode causes power droop
during the pulse and voltage ripple injects powais@ on the tube output. A VVA allows for
high speed control of an RF signal by attenuatiog/gy based on a voltage input. Unlike a
mixer, a VVA has almost full scale dynamic rangehaut signal distortion, allowing almost
complete cutoff of RF power.

A Mini-Circuits HVA-73+ VVA was chosen as the attetor in the power control
system due to its ability to operate in the 5.5-ZGHnge and provide up to 2dB to ~30dB
attenuation with a control voltage under ~6V. Atptd typical attenuation as a function of
voltage is presented figure 3.18, showing an inflection at ~1.2V. Operation of titenuator
with the feedback control system is preferable whattenuation is most linear, for voltages
between 0.4-1.2V, however the steady state inpithg® to the attenuator must be limited below
1.2V by a diode voltage clamp in parallel with theatput to prevent the control system from
jumping into a positive feedback region if the coamad voltage “jumps” over the peak of the

attenuation curve.
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Figure 3.18. VVA typical attenuation vs voltage. Figure courtegyini-Circuits.

Testing of the VVA modules provided a more accuragasurement of voltage levels
corresponding to best control sensitivity. A voetagyveep on the input, shownHRigure 3.19, is
plotted vs RF power detected on the output of tbeute. The highest control sensitivity occurs
in the linear region between 0.4-0.8V input. Ingbice, the RF generator should be set to
provide a power level that centers the voltage tinpthe VVA in the middle of the linear region

so that the AGC loop achives the maximum dynamgeaof controllable power.
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Figure 3.19. Sweep of voltage (green) vs RF power detected erothput (pink) is shown on
the left. The resulting RF level data is plotted wdtage for the range of interest (right)

indicating best control sensitivity occurs betw@®ef+0.8V input.

Testing of the frequency response of the voltageabke attenuator indicate a sharp roll
off in gain starting at 100kHz, and a system bandthwiof ~300kHz. An input response
compensation system, shown kingure 3.20, is based on an analog devices AD826 OP amp
tuned to provide a frequency response inverse @b @h the VVA. Using the compensation

circuit to drive the VVA extends the system bandwithb 2MHz, as shown iRigure 3.21.
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Figure 3.20. Frequency response compensation system for VVAcu@iprovides the inverse

frequency response of the VVA, extending the sydtandwidth to 2MHz.
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Figure 3.21. VVA frequency response with (blue) and without @pinput compensation
provided by the driver board. Inverse of the gdithe compensation system (red) shows close
match to the gain of the uncompensated attenuRl@se between input and output is plotted for

the compensated system.

Use of the compensation system shows a distinprawement in the step response
characteristics of the VVA, shown Figure 3.22. Without the compensation system, the VVA
responds with a slow exponential climb in powerroseveral ps. Addition of the compensation
system significantly improves the step responsth®f\VVA, achieving a rise time on the order

of 100ns.
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Figure 3.22. Voltage output of compensator circuit (blue) inp@sse to a step in input voltage
(green) is shown on the left. RF output power figA shown with (blue) and without (grey)
use of the compensation system are plotted onighe in response to a step in input voltage

(green).

The VVA system was packaged in an RF shieldedfboxioise immunity, as shown in
Figure 3.23. The VVA modules were mounted within Mini Circuif8-511+ test fixtures to
convert the surface mount interface of the modutesSMA connectors. Two VVAs were
mounted within the same box to allow testing of A&@C system with injection of simulated

noise signals, as described in later sections.

|5.
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Figure 3.23. VVA driver board(left) and assembled VVA systenyflt).

3.2.3 Klystron Power Feedback and Control

Gain of the klystron tube is strongly dependenttenenergy and current of the electron
beam in the tube. Droop and ripple of the inputage waveform will create analogous droop
and ripple on the output power of the tube. In addj high frequency noise from switching
harmonics will also generate power noise on thestkiyy output. Due to the use of a radar
klystron designed for ~18us pulses at a 3-4ms pelsgth, space charge depletion above the
cathode, and potentially thermionic cooling of dahode surface will reduce electron beam
current even if input voltage is held constant.réasing tube voltage during the pulse can
partially compensate for this effect, however, Bigant increases in input voltage will cause
tube arcing. A closed feedback loop monitoring farsv power will form an automatic gain
control (AGC) to stabilize RF power. A system wathfficiently high bandwidth will also reduce
power noise. Additionally, use of an AGC systenowl the EBW heating system to operate in a
consistent and reliable manner, with predictabletrod of RF power level with negligible tuning
by the operator during the run day. In practicee pgower control system allowed almost
automatic operation of the RF system with adjustsxaequired only when intentionally
changing power levels.

The AGC loop consists of a proportional-integratidative (PID) controller comparing
forward power to a preset input level. Forward poiseconverted to an analog voltage by the
high speed diode detector connected to the direticoupler and sent to the PID controller by

the high speed isolator. The output of the PID et returns through the high speed isolator
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and drives the voltage variable attenuator (VVAJaled between the RF signal generator and
the TWT amplifier connected to the klystron inpeigsing the control loop. Windowing of the
RF pulse is performed by a fast PIN diode RF switctated between the RF signal generator
and the VVA, as a result the integrator in the margystem winds up and brings the tube to full
power for ~10us during startup before the systeahilstes. This effect is not harmful to the tube
or antenna, but is visible on both RF and x-raygdastics as a brief peak in power and x-ray
production. Future designs of this system are regentded to include an anti-windup system to
zero the integrator during periods where the RFgras/turned off.

The PID system consists of a modified PID-X1 conoard from ZAP Studio, as shown
in Figure 3.24. The PID control system is driven by two inputgracess variable (PV), in this
case forward RF power, and a set point (SP), ia tiaise the set RF power. A differential
amplifier, UlA, generates an internal error signdE=SP-PV that drives three separate
amplifiers contributing proportional, integral, addrivative gain to the system. The proportional
amplifier, U1B, generates an output proportionahi error voltage and is effective at canceling
out high frequency noise as well as some of thegpavifset, however proportional feedback
alone will produce a steady state offset. The nategain amplifier, U2A, provides continuous
accumulation of error voltage to force steady séater to zero. The derivative amplifier, U2B,
provides additional damping by providing voltagedback in opposition to any change in the
error signal. The output of the three amplifierede a summing amplifier, U3A that produces
the output voltage VO to control the voltage vaeadittenuator. Resistor and capacitor values on

the stock board, shown in the schematic, were neatldind tuned for optimal performance. In
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addition, the output was modified with a diode ifemt to pass only a positive output voltage

within the operating limits of the VVA.
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Figure 3.24. Schematic of PID-X1k control board, figure courte®y manafacturer

(www.zapstudio.com)

Bench testing of the AGC system used a simulatedensignal to verify system
performance, as shown figure 3.25. A VVA injecting a 1MHz noise signal superimposatda
constant power output from a RF signal generatptased in series with the AGC VVA before
the high speed diode power detector which is caede the PID controller through the high
speed isolation amplifier. The second VVA injectsimulated noise signal which the ACG

corrects by adjusting the VVA included in the AG&p to null out the simulated noise signal,
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as shown irFigure 3.26. Subsequent installation of the AGC system inoRiF heating system
produced similar results when controlling the kigattube, shown ifrigure 3.27, resulting in a

significant improvement in power stability and poweise reduction.
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Figure 3.25. Bench test setup of the AGC system for verifyingsaoreduction and power

control performance.
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Figure 3.26. Modulation voltage (dark blue) to a second VVA eriss with the output of an RF
generator is switched at 1MHz producing a simuldtigéHz noise signal on the RF power signal
(light blue). Without AGC control, power modulatigg highly evident in the output (left), with
AGC control a significant reduction in power noisebserved (center). Using the AGC system

to track an external 20kHz power reference siggign) allows control of output power level in
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the the presence of external noise. Modulationagigmthe VVA in the AGC loop is shown in

pink.
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Figure 3.27. RF pulses without and with AGC operation. Klystravitage (blue) and current
(yellow) are identical between plots. Without th&®@ system enabled (left), klystron power
(green) shows distinct droop, ripple, and noisdnaitonstant input power (pink). With the AGC
enabled (right), klystron output power is stabiizat a constant level, and power noise is
reduced. Note that the inverse of the droop, rigplé noise now appears in the input power to

the tube (pink).

3.2.4 Antenna Arc Detection

Arcing may occur within the antenna or pillbox wovd when operating near the
maximum power handling threshold. A high potentiblrcing occurs when operating in large
(~150mm) diameter portholes with a first harmomigrich as porthole field error introduces the
second harmonic x-mode resonance within the antapedure. After arc initiation, a plasma

discharge will form within the antenna, and will fiestained by the RF power flow. The arc may
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propagate backwards into the pillbox window assgmishere sputtering of the metal walls onto
the window, as shown iRigure 3.28, will increase reflection and degrade power hangddf the
window leading to more frequent window arcs on sgbent shots. Sputtering on windows was

found to be worse on antenna designs where a hatode limiter cap was placed over the

antenna aperture, than on antennas where the spess open to the plasma.

Figure 3.28. Metalization of a quartz window within the pillboassembly. Sputtering is
concentrated along the electric field componenhwvithe pillbox (left). Significant metalization

(right) due to numerous sustained arcs degradegowittiransmission.

Sputtering on quartz windows may be cleaned wittrdwhloric or phosphoric acid.
Success of the cleaning attempt depends on thatestehe sputtering, and the type of metal
sputtered onto the window. Antennas with both $&am steel and aluminum pillboxes were
tested resulting in sputtering of both types onahento the quartz window. Resulting cleaning
attempts achieved significantly more success ianifey sputtered aluminum off of the window
than cleaning of sputtered stainless steel. Windoleaned from sputtered aluminum were

successfully returned to service, while windowshvatainless sputtering were un-recoverable by
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acid based cleaning methods. Abrasive polishingtainless sputtered windows with cerium
oxide Baum may successfully clean the depositiahfhis method was not attempted.

A sustained arc can be detected by three distirethads, a decrease in measured
reflected power as forward power is absorbed withenantenna or pillbox, a decrease in phase
fluctuations between forward and reflected powed aptical emission of plasma generated
within the pillbox. The first two signs, shown Kigure 3.29, occur simultaneously for arcs in
both the antenna aperture and pillbox, while opgcaission from the pillbox window will only
occur if the arc initiates within or propagated lbaato the pillbox. The absorption of power
within the antenna during an arc is additionallypfooned by the simultaneous termination of
detection of RF heated fast electrons in the plasmd emitted RF within MST as measured

with a probe antenna.
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Figure 3.29. An arc occurs within the EBW antenna at ~20.2me the discharge. Reflected

power drops from ~50% of forward power befor the & under ~10% after the arc(top),
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simultaniously RF power in the plasma measured myezxeiving antenna near the heating
antenna drops to zero(middle), and fluctuationgomvard to reflected phase, shown greatly
smoothed, significantly reduce in amplitude. Théeana arc is sustained over the remaining

duration of the heating pulse.

Experimentally, the simplest method of implementiagc detection hardware is
comparison between forward and reflected power oredsfrom the antenna. A high speed
comparator monitors the ratio between reflectedfanslard power and triggers a variable pulse
width generator when the ratio falls below a seethold. The pulse generator is set to shut
down RF power to the antenna for a sufficient tiimethe arc to dissipate before resuming RF
injection. An additional threshold circuit inhibitsggering of the pulse generator when forward
power is below a set limit to prevent spuriousgegng when forward power is low, or the RF
system is turned off. The arc detector receivewdod and reverse power measurements from
the high speed diode detection system through tbke s&peed isolator. Use of high speed
detectors and isolators significantly reduced takyl between arc formation and triggering of
the arc detector circuit, thereby reducing any dgaused by power dissipation in the antenna.

The arc detector circuit is mounted in an RF ske@lthox, as shown ifigure 3.30,
allowing greater immunity to noise in the MST opgr@ environment. The compact design
allowed two such circuits to fit within the samecksure, providing arc detection for both the
klystron and the antenna. The arc detector wasddoaithin the MST control room, improving

ease of tuning without opening the machine areargedupting the shot cycle.
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Figure 3.30. New arc detector system in shielded box for nais@unity(left). System contains
two arc detection systems, one for the antennabaador the klystron. Old arc detection system
(right) mounted in a 19” rack case suffered fronisa@ickup issues and often generated false

trigger events.

3.2.1 Optical Arc Detection

An antenna arc that propagates into the pillboxerabdy is particularly damaging, as
sputtered metal coats the quartz window. Opticgineues are used to monitor light generated
by arcs within the pillbox assembly while rejectsaattered light from the plasma. A fiber optic
cable connects to the air side of the pillbox windshown inFigure 3.31, and couples arc
generated light to a Hamamatsu H7828 photon cogiriitead, containing an integrated power
supply, photomultiplier tube (PMT), amplifier, coamater, and pulse shaper. The PMT head
provides a consistant 30ns wide, 3.5V pulse, each & photon is detected, greatly simplifying
the optical front end of the detector. The fibetiogable is aimed at the center of the quartz

window at a grazing angle, such that the acceptangk of the fiber preferentially accepts light
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generated within the pillbox, while scattered pinstgenerated by the plasma are statistically
less likely to be coupled into the fiber. Opticdleauators are added to the PMT until any

remaining light detection from the plasma is mirged, while still allowing light from arcs to be

detected.

Figure 3.31. Fiber optic cable connecting PMT to pillbox windaennects to a coupler that
screws into the wall of the air side of the pillo@eft). The coupler compresses an o-ring
between the pillbox and a quartz window, maintainihe integrity of the pressure seal when
filling the waveguied with SF6. The coupler is smoacrewed into the pillbox window in the

right.

Pulses generated by the PMT head are processeah layc detector board, shown in
Figure 3.32, that determines if an arc is occuring and geesratvarible width blanking pulse to
window off RF power. Pulses on pin 6 of an LM33Iiguency to voltage converter trigger a
charge pump that adds a fixed amount of chargecgpacitor on pin 1, adding a fixed increment

of voltage. A resistor in parallel with the capaciprovides a negative exponential voltage
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decay. An LM311 comparator generates a triggerasigm a pulse generator when capacitor

voltage exceeds a fixed threshold.
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Figure 3.32. Optical arc detector schematic.
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Testing of the arc detector circuit indicates oese to an LED light source within

~50uS, as shown ifkigure 3.33. In practice, the PMT system was installed tovallaptical

monitoring of pillbox window arcs, but not directtoupled to provide an RF blanking pulse.

The system observed light generation due to arttsmihe window when other signs of arcing,

including low reflected power and reduction in ph#lsctuation was present.
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Figure 3.33. Optical arc detection test. An LED provides photéasa photomultiplier tube
through an attenuator when voltage is applied (psikulating light emission from an arc.
Photons are counted by the photomultiplier tubddw@ triggering a charge pump that increases
voltage on a capacitor(blue). When capacitor veltagceeds a preset ~2V level, a comparator

triggers a pulse generator to inhibit RF output.

3.2.2 Klystron Arc Detection

At high output power arcing may occur within theykton tube itself. Arcs typically
occur within resonant cavity structure and propagpaickwards toward the cathode where a high
current arc will develop between the cathode andmpled tube body as the arc will dissipate the
stored energy of the power supply filter capacit®speated arcing will result in damage to the
emissive surface of the thermionic cathode, resylth lower output power as beam current
decreases and reduced power stability. In the eskoathode damage, the emissive barium

oxide coating may be replenished by running the tilament at a higher than rated current to
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diffuse new barium oxide to the surface of the cdéh however this method will reduce tube
life, and should only be used if cathode damagedha@ady occurred, as evident by current
reduction at rated voltage or significant deviatitom the tube’s rated beam current vs filament
voltage curve.

Cathode damage may be prevented by crowbarringubeevoltage before an arc
that forms within the resonant cavities reachesctitbode. Due to interruption of the electron
beam and/or generation of a dissipative plasmainvitie resonant cavity, tube gain will sharply
decrease as the arc forms. A klystron arc detesystem detects this change in gain by
comparing the ratio of input and output power c# thbe. Operation of the arc detector and
crowbar spark gap is shownkigure 3.34. Functionally, this circuit operates equivalertiythe
antenna arc detector, however the output is coaddct the trigger circuit of a crowbar spark

gap in parallel with the tube cathode.



96

1131105070

80 : - 40
60 30
s <
= 40| 207
= 3

20 A =10
0 : 0

Klystron drive power (W)

Pron Prer (KW)

Tube Arc Protect

16 1I? Timtllg(ms) 1I9 20
Figure 3.34. Operation of the klystron arc detector and crovdparkgap during a klystron arc.
Shown in the top plot, klystron voltage(black) andrent(blue) are crowbarred as the sparkgap
fires. The lack of a sharp increase in klystrorrent indicates that the crowbar circuit
sucessfully triggered before the arc reached thieoda. Measured klystron drive power shown

in the second panel, marks the periods of commaRd#edutput; a brief pulse is likely due to
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noise pickup during sparkgap operation. A signiftadrop in forward power, shown in black in
the third panel, indicates the formation of aniara resonant cavity of the klystron. Triggering
of the arc detection circuit is shown in the foysinel, and marked with a dashed green line in

all other panels in the figure.
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3.3 High Voltage Pulsed Power Supply

A high voltage switched mode power supply (SMP3joven in Figure 3.35, was
designed and constructed to provide power to arkigstube that requires a stable, low noise
power source at approximately 78kV, 30A (varyingneen tubes) pulsed for 3-4ms. Unlike LC
PFNs used on the previous EBW experiment, a SMB®&slgreater control over pulse duration
while allowing generation of longer duration pulsesthe order of 3-4ms with constant output

voltage by use of feedback regulation. Further dumntation of this power supply may be found

in [70].

Figure 3.35. High voltage pulsed power supply.

The power supply was based off of a resonant toamsfr design [71], using a capacitor

in parallel with the leakage inductance of a lopssbupled secondary winding to achieve a
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voltage boost ratio significantly higher than thent ratio as shown ifrigure 3.36. The
transformer has a nano-crystalline iron core tovatigh power operation without saturation and
to reduce core losses due to magnetic hysteredisddly currents. The secondary winding has a
tuned air gap between the winding and core to pe\a large privatized flux that forms a
resonant circuit when placed in parallel with aamgr. When excited by the primary near the
resonant frequency, the boost ratio of the transéorsignificantly exceeds the turns ratio; in this

case a transformer with a 13.6:1 turns ratio presvid 120:1 voltage boost.

Comparison of Measured and Analytical Models of Boost Ratio
for 165 mm Diameter Secondary Windings with a 1.8k Ohm Load

140

—— 1:N=13.6 Measured 1
1:N=13.6 Transfer Function

Boost Ratio

Frequency (kHz)

Figure 3.36. Resonant transformer without parallel capacitoadéd is shown on the left.
Voltage boost ratio as a function of frequency asnpared to simulated performance on the

right.

The resonant aspect of the transformer gives imhgmotection to the klystron by de-
Qing the resonator in the event of a klystron artirit fault current, reduces transformer size,
and provides lower harmonics by providing a sindaboutput voltage when driven by a square
wave on the primary. By operating near the resomathe current and voltage waveforms on the

primary are nearly in phase, allowing the IGBTs'doft switch”, e.g., turn on and off during



100
times of low current flow to reduce junction loss€kree transformers were connected in a three
phase Y configuration feeding a voltage doublingifier, as shown irFigure 3.37 andFigure
3.38. A resonant LC circuit in parallel with the outdabt shown) provided further reduction of

harmonics due to the rectifier on the DC output.
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Figure 3.37. H-bridges (left) drive each of three resonant ti@msers (right) connected in a Y

configuration
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Figure 3.38. Schematic of voltage doubling rectifier, RL outgaubber, and spark gap crowbar.
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Each transformer was driven by an IGBT based Hgaricdontrolled by a dsPIC
microcontroller and Altera MaxIl complex programretmgic device (CPLD) over a fiber optic
link. The microcontroller handled waveform generatand feedback control, while the CPLD
handled fault monitoring of the IGBT gate drivel&) interfacing, and splitting the control
signals from the microcontroller to the H-bridgBsle to the resonant nature of the transformer,
voltage control was accomplished by frequency matthut of the square wave output from the
H-bridges. By tuning towards the resonant frequenfcthe transformer, voltage boost ratio is
increased, while tuning away from the resonantueagy reduced voltage output.

The supply was powered by a 900V electrolytic capabank which drooped in voltage
during pulse generation. Use of the frequency natthui control technique developed for this
power supply allowed output voltage stabilizationdmmpensating for capacitor bank voltage
droop over the output pulse to provide a steadtagel to the klystron load, as shownrFigure
3.39 left. Remaining ripple shown iRigure 3.39 right, causes ripple in klystron power that is

corrected by the AGC system.
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Figure 3.39. Stabilized voltage output (light blue) using feeckaontrol to H-bridge tune

switching frequency (pink) towards resonance asacém bank voltage (dark blue) droops
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during the shot is shown plotted on the left. Gatien of ~120kHz B harmonic ripple on the

output voltage (blue) is shown in the FFT (red}loaright.
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3.4 X-ray Diagnostics

3.4.1 X-ray emisson from heated electrons

The primary diagnostic used in this experiment messsthe intensity, spatial distribution,
and spectrum of x-ray bremsstrahlung from EBW teealectrons. When a charged patrticle is
accelerated, it will emit EM radiation. In thisseathis may occur when a heated electron
collides with another electron, ion, impurity, alid target. The emission rate is determined by
the probability that a heated electron interactsdsttering, given by (3.4) where is the bulk
density,c is the interaction cross section, anid the distance traveled in a time interval.

P=nod (3.4)

Emission from solid target bremsstrahlung will prod significantly more intensity than
free-free emission since emission rate scales taitet density. Bremsstrahlung process can be
divided into two processes. The first is thin targeemsstrahlung, where electrons are scattered
but do not come to rest, typical of a plasma. Témosd process is thick target bremsstrahlung,
where electrons are considered to come to a coenpést. This is typical of emission from
accelerated electrons colliding with a solid tagath as a probe or limiter. The intensity(3.5) or
number flux(3.6) vs. energy relation for thick targnteraction is given by Kramer’'s formula

[72], [73], with K=1.68E-6[keV~-1], Z the atomic mber of the target, and alpha a constant.

| =KZ(E,~E, ) E, .4 <E (3.5)

x=ray e

N = KZ

£ (5 Em) Em<k (36)
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The fraction of total intensity of x-rays produdeetween E andE [74] is given by(3.7), for

target of atomic number Z, with empirically fittednstant G

Al :GZ(EO—EE)AE (3.7)

Further revisions to the thick target formula [7B]6] indicate improved modeling with (3.8)

where M=0.00599&1.05 and B=-0.0322F~here the electron energy is mono-energetic.

E,-E

Al :G(Z JM e®AE (3.8)

Numerical evaluation of bremsstrahlung spectra digctrons colliding with a molybdenum
target are simulated for both mono-energetic andl deaussian distributions of impacting
electron energies irF{gure 3.40). Further examination of bremsstrahlung producgd mon-
mono-energetic electron distribution is plottedkingur e 3.40) using two Gaussian distributions
of different energy and intensity. This causes dmseovable change in slope of the
bremsstrahlung spectrum at the location of the fBaussian, however the spectrum remains
monotonically decreasing. There is no distributtdmon-relativistic electron energies that can
produce a thick target bremsstrahlung spectrum witbcal maxima in the multi-keV range.
Low energy peaks in the ~10eV range due to badksceffects of low energy electrons are

ignored since only energies >5keV are recordedtaltize HXR detector energy limitations.



105

Brems Intensity [arb]
Brems Intensity [arb]

50 60 70 80 0 10 20 30 40 50 60 70 80

w

Electron Dist [arb]
- N

o
o

Electron Dist [arb]
o
N

VAN

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
E [keV] E [keV]

o

o

o
)

Figure 3.40. Bremstrahlung spectrum from evaluation of Kramddenula for electrons of
mono-energetic(left) and dual gaussian(right) eyeligtributions colliding with a molybdenum

target. Change in slope is noted at 10keV, howdwemsstrahlung distribution remains

monotonically decreasing with energy.

Multi-keV characteristic line radiation [77], [78lom K-alpha and K-beta emission from
target materials are also of note. Materials adfnest are boron and nitrogen used in BN ceramic,
carbon used in limiter tiles, Al used in the MSTekhcopper and molybdenum used in the
LHCD antenna and target probes. Characteristicsgomdines that fall into the energy range of
the HXR detectors will appear as peaks superimpasent the bremsstrahlung continuum.
Relevant emission energies and K edge thresholtinerproduction are listed inT@ble 3-1).

Copper and molybdenum have K shell emission lirgeadable by the HXR array.

Table 3-1: X-ray K edges and characteristic X-ray linesin keV

7 | El | Kedge | Kb2 KB1 KB3 Kal Ka2
5 | B 0.188 0.183
6 |Cc | 0.282 0.277
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7 |N | 0.397 0.393

13| Al | 1.562 1.557 1.487| 1.486
29 | cu| 8.993 8.905| 8.903| 8.048| 8.028
42 | Mo| 20.002( 19.960| 19.608| 19.590| 17.479| 17.374

Characteristic line widths [79], [80] listed it ble 3-2) are much narrower than the 2keV

energy resolution of the CdZnTe HXR detectors [81].

Table 3-2: Characteristic X-ray linewidthsin eV

Z | El | KB2 KB1 KB3 Kal Ka2
29 | Cu 5.84 2.40 2.98
42 | Mo 6.42 6.66

In the absence of x-ray spectral lines, the bramsising spectrum may be used to
determine the EEDF using iterative methods [823].[F he total x-ray flux may be calculated by
the summation of the contributions of the individelaergies of electrons striking a target. In
integral form this is given by (3.9), where I(E}lie x-ray flux at energy E, EEDF(EOQ) is the
electron population at energy EO, and I(EO,0) &sxhray flux given by Kramer’s law at energy E
due to monoenergetic electrons of energy EO. Innsation notation, for finite bin widtAE ,

the expression is (3.10) with Kramer’s law in tbeni(3.11), with empirically fitted constant G.

I (E) =T| (E,, E) EEDF (E, )dE, (3.9)

I (E)= Ezax | (E,, E) EEDF (E,) (3.10)
Stp-he

I(EO,E):GZ(EO_E)AE (3.11)

E
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A numerical solver may be constructed on this bakisiverting this expression, noting that at
any given energy, the bremsstrahlung intensityhat point is only dependent on incident

electrons of higher energy. The contribution to Bmemsstrahlung spectrum at energy E, for

electrons in birkin=[E, E-AE] is given by (3.12)

| (E, E)=_lim 2|5 B pe-&Z

- By-0E E E (a) (3.12)

The population of electrons in a given bin may agpnately be given by(3.13)

E

EEDF ( E)bin:AE =4l ( E)bin:AE m

(3.13)

Where Al is the difference between the measured bremsstrghspectrum at E and the
contributions from the bremsstrahlung spectrum geed by the EEDF with energy>E
Emex

A (E)yrese =1 (B emres = 2. 1 (B E)EEDF(E) (3.14)

B=E
sep=AE

Iteratively stepping down from the highest energgl progressively filling the energy bins in the
EEDF from high to low will reconstruct the EEDF spem generating the measured
bremsstrahlung emission. This method of reconstnuatorks well for bremsstrahlung spectra
that are smooth functions, where the generating EEDanalytic. Non-analytic EEDFs and
bremsstrahlung spectrums that are not smooth eilegate artifacts on the reconstructed EEDF

(Figure 3.41).
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Figure 3.41. EEDF reconstruction from a bremstrahlung spectruotdyced by analytic EEDF
functions showing exact reconstruction of EEDF}]edhd reconstruction of non-analytic EEDF

functions showing artifacts in the reconstructedEHKright).

In actual measurements which will be shown in obiagt individual x-ray counts are
binned by energy into a histogram which is usedetmnstruct the measured spectrum. At low
energies where quantization of x-ray counts geasrat non-monotonic spectrum with local
maxima (eg. there will be “bumps” in the measuretrdire to binning effects), the iteratitave
algorithm will generate a reconstructed bremsstradpispectrum that slightly over-estimates the
emission on the high energy tail, though the fiigood match to measured bremsstrahlung
spectrum. In practice, applying a smoothing filterthe measured bremsstrahlung spectrum,
adding damping to the numerical solver, and pla@ngingle point of high energy electrons

above the measured spectrum improve results.



109

3.4.2 X-ray absorption and filtering

Careful selection of filter thickness on the HXRadzors allows suppression of low energy
PPCD background avoiding saturation by sub 10kedfg@nphotons in highly emissive PPCD
target plasmas [84] while transmitting higher eggrgotons in the 10keV-80keV+ range
generated by EBW heating. X-rays generated byetdngmsstrahlung first pass through the
plasma over the diameter of MST, subsequentlyrexitie machine through a 150um Beryllium
vacuum window. The x-rays then pass through a 5@mmgap within a lead collimator assembly
before entering the detector. Optional filters afyng thickness and material may be added to
the x-ray path. Energy dependent attenuation oftecdhHXR must be calculated for accurate
HXR spectrum measurements.

Attenuation of HXR in the energy range of interelsthe EBW experiment is negligible. The
mass density of the deuterium in the plasma isuGatied using the atomic mass of deuterium and
the line integrated plasma density with(3.15). Thass density is used to calculate the x-ray
attenuation [85] over the minor diameter of MSTO#m) given the x-ray mass attenuation
coefficient (1) of hydrogen [86]. At the minimuméK detectable energy on the HXR detectors,

the absorption coefficient (3.16) is found to be @art in 1E-9.

_ M [g/mOI] ne[cm‘3] _ 2xI1E13

N, [mol ] BOE23 g /] (315)

py[[alent]

|_ =T =1- A= gt = g04233- 11104 | (3.16)

0
Attenuation of the 150um beryllium x-ray windowssheanoticeable effect at lower energies.

X-ray attenuation coefficients for beryllium areufa in [87], [88] for energies from 5keV-
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30keV, and in [89] for energies over 30keV. Thangmission for a 150um beryllium window
with and without the addition of a 200um aluminultef is plotted in Figure 3.42) taking into
consideration the absorption of the air gap indnay path. As seen in the plot, the addition of
the aluminum filter significantly attenuates x-rayigh energies less than 15keV; this filtering
method is particularly useful in removing backgrdwarays generated by an ohmically heated

PPCD discharge, from the higher energy x-rays gaeey electrons heated by the EBW.
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Figure 3.42. X-ray transmission for 150um beryllium x-ray windowithout air gap (blue,
solid), with air gap (black, dashed), and for 150enyllium window + 200um aluminum filter

without air gap (blue, dashed) and with air gap,(dashed).

3.4.1 HXR detection system

X-ray emission produced by target bremsstrahlurgiscted by a set of single
photon counting hard x-ray (HXR) detectors, showRigur e 3.43. Detectors are located on the

outer shell of MST, and observe x-ray bremsstrafltnom heated electrons colliding with
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limiters and probes through beryllium vacuum windo&ach detector module has a cadmium-
zinc-telluride crystal that provides a negative@gntial voltage pulse proportional in amplitude

to the absorbed x-ray photon energy.

Poloidal Cross Section

Antenna
Probe1

Figure 3.43. An HXR detector (left) showing the CdZnTe crystéhe radial array on MST

consisting of multiple HXR detectors mounted on M@iddle). A poloidal cross section of
MST (rigth) indicating potential locations of HXRetdctors observing an insertable target probe

(Probel) and the LHCD antenna limiter (Limiter).

A Gaussian shaping amplifier reduces system naideganerates a well-defined peak with a
zero dc baseline. The time resolution of the Gamsgiulse is on the order of the amplifier
“shaping time”, analogous to the standard deviatiba Gaussian, therefore the full width half

max (FWHM) of the Gaussian pulse is 2.4 times trggps1g time [90], as given by (3.17).
PAHM =247, (3.17)

A Gaussian pulse from the shaping amplifier outpighown inFigure 3.44, with a FWHM of

~1us indicating that the shaping time of the detect on the order of ~400ns. The time
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resolution of the detector system is on the ordaghe shaping time of the Gaussian amplifier

indicating that binning of x-ray signals shoulddyethe order of 400ns.
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Figure 3.44. Gaussian pulse output from HXR detector for an Aingdmma ray at 59.54keV.

3.4.1 Target probe system

A target probe is utilized to measure heated eacprofiles within the plasma. The
target probe consists of a 25.4mm diameter, 25.4ength molybdenum cylinder on the tip of a
boron nitride shielded copper rod. The probe is m@d at various toroidal locations around the
machine in direct view of a diametrically opposedRidetector observing target bremsstrahlung
generated when heated electrons strike the molylmddip. The probe is scanned radially by
adjusting the copper rod through a differentiallymped sliding seal. The target probe is able to
operate at up to 12cm insertion depth past ther iwad in 300-400kA plasmas, however due to

probe wear and outgassing at these currents, &gthdscans are only performed at plasma
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currents corresponding to second harmonic heatirigd 200-300kA range. The target probe is
mounted 162 degrees toroidally away from the EB\Wém@ma on the outboard side. Although the
probe is sensitive to both trapped and passingrelex; the higher diffusion rate of passing
electrons (see CH4) as they travel to large totalgalacements preferentially selects trapped

electrons for detection by the probe.

Figure 3.45. Target probe tip including a 25mm diameter, 25mngte molybdenum cylinder

and boron nitride shield surrounding adjustablgftlercopper rod.

3.4.2 Lower Hybrid Antenna Limiter

HXR emission from EBW heated electrons strikingiraiter is used to monitor the
fraction of passing electrons generated in the nmasAlthough the limiter would also be
sensitive to deeply trapped electrons, CQL3D sitraria indicate that the majority of EBW
heated electrons are in the passing fraction.deecproximity to the heating antenna where the
majority of passing electrons are not yet lost ttuéeld stochasticity, the majority of detected
emission from the limiter will be due to those pag<lectrons striking the limiter. The limiter,

shown inFigure 3.46, was initially installed as part of a previous Emhybrid current drive
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(LHCD) experiment, and is located on the inboad® 2f MST, displaced 12 degrees toroidally
from the EBW antenna. The convenient location efltRlCD antenna, and ability to observe the
surface with multiple HXR detectors motivated thHeice of this particular diagnostic in the
EBW experiment.

The sensitivity of diagnostic to edge absorptioh tbe EBW allows accurate
measurement of the transition between harmonicsdisated by a sharp increase in HXR
emission from the LHCD antenna limiter. Further theger surface area of the limiter, close
proximity to the heating antenna, and greater Wigilio multiple detectors provided a sensitive

heating diagnostic, particularly at low RF powerels.

Figure 3.46. Lower hybrid antenna assembly including boron aérilimiter(white) and

molybdenum interdigital straps(horizontal barsémter). Picture courtesy of John Goetz.
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3.5 Summary

An rf system designed for EBW heating of the RFB bhaen constructed. A diverse set
of hardware including a high voltage pulsed powgipdy, a klystron and RF support systems, a
cylindrical launcher antenna, target probes obsktwe HXR detectors to generate a map of
heated electron distributions, and a feedback obaytstem was designed to reduce power noise
on the klystron output and provide automatic povwesreling in the presence to tube gain
variation due to voltage ripple.

Improvements to previously used rf diagnostics weegformed. Forward and reflected
signals measured with a bidirectional coupler ptedi both amplitude feedback for power
stabilization of the tube output, and phase infdromato allow measurement of plasma edge
location. A high speed PID system (~10MHz bandwidtontrolling a voltage variable
attenuator acted as an automatic gain controlleodigput power, compensating for variations in
klystron gain caused by voltage fluctuations. THB Bontroller also reduced high frequency
noise in RF power caused voltage ripple and harosondom the power supply.

A cylindrical antenna was constructed out of mob#aim to allow direct insertion into
the plasma edge without damage from direct exposung@asma bombardment. The antenna
system included a resonant pillbox window as a watureak with an optical arc detection
system, and a rectangular to circular waveguidesitian. The waveguide leading to the klystron
RF source was pressurized with Sulphur hexafludndarevent arcing while allowing operation
at a low fill pressure that would not overstress pillbox window.

Due to Ohmic heating of the plasma being signifilka higher than RF heating, a

diagnostic specifically sensitive to the EBW hea#ddctrons was developed to characterize
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heated electron distributions by observing targetrisstrahlung from a distribution of insertable
probes observed by x-ray detectors. This diagnadtawed mapping of radial and toroidal
spatial distributions of heated electrons, as waglthe falloff time of heated electrons inside the
LCFS. These results were critical in demonstrathgy EBW propagates across and heats in a
magnetic field that is either stochastic or haskenoflux surfaces, and providing the ability to
measure the EBW deposition location was contradldhy} varying plasma current, as will be
shown in chapter 4.

The hardware developed for the EBW experiment wasrimental in providing an
experimental platform that operated in a reliabid eeproducible manner. Optimization of the
power supply and RF hardware provided a stable iR$epf consistent power and reduced the
probability of antenna arcing. Development of tlaegét probe diagnostic was critical in
understanding the heated electron distributionsthiea presence of an ohmically heated

background.
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Chapter 4 EBW Heating Resultsin MST

This chapter presents the first observation of R&tihg in the RFP using the EBW. In
MST, the density and magnetic field place the eteotignetic cutoff within the first few cm of
the edge around the entire plasma volume. Thisackenistic is one of the main obstacles of RF
heating and current drive in the RFP. This thesimahstrates EBW heating by production of RF
heated electrons inside the electromagnetic cstofaice. Deposition location is controlled by Ip
and the resulting toroidal and radial distributiook heated electrons are measured. EBW
damping occurs in locations in agreement with aiy estimates of the Doppler shifted
resonance location.

Measurement of EBW heated electrons in the RFRsmlenging task due to limitations
on net launched RF power (~80kW) imposed by therard structure, and the large Ohmic
heating power (~2MW) in the RFP. EBW heating doatschange the bulk plasma temperature a
measurable amount. Additionally the intensity @&effree bremsstrahlung emission from EBW
heated electrons in the plasma is not distinguiehitbm background emission. Novel probing
techniques utilizing thick target bremsstrahlungnira spatial distribution of insertable probes
and limiters were developed to measure the EBWingdbcation. Both probes and limiters
were monitored with single photon counting harday-rdetectors allowing bremsstrahlung
measurements with precise time and energy resolufianolybdenum tipped target probe was

radially scanned from the wall to 10cm insertiorpttieto map heated electron radial profiles.
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Observation of heated electron bremsstrahlung franmboard limiter shielding a lower hybrid
antenna allowed measurement of both edge electaodsseparate measurements of passing and
trapped electrons. Integration of both probe amitdir data was used to reconstruct the average
deposition position of the EBW which was then coregao analytical models. Heating with an
RF pulse train allowed measurement of electroninenfent times for both passing and trapped
electron fractions confirming EBW propagation arehting in a magnetic field that is either
stochastic or has broken flux surfaces. Confinertiere measurements at different probe radial
positions between 0 and 10cm insertion depth #omddard and PPCD plasmas allow an inference

of stochastic field reduction during PPCD.
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4.1 Couplingand Mode Conversion at the UH Layer

4.1.1 Measurement of mode conversion to the EBW

Direct measurement of the mode conversion procesdsetEBW in the low GHz range (3.6-
5.5GHz) [20],[27], have been reproduced in the R&finsertable probe~{gure 4.1) mounted
on an articulated arm contains dipole and loop rargs capable of detecting electric field
components parallel and perpendicular to wave majen is radially scanned in the antenna
near field at signal level power during a 3.6GHmaee launch. Measurements indicate that as
the X-mode wave crosses the UHR, the electric feglthponent parallel to propagation, E||K,
increases, while the perpendicular component dseseligure 4.2) as predicted by the CPDR.
As E/E; approached infinity, mode conversion to the EBWurs. The depth of E||k increase is
located at ~1.5cm from the edge, correspondinghéolacation of the UH layer. The toroidal
limiter, extending 1.2cm past the wall, producesdegep edge density gradient at this location. At
increasing depth, the EBW wavelength is too snmltiétect with the probe resulting in zero
measured signal. This measurement provides additi@rification of the expected behavior of

the launched X-mode wave electric field polarizasi@s it crosses the UH layer.
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Figure 4.1. Insertable RF probe head showing two crossed digaiennas and two crossed

magnetic loops (left). Diagram of insertable prglsitioned in front of 3.6GHz antenna (right).
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Figure 4.2. Insertable RF probe data for electric field perpemdr to propagation, §& and
parallel to propagation,:Eshows a shift in wave polarization from perpendicub parallel to
the propagation direction as the X-mode wave ceo$ise UH layer, located ~1.5cm from the
wall. Measured field components go to zero pastUhelayer as the EBW wavelength is too

small to be detected by the probe.
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4.1.1 Coupling efficiency to the EBW

Measurements of coupling efficiency over a rangelaéma current indicated that the
best coupling occurs for first harmonic resonarféigure 4.3), with the fraction of launched
power, Net/Forward, reaching as high at 90%. Cogpliecreases to ~50% as Ip decreases down
to the 3" harmonic absorption, and then slowly increaseoug50% towards the ¥1harmonic
absorption. XB launch was found to have signifibaietter coupling than OXB launch. It is
noted that the absorption location at a given haimdoes not affect coupling, as there is no
repetitive structure over the Ip values leadingtgiven harmonic absorption, rather, there is a
smooth variation in coupling across all harmonveish no jump in coupling when crossing from

one harmonic to the next.

1r .
c v
vw v o
L VI J
0.8 %, %ﬁ: 1
D067 B
L
e
()
204
0.2 J
v XB
v OXB

0 1 I L
40 50 607080 100 150 200 300 400 500
Ip[kA]



123
Figure 4.3. Net launched RF power vs forward power for plasmaents betweenstand 11"
harmonic. Net launched power is highest for firatrhonic absorption and decreaces up to the
5 harmonic, then increaces slightly up to th& harmonic. Significantly better coupling occurs

for XB launch(blue) than for OXB launch(red). Hamojumps marked with red lines.

4.1.2 Heating non-linearity with RF power

Measurement of HXR flux from the LHCD antenna dgrthird harmonic EBW heating
were used to examine the dependency between ngioREr launched into the plasma and
heated electron intensity. Net power is definedaas/ard minus reflected in the waveguide
feeding the antenna, and represents the total pewiéing the antenna, not necessarily the
amount mode converted to the EBW. The HXR emisBiom the LHCD antenna is taken to be
proportional to the total power deposited in thaspta, though the spatial distribution may vary,
e.g. only a fraction of the heated electrons makesthe limiter. An Ip scan over the peak
LHCD emission location for third harmonic heatingsmconducted at several net power levels.
Each measured intensity point is the area undefGtugssian fit of HXR flux from the LHCD
antenna normalized to the net launched RF powéensity measurements show a non-linear
relationship between HXR emission and launched potvelot of the peak location at varying
net RF showed both a non-linear increase in HXRssiom, and a slight, but measurable shift in
the peak location to higher plasma currefig\re 4.4).

The amplitude of these curves is plotted vs netaREonstant Ip, better illustrating the
non-linear nature of the power dependenEigire 4.5). While non-linear at low power, the
HXR flux eventually linearized at higher net RF mowevels, particularly near the peak in

emission. Away from the peak, emission requireshérignet RF power before the relation
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becomes linear. Use of a quadratic normalizatiot¥R flux to net RF power was found to
significantly improve data correlation when comphte a linear normalization methoBigure
4.6). The assumption of non-linearity in heating defgeaon the measurement of HXR emission
>10keV, it is possible that electron energy, angsthiXR emission, partially shifts below the

detector noise floor at lower heating power givihg appearance of a non-linear dependence on

power.
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Figure 4.4. HXR flux from LHCD antenna per kKW net launched povier third harmonic

heating in standard plasmas at increasing poweidev
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Figure 4.5. HXR flux from LHCD antenna for third harmonic heagiin standard plasmas vs

power level at various plasma currents.

IB(a)I[kG] |B(a)|[kG]
0.6 0.7 0.8 0.9 1 1.1 0.6 0.7 0.8 0.9 1 11
1000 — - | e | 20— T — . T v
w Vv v
v
800 v
15 vvv Yy v
R v " v Vv M
2 3 5% v
= 600 = - FadeeAg Y vV v
2 510 : V. T
; ™ % vv,y;v
400 © |- A 144
z X - ] S
5l pA+ £ -
200+ AL
% ;v vv
Wy vV
2 v SRS
0 o o ST oy 3 ST o TR G Rt PRy | AL 24
150 200 250 300 150 200 250 300

Ip[KA] Ip[kA]
Figure 4.6. Grouping of emission data points normalized lingagl Flux/kW(left) and non-
linearly by Flux/kW”2(right). The non-linear nornmdtion produces significantly closer

grouping of data by modeling the non-linear dependeon HXR flux on net RF power.
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4.2 EBW Heating and Accessbility in the RFP

Measurements of the radial distribution of heatéztteons are used to examine the
accessibility limits of EBW heating in the RFP, alpdcontrol of deposition location. Probe
measurements at varying positions around the meackxplore toroidal falloff of heated
electrons due to radial diffusion as they driftuard the machine. High harmonic EBW heating
in the RFP is demonstrated and the coupling tdaugtched power over a plasma current scan is
analyzed. Spectrum measurements in standard an® PRGma are presented, and the effects

of PPCD operation are analyzed.

4.2.1 Radial deposition control of the EBW and accessibility limits,

A spatial distribution of solid targets with diameally opposed x-ray detectors measures
the dynamics of EBW-heated electrons. Target bstgaisdung from the array of insertable
molybdenum-tipped probes and fixed limiters is miead by energy resolved single photon
counting HXR detectors [91] as shownHRigure 4.7. Target probes (example labeled P1) are
positioned at several toroidally-displaced locadicinom the launch antenna. Trapped and
passing electrons both play an important role m hieated distribution since a large EBYV k
upshift [4] and absence of a high toroidal fieldesitrap only a modest fraction. An inboard
limiter displaced 12 degrees toroidally from laurgshown in blue) is used as a key diagnostic of
electrons on passing orbits at the last closed $lusface (LCFS). An example trapped orbit
(green) is plotted irFigure 4.7. As VB is in the minor radial direction (no high fieldds)
trapped electrons experience a steady and rapdadrdrift and zero banana width in the R-Z

plane. Careful consideration of shadowing of tH&71cm outboard limiter (shown in black in
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Figure 4.7) on downstream measurements is required to promaralyze EBW deposition

measurements.

/ Outboard
Limiter

Figure 4.7. Poloidal cross section and 3D view of MST with metgm field (black contours),
possible EBW trajectory @138° Toroidal (red dotsnana orbit of heated electrons (green),
and limiter @150° Toroidal (blue solid line) andget probe P1 @300° Toroidal (black line)

observed by HXR detectors D6 and Q12, respectively.

By radially scanning the probe over an ensembleepfoducible shots at varying Ip, a

map of radial deposition profile with respect tagrha current is obtained. Radial accessibility of
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the EBW in an RFP with porthole field error effetgneasured for the n=2 harmonic, as direct
probing in of the fundamental (n=1) harmonic is fedsible due to high plasma currents and
deeper required probe insertion depth. At a giveminal current, 5 shots were taken for each
probe insertion depth between 0 and 10cm, in lepssDue to natural fluctuations in current a
typical 5-8KA variation occurred. Averaging of thmesulting dataset was accomplished by
defining an approximate center point in current anellOKA current window around the center.
Points falling in the window were averaged togettteprovide a single HXR flux result at a
given Ip and depth. Examples at two plasma currargsshown irFigure 4.8, where a modest
change in deposition center is expected from threeddield strength. The flux is plotted versus
probe position ¥, color keyed to plasma current). Note that in piesma current cases, the

emission is zero with the insertable probe tiph@ shadow of the outboard limiter (depth < 1.25

cm).
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Figure 4.8. Radial profile of fast electron population from Oein for select plasma currents

measured with a target prob® ) and limiter (X), toroidally displaced 162 degressd 15
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degrees, respectively, from EBW antenna. Midplamédrs (red box) fix the LCFS at 1.27 cm

from the wall. Probe positions outside the LCFS sneanegligible fast electron population.
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Figure 4.9. Radial profile of fast electron population from Oein for all plasma currents
measured with a target prob® ) and limiter (X), toroidally displaced 162 degreasd 15
degrees, respectively, from EBW antenna. Midplamédrs (red box) fix the LCFS at 1.27 cm

from the wall. Probe positions outside the LCFS sneanegligible fast electron population.

Accurate estimation of deposition location requicesnpensation for shadowing effects
of the outboard limiter on probe measurementseéretiige (shown as an X plot symboFigure
4.8). A calculation of the first moment of emissiorofile given in(4.2), where r is the probe
radius anc: is the HXR emission form the probe. As showrrigure 4.9, probe measurements

for the r=1cm position are near zero, as heatedireles at these positions are lost to the
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outboard midplane limiter, which extends 1.27cmfrthe wall. This distinct transition from
heated electrons striking the insertable probesléotrons hitting LHCD and outboard limiters
provides inaccurate deposition estimates when lzdiog a first moment from probe data alone.
To compensate for the shadowing effect, emissiomfthe limiter is included in the first
moment calculation, given in(4.2), where subscrifits” indicate data from limiter. Constants,
nm=1 and Gm=40, where G is a scaling factor representing differences inssion from the
probe and limiter, accurately match deposition fiecawith analytical models of the Doppler
shifted cyclotron resonance. Resulting first monwaitulations with and without the correction
for limiter emission are plotted figure 4.10. The large width of the deposition is likely cagdise
by the substantial radial diffusion of electrons tine RFP edge [92]. Data points are
approximately the same with exception of the thrgghest Ip values. These correspond to Ip
values where a large fraction of heated electrtmigzghe limiters, making the shadowing effect
a noticeable contribution to the probe data.
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Figure 4.10. Reconstructed deposition location with correction shadowing for the outboard
limiter (green) and without correction (red), shogiinaccurate location for the three highest Ip

points. These Ip values correspond to high emigsam the LHCD limiter.

Although the differences in the two deposition eestplotted inFigure 4.8 are subtle,
repeating the measurement on a series of plasmentsir shown irFigure 4.9, yields a very
clear trend. InFigure 4.11 (b) the measured absorption center is plottedréerg symbols as a
function of plasma current,§200-270kA where n=2 resonant absorption is expéciée trend
of deeper wave penetration with decreasing plasmemt is both measured and expected. The
expected deposition curve for the n=2 harmonicidsblue line) is computed from the
equilibrium magnetic field strength which gives ttlectron cyclotron resonance location for a

frequency of 5.5GHz, with corrections for porthateluced field error and a substantial Doppler
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shift (details on each below). The quantitatigeeement is confirmation of wave propagation
across the edge of the tearing-dominated RFP digeha

The ability to resonantly deposit the EBW on selveeamonics is clearly demonstrated
by a measure of limiter emission over a large sifgplasma current. The equilibrium is similar
for each discharge in the scan, making the plasmamt axis equivalent to edge magnetic field
strength.Figure 4.11 (a) shows (in blue symbols) the power-normalizetRHemission from a
limiter located 12 degrees toroidally from the lelnnantenna. Data points were filtered to
remove points outside 3 standard deviations ofdingl window. Distinct peaks and troughs in
intensity occur at particular values of plasma entr Limiter emission is measurable when the
EBW is damped 1.5-3 cm from the wall and maximiteda depth of absorption of 2.5 cm.
Only harmonics n=1-4 are plotted as a matter afitglameasurements extending the plasma
current from 50 to 550 kA show resonant absorppeaks for n=1 through 7. When the
deposition is more than ~3cm from the wall, no edgession is observed on the lower hybrid
antenna limiter. We attribute this to low singkesp absorption of the harmonic X mode and
shadowing of the outboard limiter. In the singlesgabsorption case, the width of any possible
x-mode resonance layer will be very narrow, andepiidl absorption would be on higher
harmonics where damping is weak, thus any potemttége heating would be negligible
compared to the transmitted power fraction. In toldj any heated electrons in the extreme edge
would be outside the last closed flux surface,&ndld be lost to the midplane limiter.

The driving electromagnetic wave (incident from thepth=0 region) propagates inward
for ~1cm before encountering the right hand cutGfinversion to the Bernstein wave occurs at

the upper hybrid layer, whose position is estimdtgdLangmuir probe measurements of the
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edge density profile and plotted Figure 4.11(b) in red, varying from about 1.7 to 1.0 cm from
the edge as a function of plasma current. Brighitér emission is evidence of strong edge

damping of the Bernstein wave on each harmonic.
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Figure 4.11. (a) HXR emission from limiter (blue) has distincansitions between absorption
outside (low) and inside (high) the LCFS. Peak smisfrom a target probe 4 cm from the wall

occurs at lowerplthan peak from limiter due to increasing depositiepth. (b) Doppler shifted

resonance location with porthole field error (blée) harmonics (n=1-4) matches measured first
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moment (n=2) of deposition (green) and transitiotmsabsorption outside LCFS. UH layer

plotted in red.

Nulls in limiter emission indicate windows of sudnstial radial accessibility for each
harmonic. For example, the insertable probe measemts of deposition on the n=2 harmonic
show maximum radial deposition in a plasma curregion free of limiter emission. The lowest
plotted plasma current point, a=R05 kA, halts the trend of deeper deposition wi¢lcreasing
current due to introduction of the n=3 harmonithatwall. This illustrates the main effect of the
local decrease in field strength due to the poethmi the absence of this field error, the radial
accessibility of n=2 deposition is maximum of 10 atrip=165 kA.

The computed Doppler-shifted and porthole fiel®enorrected cyclotron resonance for
n=1-4 harmonics plotted iRigure 4.11(b) predicts the deposition depth as a functioplafma
current. GENRAY is used with the unperturbed méagregjuilibrium reconstruction to estimate
the Doppler shift of a particular ray. For theesmgplotted, the launched wave, centered;g0,n
upshifts to an jpof -3 to -6 before absorption on electrons with=B0 eV to 175 eV. Coupled
with the thermal distribution in the edge plasnias tgives a spatial Doppler shift (radially
outward) of up to 10 cm for deep wave penetratitvaopping steadily to zero at the plasma edge
as temperature decreases. Porthole field errgrd@&dreases the |B| profile in the vicinity of the
porthole, from the edge to a 5 cm depth, equahéodiameter of the perturbing porthole. This
correction is applied to the location of the elestcyclotron harmonic, and the spatial Doppler
shift is added. The peak perturbation to the fel@éngth occurs at the wall, and reduces the
field by 50%. As the spatial extent of the fieldoe is quite limited, its main effect is

introduction of the next-higher harmonic at theiat a given plasma current limiting the radial
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accessibility. The deepest heating available inTNES5 cm from the edge on n=2 (measured),
and 10-12 cm from the edge on the fundamental egsmnat |B(a)| = 0.13 Tpé~330 kA). The
latter accessibility limit is a projection from GERAY simulation rather than measurement as
the conditions are not conducive to external prglane to thermal limits of the probe and higher

HXR background.

4.2.2 Toroidal falloff of drifting electrons and effects of field pitch

Target probes at varying toroidal locations alldas measurement of the fast electron
population falloff as electrons drift around theahie due tol1B drift. Probe measurements
are made at several toroidal locations, where beppwrt is located on the outboard side of the
machine with a beryllium x-ray window and detectbametrically opposed. Due to limited
probe locations, the resolution of the toroidalnscan be increased by reversed Ip operation for
each probe location. The resulting configuratioverses field line pitch, and grad B/curvature
drift directions, allowing each probe location t@yide two points on the toroidal scan. Due to
the vertical symmetry of the banana orbits, théltofpom mirroring of the probe location does
not affect the measurement.

Effects of field line pitch were examined with HX@&mission from the LHCD limiter
measured over a current scan for normal and revérskcity plasmas (where the pitch of the
magnetic field lines is reversedfi@ure 4.12). The location of the HXR emission from the
LHCD antenna was not affected by the pitch of tleédfline indicating that locations of high
emission are controlled by deposition depth, armd tihe pitch of the field line that the EBW is

absorbed on does not greatly influence toroidalspart.
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Figure 4.12. HXR flux measured on LHCD antenna for normal andersed Bt direction.
Reversing Bt flips field line pitch but does nofest currents corresponding to high limiter

emission.

Toroidal falloff measurements for probe inserto@pth of 2.5cm and 4cnfigur e 4.13)
for plasma currents where EBW absorption is ini@el CFS for third harmonic absorption
(Ip=140,145,150kA) indicate that the average lleifg angle is approximately 17 degrees.
This illustrates the high loss rate of heated ed&cpopulation in the RFP as electrons are

transported toroidally.
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Figure 4.13. Toroidal decay of heated electron population at2.5and 4cm from the wall

represented by decreasing HXR production rate fiannmserted target probe. An exponential fit

of averaged data is plotted in black.

4.2.3 High harmonic EBW heating

Low Ip operation allows the possibility of high hasnic EBW heating by reducing
magnetic field. Distinctive peaks in limiter em@sifrom deposition just inside the LCFS are
observable up toTharmonic as plotted iRigure 4.14, with corresponding windows of radial
accessibility within the plasma marked in red. Aipsion on the 8 through 1¥ harmonics lack
distinct regions of low emission, indicating thatedap of EBW resonances restrict radial
accessibility to the extreme edge. High harmonatihg is not effectively applicable to heating

in the RFP where deeper radial accessibility isladghowever, it may be applied in component
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test facilities, such as MPEX and proto-MPEX, cartthg tokamak first wall material studies

[93].
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Figure 4.14. HXR emission from limiter (blue) has distinct tréims between absorption
outside(low) and inside(high) the LCFS. Accesdipivindows in Ip, where the EBW is damped

within the LCFS, are marked in red for n=1-7 harrmenHarmonics n=8-11 are damped outside

the LCFS.

4.2.1 EBW heating in PPCD plasmas

Pulsed poloidal current drive (PPCD) plasmas &al\lito be an improved target discharge
due to improved electron confinement and increasegling of launched power to the EBW.
Magnetic stochasticity in the RFP can be reducedptmyiding auxiliary parallel inductive
current drive in the edge. During a PPCD dischathe, inductive current drive causes an

increase in reversal parameter, effectively sweppgie edge magnetic field upward in strength.
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Unlike in a standard discharge, where EBW heatingus during the current flat top and
therefore a relatively constant magnetic field regte, a PPCD discharge is characterized by a
steadily increasing edge magnetic field during BRCD period (typically until ~20ms). One
effect of this increasing magnetic field, is thié tEBW deposition position is radially swept
during a PPCD shot, and may jump between harmdoicgertain plasma currents. Careful
selection of discharge current is required to sedegiven harmonic and average heating location

in the plasma.

400

-5 0 5 10 15 20 25 30
Time[ms]

Figure 4.15. Time evolution of a typical PPCD discharge. Althbyglasma is nearly constant
during the RF heating pulse, the inductive currdnve continuously reduces the reversal

parameter F, resulting in a steady increase in edggnetic field.

EBW heating during the reduced stochasticity pewbdPCD plasmas demonstrated RF
heating inp=15-20% plasmas, the highest observed beta inadarmagnetic confinement

device at this time. Ensemble averages of mulsplgts with varying RF injection times allowed
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the EBW enhancement to the PPCD background to lasumed over an extended time window
from 10-20ms. EBW enhancement to LHCD limiter emoissn a 270kA plasma due to edge
absorption terminated midway through the shot asvehin Figure 4.16 left) due the increasing
magnetic field shifted the second harmonic edgeratisn to first harmonic absorption at the
maximum accessible depth. When the variation ild f#rength is taken into account, the HXR
flux from the LHCD antenna plotted vs. |B(a)| mahvith peak locations seen during standard
plasma shotsHigure 4.16 right).

The increased background is also visible during PRGsmas as measured on both the
Bel,2 detectors and the HXR array. This backgrasmméused by Ohmic heating of the reduced
stochasticity PPCD plasma and is distinct from shprathermal electron tail caused by EBW

heating. In these shots, HXR emission >15keV isl @sea gauge of EBW heating electrons.
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Figure 4.16. HXR spectrum during a PPCD plasma showing ternonatif 24 harmonic EBW
enhancement at ~15ms (left) while |B(a)| increa€esssion from the LHCD antenna plotted vs

|B(a)| shows absorption at magnetic fields consistéth standard plasmas on the right.
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4.3 Heated eectron confinement time

An RF pulse train allows the measurement electmnficement times by measuring the
population decay rate after the end of the RF pisethis study, a modulated rf pulse (2 kHz at
50% duty cycle) at ~30 kW net power (launched mimeBected) is injected into many
reproducible 175 kA RFP discharges. Experimentally occurs during a 3ms window between
16-25 ms into the MST discharge during steady ptasmrrent and line-averaged electron
density. The line-averaged density is roughly 2Xh®3, core electron temperature ~150eV and
parameters at the upper hybrid layer ayre2r103” m3 and &~10 eV. Efficient coupling of 60-
70% (inferred from measured reflected power) oceuitisout any antenna-specific limiter as the
typical edge density gradient scale length~(.5-2 cm) is in a range favorable to X-B mode
conversion [8] in the antenna near fieldbl(k-1 where k is the vacuum wavenumber).
Deposition is on the n=3 harmonic at an expectedralepth of 2.5 cm from the wall. A5
pulse train of 250us pulses with 250us separatias wected over an ensemble of reproducible
shots to produce good statistics. The HXR counts tve pulses were added together from all
shots in the ensembl&ifure 4.17, left) and then aligned to overlap in time by apupd a
modulus function with the pulse perioBigure 4.17, right). HXR counts from both the LHCD
antenna at 150T and the target probe were recavdbd@00um Al filters on both the probe and

HXR array.
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Figure 4.17. Ensamble of HXR counts recorded on inertable tapgebe and LHCD antenna

over an RF pulse train(left), and sumation of cewaligned in time(right).

Histogram binning of the resulting counts showiirigur e 4.18 (a)-(d) allowed fitting of
an exponential decay function to the heated eleguapulation falloff. Measured background
flux from the non-rf heated discharge prior toutfit on is negligible; for these plasma conditions
the x-ray flux is generated entirely from the EBWated electrons. The typical x-ray spectrum is
shown inFigure 4.18 (e) with measureable flux between the 5 keV detecbise floor to 80
keV.

The difference in timescales between passing appéd electrons implies heating in a
stochastic magnetic field [94]. The radial diffusitate is proportional to the parallel velocity in
a stochastic field; in MST this is greater for th&ssing electrons than for trapped electrons.
Average measures of energy-integrated x-ray fluXRKM from the probe are plotted for the
rising Figure 4.18 (a) and fallingFigure 4.18 (b) edges of the rf pulse. Following rf turn-off a
characteristic decay of flux is used to infer & fsctron confinement time. Although the probe

is capable of measuring both trapped and passaufrehs, the trapped timescale is much larger
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than the passing timescale, thus the probe signalominated by the trapped fraction of
electrons. Trapped fast electron confinement timgtandard plasmas was 17.4 us at 4cm depth,
as shown irFigure 4.18 (b). Radial diffusion in the RFP controls electtoss; collisional times
with electrons and neutrals are on the order of milésecond, as calculated in chapter 2.
Measured HXR rate decay time constant of ~20-106mthe inboard limiter shown iRigure
4.18(d) implies rapid loss of passing fast electrongpdfiments in similar conditions with
reduced stochasticity plasmas [95] achieved sinil#R emission from insertable probes with
falloff times increasing 3-5 fold, as shownFkigure 4.19, due to reduced radial diffusion [96].
In these shots, equilibrium reconstruction indidadebeta of 15-20%.

The total RF energy added to the plasma in stetadg sonditions by EBW heating may
be determined from the population falloff time ctamgs. A heat balance equation, (4.3), where
N is the number of heated electrons, S is a soiete due to EBW heating, and tau is the
confinement constant, is set equal to O for stestaly conditions.

N_s-Nop (4.3)
dt T

Since N=$, the heat added to the plasma volume is propatitnthe RF power and the
confinement time constant. Solutions for rising &ating electron populations after RF turn on
and turn off are given in (4.4) and (4.5), respatyi, and indicate the expected exponential
rising and falling behavior in x-ray observed dgriRF pulse experiments. For the rising
population equation, electron population in thespla builds up to a steady state value
proportional to the source power multiplied by thee constant. The astute observer will note
that there is a short delay between rf turn ontanftlup of electron population iRigure 4.18(a)

caused by the time required for trapped electrondrift to the probe location. For a heating
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scenario where 50kW is coupled into the plasma witonfinement time constant of ~20us, the
net energy added by EBW heating would equate to Madification to the plasma temperature
is therefore not expected or observed in this EBdting scenario. Agreement between (4.5)
and the exponential falloff in HXR emission obsehme Figure 4.18 (b) following rf turn off
justifies the simple model.

N, (t)=sr(1-e") (4.4)

N (t) = Sre™" (4.5)
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Figure 4.18. EBW induced x-ray measurements using a target praeeted 3 cm from the wall

162° toroidally away from the EBW heating locationa 175 kA plasma. HXR rise time from
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probe (a) and limiter (c) is shown following tharstof the pulse (note different timescale). HXR
fall time from probe (b) and limiter (d) following pulse end. Time axis is with respect to pulse

start. (e) HXR spectrum from target probe is shew@raged over pulse period.
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Figure 4.19. Time constant of electron population decay rateain240kA plasma for
standard(blue) and PPCD(red) plasmas showing isedealectron confinement during reduced

stochasticity periods.
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4.4 Reconstruction of electron energy distribution function

Measurement of the HXR spectrum measured on theD_H@iter and probes detected
several distinct characteristics. A vacuum brerabéing spectrum generated by non-relativistic
electrons of energy E is always monotonically dasireg with energy (as mentioned in Ch3) up
to E. No inflection points are generated by a Knasnaw model, with the exception of a global
maxima in the 10s of eV if thick target backscatterrections are accounted for. This effect is
not relevant for the EBW experiment since out detsconly measure HXR energies above
5keV. The integrated bremsstrahlung spectrum prdiugcy a non-monoenergetic electron
distribution will likewise be monotonically decréag with energy. Peaks from K-shell emission
will occur when a target material is struck witleatons with energy exceeding the K-edge

energy of the target material.

4.4.1 Electron energy distribution function reconstruction

Observations of HXR spectrums in standard and PBl@Bmas showed some notable
differences. Compared to a standard plasma, a Ri*&ina has a considerably higher free-free
emission rate due to improved energy confinemerindlow magnetic fluctuation periods. This
low energy (<15keV) background will saturate theRiHetectors and must be removed by the
use of x-ray filters. The filter of choice was a0R@n Al filter placed over the 150um beryllium
vacuum window, which was found to successfully reenthe majority of the unwanted x-ray
background while allowing good sensitivity to highenergies. Corrections applied to the
resulting spectrum by dividing by the transmissooefficient of the filter + window assembly

will then recover the vacuum bremsstrahlung spettr8tandard plasmas generated negligible
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free-free emission, with a near zero backgrounethduRF off periods, with the exception of low
energy HXR detection during saw tooth crashes. & hesre observed to be much less than the
EBW generated HXR intensity, of low energy, and evéound not to effect the measured
spectrum.

Spectral measurements during PPCD operation display distinct bump on the
measured HXR spectrum in the 14-22keV range for Hid@ectors looking at the LHCD
antenna, but not for detectors looking at the aartholimiter Figure 4.20). Recall the
development in chapter 3 where non-monotonic specan not be generated from
bremsstrahlung alone, even with a monoenergetittrete source, therefore the bump on the
measured spectra must be due to non-bremstrahlffagtse This bump on the spectrum
corosponds to the K-alpha and K-beta emission lireea the molybdenum interdigital straps on
the LHCD antenna. These lines are centered on B&\QG619.61keV, 19.59keV, 17.48keV, and
17.374keV, with a line width of ~5eV, however theeamured line widths are significantly
broadened by the finite resolution of the CdZnTeRHHetectors which have a FWHM of
~2keV. The additive effects of the individual breadd gaussians produces the single bump on
the HXR spectrum observed from the LHCD antennanduEBW heating, produced by the
minority electron population that exceeds the ~20keedge energy of molybdenuum. The
HXR detectors observing the outboard limiter do aetiect such a bump on the spectrum, due to
the K shell line from the carbon limiter tiles bgibhelow the detectable energy at 277eV. During
the RF pulse, spectrums are plotted at several ititeevals, the distinct bump on the spectrum
only occurs during EBW heating, implying that themated electrons are on field lines that strike

the molybdenum components of the antenna.
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Figure 4.20. Comparison of HXR spectrum emitted from the LHCReana(left) and outboard

limiter(right) during a 248kA PPCD plasma. 14ke\d&?keV are marked by verticle red lines,

K-shell lines are marked by blue lines.

In standard plasmas the HXR background decreasedl fagtor of ~1E2 compared to
PPCD plasmas, allowing HXR detector operation withthe use of aluminum filters. The
resulting measurements of the bremsstrahlung spediom the insertable target probe may be
used to reconstruct the electron energy distribusipectrumEigure 4.21) by iterative methods
based on a Kramer’s law model. Resulting reconstmg indicate a dominant portion of sub-

10keV EBW heated electrons present at 315T duecgred harmonic EBW heating.



149

T T
—Measured Brems
Measured Brems

- - Reconstructed Brems

-
o
o
T

-
o
(=]

Brems Intensity [arb]
=
>

=101 : r \
E. ‘ * Reconstructed e” Dist‘
7}
[a] 5. - il
< 10
2
©
2
w 100 I ! L |

0 10 20 30 40 50

E [keV]

Figure 4.21. HXR energy spectrum(top) and electron energy racactson(bottom) from target

probe in a 235kA plasma measuring EBW heated elestinside the LCFS at 315T.

For these measurements, the bremsstrahlung spectnsgists of the summation of all HXR
counts detected during a probe depth scan betwdd€tr@ insertions into a 235kA plasma. In
such a plasma good HXR emission amplitude is seea peak located well within the LCFS.
The spectrum does not have a bump indicating anitynaf heated electrons above the K—edge
energy of 20keV. Electron energy spectrum reconstms confirm this assumption, indicating
the electron population is still increasing in mggy below 5keV, with the population density at
5keV more than 1E7 greater than the populationitleas 20keV. Although the reconstruction
does not give an exact fit of the electron popafatat high energies, the bremsstrahlung
spectrum generated by the reconstructed electrsinitition is well matched to the initial

measured spectrum from the probe. The lack of A &rgergy electron population is consistent
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with the significantly higher radial diffusion treelectrons experience during their travel from

the EBW heating location to the probe at 315T.
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45 Summary

This chapter presented observations and analys&BW heating effects in the RFP,
including studies of deposition location contr@dial accessibility and profile, toroidal falloff,
heated electron transport and population falloffirty RF pulses, bremsstrahlung spectrum and
electron energy distribution recovery, non-lineapendence between heated electron population
and RF power, coupling to launched power as a fomaif plasma current, and observation of
EBW heating up to the ¥lharmonic.

Radial probe scans determined the deposition proflEBW heated electrons allowing
an average position to be calculated from the firgment. The lack of a sharp peak is attributed
to the large radial diffusion coefficient for hedtelectrons combined with the large toroidal
displacement between the EBW antenna and the tprgbé. The toroidal falloff was observed
due to losses attributed to radial diffusion. Tligecence in falloff in time in HXR rate from
limiters and probes after RF pulse terminationcgatkd heating in either a stochastic magnetic
field or field with broken flux surfaces.

Measurements of bremsstrahlung spectra in PPCDstarttlard plasmas indicated a
bump in the bremsstrahlung spectrum between 14\22Waich was determined to be the K-
alpha and K-beta emission lines from the molybdestnaps on the LHCD antenna broadened
by the finite resolution of the HXR detectors. Spam measurements from the graphite limiters
did not observe such a peak. Reconstruction oéldetron energy distribution function from the
bremsstrahlung spectrum indicated the dominant nityajof EBW heated electrons exist below
10keV, however a high energy tail up to >80keV & a significantly lower (1E-7) fraction of

the value at 5keV.
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Measurements of heated electron population as etifumof net launched RF power
indicate a non-linear relationship between obseweinsstrahlung intensity and RF injection.
Normalization by (Net RF power)was found to significantly increase point grouping
particularly for lower RF power where the non-lineaffects are more pronounced.

Comparisons of XB and OXB launch scenarios indicgnificantly better coupling for
XB launch. Additionally best coupling occurs forsti harmonic launch with a smooth decrease
in coupling efficiency with increasing harmonic noen. A slight increase in coupling over the
minimum at % harmonic launch was seen for higher harmonics. choelation between
deposition position and coupling efficiency wasersd.

EBW heating was verified up to ®harmonic absorption, with clear transitions betwee
heating inside and outside the LCFS observableou§ tharmonic absorption;'6through 1%
harmonic absorption locations were always outddeliCFS producing a uniformly high HXR
emission from the LHCD antenna over depositiontioca corresponding to those harmonics.

In summary, the first observation of RF heatinghe RFP using the EBW is reported for
fundamental and higher harmonics (n=1-7) utilizXi§ mode conversion in the near field of a
waveguide antenna. Heating within the LCFS is Bahito harmonics less than or equal to n=7
due to the narrowing window of accessibility; hegtin currents corresponding to harmonics up
to n=11 has been observed, however measuremenmipérl emission indicates absorption
outside the LCFS. Deposition location was contldéawith |B|. In the thick-shelled MST RFP,
the radial accessibility of EBW is limited to r/a0>8 (~10 cm) by magnetic field error induced

by the porthole necessary for the antenna.
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Chapter 5 Conclusions and Recommendations

This thesis documents the construction of an EBWdting system on MST and
subsequent demonstration of EBW heating in a thiaked RFP. The first observation of RF
heating in the RFP using the EBW was demonstratednbde conversion from an edge
launched X mode wave at 5.5GHz with ~30-100kW ahtzhed power. Propagation of the EBW
across, and heating in a magnetic field that iseeistochastic or has broken flux surfaces was
implied by the difference in timescales of passamgl trapped heated electrons. High radial
diffusion rates in the RFP limited the heated etettpopulation; confinement times were
measured in the 10s of us. High Ohmic heating powtre RFP compared to RF heating power
prevented observation of increases in plasma teatyrer Development of novel techniques
involving insertable target probes allowed measerdmf radial profiles of heated electrons.

Deposition location control of the EBW was measuoedthe n=2 harmonic where
plasma currents allow direct probing. Depositiogalion matched analytical models of the
porthole field error corrected Doppler shifted memace. Coupling of launched power was found
to be in the 60-80% range, with a slight non-linigain x-ray generation to power ratio at low
launched powers. Population falloff of heated etatt was measured with a train of RF pulses
and found to be dominated by RFP transport; coligi timescales are much longer than

diffusive processes in a stochastic field. Faltoffes increases at greater depths, consistent with
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a cylindrical diffusion process. Heated electronsravused to probe edge diffusion rates in
standard and PPCD plasmas, with a modest increasmrifinement during low magnetic
stochasticity periods. An overview of EBW heatiregults are presented in the summary of
research section.

Limitations were identified in the EBW system inviolg maximum pulse length,
maximum launched power, and deposition limits ingabdy the porthole field error. Pulse
length was limited to ~3ms by the voltage drooptloa capacitor bank powering the klystron
power supply. Maximum power was limited to ~150k&\riched power by arcing in the antenna
and pillbox window. The presence of a portholedfielror introduces higher harmonics at the
wall causing a jump to edge heating and reducimiafraccessibility. Methods of correcting

these limitations are addressed in the future wedtion.
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51 Summary of Research

The Electron Bernstein wave (EBW) presents anradtere for heating and current drive
in overdense plasmas where conventional extraandifd-mode) and ordinary (O-mode)
electromagnetic waves do not propagate past thpheey. The confining magnetic field in the
RFP is generated almost entirely from current witthhe plasma, resulting in a dynamic
equilibrium with |B| maximized on the magnetic at® high field side exists). The shape of
B(r) profiles is nearly fixed through the relaxatiprocess that generates the equilibrium [97],
with magnitude proportional to the plasma curr@ie resulting electromagnetic cutoffs, shown
in Figure 5.1 (left), restrict accessibility of electromagnetaves to within a few cm of the

edge, with cutoffs enclosing the plasma volume.

Res L UH{R
r(a) <---. ]
EBW i -~
Slow Fast |
X Mode X Mode
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Figure5.1. (Left) X mode electromagnetic waves do not propagast the periphery in the RFP
due to cuttoffs within a few cm of the wall, shownblue and red. Mode conversion to the

EBW, shown in red, at the UH layer, shown in gresdlgws accessibility to RF heating within

the electromagnetic cutoff layers.
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(Right) Plotted in (a) are index of refraction edéted for the X-mode wave, an
illustrative curve for EBW, left (L) and right (Rjutoffs, upper hybrid (UH) resonance and
Doppler shifted resonance (Res) locations. Ploitetb) are the plasma frequencies, first and
second harmonic Doppler shifted frequencies foGbl5 (frr) X-mode edge launch in a 210kA

plasma.

Close spacing of the L and UH layers, shownFigure 5.1 (right), allow efficient
evanescent coupling of an edge launched X mode teatree UH layer where mode conversion
to the EBW occurs.

Coupling to the X mode wave, and mode conversiothéo EBW occurs within the
antenna near field. Coupling between 60-80% efiicyeis typically observed for n=1-2
harmonics, indicating an efficient launch in theFR8ue to the naturally steep edge density
gradients. Absorption on the Doppler shifted resoeaprovides radially localized heating,
however, due to high radial diffusion in the RF&dial electron distribution profiles measured
162 degrees toroidally away are broad. Careful idenstion of shadowing of the 1.27 cm
outboard limiter on downstream measurements isiredjtio properly analyze EBW deposition
location. By integrating measurements from an ambdodimiter and an insertable probe, the
radial electron distribution may be reconstructEde first moment of the electron distribution
matches analytical models of the Doppler shiftediayon resonance, as shownhkigure 5.3
left. Measurements of electron confinement timepwsh in Figure 5.3 right, indicate a
difference in falloff times between an inboard kenj on the order of ~100ns, and on an

insertable probe, on the order of 17 us. The diffee in timescales between passing and trapped



157
electrons implies heating in either a stochastigme#c field [64] or on broken flux surfaces.
The radial diffusion rate is proportional to thealkel velocity in a stochastic field; in MST; is
greater for the passing electrons than for trapgedtrons. Emission from the inboard limiter,
12° toroidally from the antenna, is determined lagging electron; much more common than
deeply trapped electrons. Conversely, passinggestirequire several confinement times to
reach the probe, located ~162° toroidally awaybpremission is dominated by electrons on
trapped orbits.

Short confinement times with respect to the RF glitsit the total added energy to the
plasma to ~2J over a 13molume. No increase in plasma temperature is égdenr observed.
Measured confinement times increase with increagimoge depth, consistent with a cylindrical
diffusion of heated electrons following the end tbe RF pulse. Experiments in similar
conditions with reduced stochasticity plasmas a@desimilar HXR emission from insertable
probes with falloff times increasing 3-5 fold duwereduced radial diffusion [98]. In these shots,

equilibrium reconstruction indicated a beta of 1842 as shown ifrigure5.2.
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Figure 5.2. Equilibrium reconstruction of an Ip=265kA shot awhg f=18.5% during PPCD

operation.

Reconstruction of heated electron energy specindinates formation of a suprathermal

electron tail, with lower energies dominating. Tépectrum is monotonically decreasing with

energy.
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Figure 5.3. (Left) (a) HXR emission from limiter (blue) has dit transitions between
absorption outside (low) and inside (high) the LCP8ak emission from a target probe 4 cm
from the wall occurs at lowep than peak from limiter due to increasing depositiepth. (b)
Doppler shifted resonance location with portholeldi error (blue) for harmonics (n=1-4)
matches measured first moment of n=2 depositioeefgr and transitions to absorption outside
LCFS. UH layer plotted in red.

(Right) EBW induced x-ray measurements using aetapgobe inserted 4 cm from the
wall 162° toroidally away from the EBW heating Itica in a 175 kA plasma. HXR rise time
from probe (a) and limiter (c) is shown followinggetstart of the pulse (note different timescale).
HXR fall time from probe (b) and limiter (d) follang rf pulse end. Time axis is with respect to

pulse start. (e) HXR spectrum from target prob€hiswn averaged over pulse period.



160
Reduction in edge field due to porthole field elimposes a significant reduction in

radial accessibility in the thick shelled RFP. ShawFigure 5.4, are Doppler shifted
resonances for the EBW without porthole field erstrown in green, and with porthole field
error, shown in blue. The most noticeable effethésreduction in edge field, within one
porthole diameter (~5 cm) of the EBW antenna. Es®mance locations with porthole field error
included (blue) are seen to curve over as theyogabrthe wall, whereas without field error, the
curves are almost linear. Due to this inflectiorthia deposition curve, core absorption on the
n=1 harmonic jumps to the wall at ~320kA achievéngiaximum radial accessibility of ~12cm;
without field error, this transition would occur-8240kA achieving a maximum radial
accessibility of ~18cm from the wall. The main effef the field error is introduction of higher
harmonics near the wall at a higher plasma curcamiesponding to a deposition location closer
to the wall then could be attained if the fieldwetlon was not present. Correction of field error
in a thick shelled RFP, such as MST, or use of BiBAting in a thin shelled RFP such as RFX-
mod, is likely to result in radial accessibiliti@gproaching r/a> 0.5, as shown in a GENRAY

simulation plotted irfFigure5.5.
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Figure 5.5. Genray plot of first harmonic EBW deposition in @0RA standard plasma (left)
and 225kA PPCD plasma (right). Approximate locatibrihe r/a=0.5 flux surface is marked in

blue.
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5.2 Conclusions

In summary, the first observation of RF heatingh@ RFP using the EBW is reported for
fundamental and higher harmonics (n=1-7) utilizZXi§ mode conversion in the near field of a
waveguide antenna. Propagation across, and heatimggions of magnetic field that is either
stochastic or has broken flux surfaces are demetestr Deposition location was controllable
with |B|. In the thick-shelled MST RFP, the radiaessibility of EBW is limited to r/a > 0.8
(~10 cm) by magnetic field error induced by thetpole necessary for the antenna; accessibility
in a thin-shelled device with actively controlleddslle coils (without the burden of substantial
porthole field error) is likely to be r/a> 0.5 igr@ement with ray tracing studies. Addition of
field error correction coils to thick shelled RRR# result in improved accessibility. High radial
transport rates in the RFP limit heated electronfinement times. Reduction of magnetic
stochasticity with PPCD increases confinement, hawvdarther increases in heated electron
confinement time and launched power are requiredctieve observable increases in plasma
temperature. EBW heating is presently applicabtedfagnostic use in the RFP by providing a

population of toroidally drifting trapped suprathrel electrons at a controllable edge location.
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5.3 FutureWork

Several areas of the EBW heating process in therR§ire further research to improve
accessibility, heating power, and applicationshef EBW in the RFP. Porthole field error limits
in accessibility in thick shelled RFPs, such as M8te to interruption of wall currents.
Limitations in antenna power handling capabilitypwse an upper bound on the maximum RF
heating power available; particularly importanttire RFP where the Ohmic heating power can
be in the MWs. Applications of EBW heating in thERRrequire further development to address
uses such as probing of profile stiffness, explonadf ETG modes, and off axis current drive.

The presence of porthole field error limits n=1liagh@ccessibility of the EBW to r/a=0.8
in a thick walled RFP by reducing |B| at the laupoint, thus introducing the second harmonic
at a higher magnetic field than would normally acda the absence of porthole field error,
radial accessibility is predicted to be r/a=0.%eldFierror may be corrected or reduced in a thin
walled RFP using actively driven saddle coils fasma control, such as RFX, or by using error
field correction coils around the launch porthole.

Antenna power handling requires further optimization the 5.5GHZ system. Power
limitations could be improved by optimization ofetlpillbox window assemble and antenna
structure to allow increased launch power withaatrg. Addition of a local limiter around the
antenna structure, and correction of porthole filbr to reduce plasma bombardment of the
antenna aperture may also increase heating capeodnd improve coupling. In potential future
RFPs, higher field devices will allow use of higherquency EBW heating, increasing power

handling of a given antenna cross sectional area.
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There are several factors that motivate continaedysof the EBW in varied magnetic
geometries. EBW finds use in component test faesliconducting first wall material studies for
next-step fusion devices [93]. In advanced stetiteisa EBW allows accessibility of the core to rf
heating in high density. EBW propagation acrostealgstic magnetic field implies feasibility in
advanced tokamak heating scenarios, where resonaghetic perturbations (RMP) generate
edge stochastic fields for edge localized mode (Elkcbhtrol [99]. Localized electron heating
with the EBW remains relevant for diagnostic apgtiiens in RFP plasmas with low electron
confinement. EBWs may be used to probe profilefr&#fs during low magnetic fluctuation
periods, as well as probe local beta limit andtetecthermal gradient (ETG) stability in the RFP

by localized heating in the well confined regiortloé strong temperature gradient at the edge.
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Appendix A

A more detailed review of previous EBW experimaatpresented in this appendix.
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1.1.1 Direct Measurement of EBW Mode Conversion

EBW mode conversion was first observed in a lalooyascale device by H. Sugai in 1981
[100]. Direct observation of mode conversion froottbfast X-mode waves launched from the
outside of the plasma and slow X-mode waves lauhdtmen inside the plasma are presented.
As the launched wave propagates into increasingigefrigure A.1), it evanescently couples

through the R cutoff layer and mode converts inEBW at the UH resonance.
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wpz/wcz
Figure A.1l. Refractive index of plasma as a function aﬁ/af showing mode

conversion from fast and slow X-mode to EBW at thel
resonance. Figure courtesy of [100].

This experiment was performed in a cylindrical pulischarge device 70cm in diameter and
3m long filled with argon plasma at 0.3mTorr. THasma characteristics wed, =1.26V |

KT, =0.28V n, =10 -10°ecm®, andB, <5005. An X-mode wave was launched radially

from a waveguide antenna with a 2kW, 0.75-3.0GHerowave source. A 3mm wire antenna

was mounted on an insertable probe and connectad toterferometer. The resulting signal is
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proportional top(r)cos(kmr). For a fast X-mode launch from the plasma edge,aifitenna is

scanned inwardHjgure A.2), and a slow variation in phase is shown outdi@deR cutoff layer

(a, left), while after the UH layer (a, right) gord variation in phase is seen due to the shorter
wavelength of the EBW. Additional experiments weerformed for a slow X-mode launch
from a loop antenna between the L and UH layerghis case the slow X-mode propagates

outward until it is mode converted to the EBW aé tbbH layer. The presence of mode

conversion to the EBW was verified by comparing Iﬂmasured@from the interferometer to

the theoretical value for the EBWiQure A.2, right).
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Figure A.2. Interferometer output of radially scanned antenhaerving mode
conversion between fast x-mode and EBW waves asitgten

increases(a, left plot), and comparison of measu@ to
theoretical value for the EBW. Figure courtesy1iiQ].
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1.1.2 Observation EBE and EBW Heating and Current Drivein a

Stellarator

A series of experiments on the W7AS and WEGA gstattas demonstrated heating, current
drive and EBE diagnostics in both X and O mode igométions to access plasma conditions
above the density limit. The first EBW heating désvas performed in the OXB configuration
on the W7AS stellarator [101] using two 70GHz gyoas with 110kW power each. The target
plasma has a central magnetic field of 1.25-2.0@naperature of 560eV, and a central plasma
density of..6x 10°°m~%, chosen to be more than twice the O-mode cutafbitle An O-wave
was launched at an oblique angle from the low fsaite and was converted to an X-wave at the
O-wave cutoff layer. The X-wave then propagatekliadhe UHR layer and mode converts to
the EBW. For an optimal launch angle the trajectfrthe X and O mode waves will not enter
the evanescent region, further improving couplifige EB will either resonantly damp on a
cyclotron harmonic, or non-resonantly deposit tlevgr into the plasma due to collisional

damping. Once launched into the plasma, the EBWrampces a cutoff at the UHR layer. For

plasmas in this experiment Wiﬁae/aKl, the UHR completely encloses the plasma, trapping

the EBW. The EBW reflects off the UHR, or for ohl& angles, converts to an X-wave which
converts back to an EBW at the next contact withWhR; the EBW can only escape the plasma
by mode conversion to the X and O wave in a smagukar window. EBWs trapped in a non-
resonant plasma deposit their power via collisiaterhping within 6 passes, and non-resonant

heating was observed at fields up to 2.Biggre A.3).
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Figure A.3. ECE and SXR emission from plasma correlated wih-resonant OXB

heating (between markers). Figure courtesy of [101]

Further experiments in W7AS demonstrated electremn&ein emission (EBE) from
overdense plasma as a diagnostic [102] to overdmdimited in radial accessibility during
overdense plasma conditions. Since no density kxigts for the EBW, the accessibility of the
ECE diagnostic can be extended using an antenrta amtoblique viewing angle detecting
EBWs that mode convert to x-mode at the plasma .ed@ige cyclotron resonance is optically
thick for the EBW, thus the plasma acts as a blagilsource allowing radiometry. Ray paths
were modeled with a ray-tracing code by launchiagsrbetween 58 and 68GHz from the
detector and following the trajectory until 99% ibfe power was absorbed; nominally the

termination of the ray indicates the emission pasiof the EBW from the plasm#&igure A.4,
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left). Each emitting volume in the plasma will haaecharacteristic frequency, determined by
local magnetic field, and will radiate at the thatrievel. The EBE diagnostic was calibrated by
running W7AS at a plasma density below the O-madeftand measuring thermal ECE at a 90
degree viewing angle. Measurements of EBE frompthema center compared to measured Te
from SXR measurements during density ramp ug-igure A.4, right). As the density increases

past the O-mode cutoff, the BXO window opens alfaphigher EBE frequencies to be detected.
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Figure A.4. EBW ray tracing for OXB launch between 58GHz aB&HBlz from the edge
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of W7AS (left). Shaded volume indicates emittingtfmm of plasma that will be measured on the
EBE diagnostic. Measurements of EBE emission cHansteown compared to Te from SXR
during a ramp up of density (right). EBE chord silgturns on as O-mode cutoff is reached for
the given frequency, opening the BXO window. Figooertesy of [102].

Successful current drive using OXB has also beemodstrated in W7AS [103].

Stellarators present an ideal target plasma fordower EBW current drive experiments due to
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their ability to sustain a current-free plasmanatiating the problem of separating an inductively
driven background current from RF driven currerstsnaa tokamak, ST or RFP.

In this experiment EBW driven currents were measime two methods; using inductive
current feedback to maintain current free plasmd,alowing driven current to freely evolve in

the stellarator. A 70GHz gyrotrons capable of pdowg up to 450kW power was used to drive

current in a neutral beam sustained plasma withkatadensity profile of, =1.05¢ 16°m™® to

n, =1.2x 16°m 3, B, =2.19 | and an electron temperature of 500-800eV. Resa@izmorption

of the EBW at the Doppler shifted cyclotron resareawas utilized.
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Figure A.5. Co and counter EBW current drive in a current folsssma, measured as a
function of loop voltage (left). Freely evolving BB driven current in a stellarator plasma
(right). Figure courtesy of [103].

The measurement of the effects of co and counteemudrive on a current free plasma
is demonstratedF{gure A.5, left) as an enhancement in loop voltage for CGEEBand

reduction in loop voltage for counter-EBCD. For lagma where current is allowed to freely
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evolve Figure A.5, right), plasma current increases to 1.2kA witlld@ of injected power,
yielding a current drive efficiency of 3A/KW.

Direct observation of the OXB mode conversion psscand measurement of the
resulting EBW heated electrons has also been medhsarthe WEGA stellarator [104]. In
WEGA a 2.45GHz, 26kW microwave source is used tmda two lobes at +-42 degrees

toroidally, chosen to be neat the optimum launcgleanf 50 degrees as calculated with WKB

and full wave codes. The target plasma has deln,sﬁﬂc(}Sm_gand electron temperature of 12eV.

Electrostatic probe measurements in the plasmandieted that the amplitude of the Ey electric
field component increased as the wave approacleeditR, additionally the phase of the wave,
measured with a heterodyne system, jumps at the (fH&ure A.6, left). To confirm the

presence of heated electrons, RF power is moduktel? kHz, faster than the typical 1ms
confinement time and the amplitude and phase ofpiurbed fast and thermal electron
fraction, measured with Langmuir probes, is measuffeigure A.6, right). It is observed that

the fast electron perturbation amplitude increasesply inside the LCFS along with an increase

in plasma temperature verifying EBW deposition hedting inside the LCFS.
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Figure A.6. Increase in electric field amplitude of Ey elecfiield and phase jump as EC
wave crosses the UHR (left). Amplitude and phas&BY heated thermal and fast electrons
showing majority of power deposition occurs on Bagpler shifter fast electron tail inside the

LCFS (right). Figure courtesy of [104].

1.1.3 Observation EBW Heating and Current Drivein a Tokamak

EBW heating was determined to be the root causf@ixis power deposition in the DIII-D
tokamak [105] which was originally inferred to beedto a “heat pinch” effect during X-mode

heating. In these experiments, and X-mode polanzade was launched from the inboard side

of the DIII-D tokamak using a 60GHz, 1MW gyrotroimo a B, <214 target plasma with

r12'=1><1d3cm'3 to rL=4><163dn_3. The launched wave encountered an X-mode resonance

before reaching the core, partially depositing sahé¢he wave power. Due to relatively high

transmission rates, up to 50% of the X-mode waesgxh through the first harmonic resonance
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and propagated outward until it hit the UHR laydrere it was mode converted into the EBW
and was reflected back towards the core. The Dogplfted resonance caused the EBW to be
strongly damped at a location closer to the coem tihe X-mode resonance, providing a core-
localized heat source. Initial theories in previgulications were that a “heat pinch” effect
caused heated electrons to be transported up #wrar temperature gradient, however
subsequent modeling with Genray indicated that dbee localized heating was due to the
transmitted fraction of the X-mode wave being modaverted to the EBW and reflected back
inward where it was absorbed at a more core laadliacation Figure A.7). These effects were
found to increase with increasing density, as tlaasimitted fraction of the X-mode wave

increased.
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Figure A.7. Ray trajectory of launched X-mode wave passingugh the first harmonic
resonance, mode converting to the EBW at the UHR l@@ing absorbed near the core (left).
Power deposition profile of X-mode and EBW wavesvging EBW absorption nearer to the

core then the x-mode deposition (right). Figurertesy of [105].
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EBW heating was first observed in the WT-3 tokanfjaB6] using XB conversion after

reflection from a mode converter plate. A 48GHZ)K\W gyrotrons launched into B, <1.790

target plasma with densitfl, =1.1x 16°ami® from a launcher located at the top of the machine.

The launch was initially an O mode Gaussian beatwiais reflected off a polarizer located on
the inboard side of the vacuum vessel. The polaplae converts the O-mode wave into an X-
mode wave that is reflected back into the plasma&® conversion. During EBW heating loop
voltage was observed to decrease along with areaser in H-alpha, SXR, HXR, and ECE
emissions Kigure A.8, left). Both ECE and HXR emissions had a finitenpaup time and
persisted after turn-off of EBW heating indicatitige production of a supra-thermal electron
population. The constant value of loop voltage &R emission during the RF pulse implies
that the bulk electron temperature keeps a conptafite and the population of fast electrons is
not significant. The time constant for bulk eleattemperature change is estimated to be ~1ms.
Ray tracing predictions and SXR tomography duriB\\E heating indicates that the heated

electrons form an annular ring near the centeh@flasmaKigure A.8, right).
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Figure A.8. EBW heating of the plasma is correlated with arel@ge in loop voltages as

well as increase in H-alpha, SXR, HXR and ECE eimis¢left). SXR tomography of plasma

demonstrating EBW heating location is shown with auerlay of ray paths (right). Figure

courtesy of [106].

Demonstration of EBW current drive as successfalthieved in the COMPASS-D

tokamak [107] using XB mode conversion. An X-modaves was launched from the high field

side by a 60GHz gyrotron operating at 600kW for i60into a target plasma of

n, =1.8x16°’m°, 150kA andB <2.05 within a +-32.6 degree toroidal angle which wasadh

in 8.4 degree increments. The central electron éeatpre was typically 1.5keV. Ray tracing
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codes were used to simulate X and B mode propagatoand & were measured in 50ms

increments using Thomson scatterikggre A.9).

Shot #30273

150 T
1 \ ]
g 1 | i i i
. 50 ' | ' 1| Plasma Current]
E | . i
¥ | 1 i
1 1 L] 1
L. 15 i i i i
E : : : : Line \n(egva(ed DEI"S‘W
- ] 10
o + ' | |
i s ! ! ' i
z o : i : ;
z ] d . T
600 ; (M.,w\.,w i[ ECRH Power]
| ' f i
i
3 w0 | i .
< —
x 200 \ i ]
& I T T T TS snaps|
R | [ S S— .
15 d ' !
E | 1| Loop Voltage|
i i |
£ S 10 ! !
a '
N Zos : N '
= |
- ! : H
; T N
oA \ ! ] i | @)y'aae 13
i i i ]
[ 4 PP
02 ! ) i ]
> o0 \JIV;‘,.__...‘;J\_.J‘..-.
> 02 ! ! ' i
' i
0.4 : r " :
1 ! '
i
25 ! ! i i
! ' i H
3 20 M
1 I 2 -172
m . ‘ { (S W, /)
1 1 '
10

0.1 ) 02 03
Time, s

Figure A.9. EBW ray tracing simulation for heating scenaridCompass-D showing X-

mode launch through ECR layer at perpendicular eganghode conversion at UHR and

subsequent EBW absorption (left). Plasma parametersng EBW experiment showing

locations of Thomson scattering measurements Jrigigure courtesy of [107].

During the ECH period, the loop voltage decrease@®.bV and there was a slight increase in
SXR emission during the last half of the RF puls&vas noted that at perpendicular angles the
X-mode was weakly absorbed at the EC layer, allgmost wave power to reach the UHR for
mode conversion. The EBW mode was found to be rsioshgly absorbed for perpendicular
angles, indicating that the highest heating efficieoccurs with use of the EBW rather than X-

mode alone.
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The Thomson scattering system was used to measnal electron temperature

profiles and determine central electron temperatagea function of toroidal launch angle,

showing a peak at a perpendicular launch. Measurenté Vioop and Te were used to estimate

the driven current in the plasma. Non-inductiverents of 100kA were observed in counter

current drive modeHigure A.10). EBW current drive efficiency was found to be mgreater

than ECCD efficiency.
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Figure A.10. Thomson scattering measurements of central eletgnmperature profiles

and measurement of central electron temperatur®ngdal launch angle showing peak heating

efficiency occurs at 0 degrees (left). Current €. toroidal launch angle estimated fromyy/

and Te measurements showing a peak at 0 degrgbt.(figure courtesy of [107].

1.1.4 Observation EBW Heating and Current Drivein a Spherical

Tokamak
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Due to the low aspect ratio of a spherical tokar(fak), reduction in volume of the
central solenoid is of considerable benefit. The oSEBW current drive in the ST has been of
considerable interest for startup and non-induativeent drive. A number of EBW experiments
have been performed on a variety of devices examilBE, EBW properties in collisional
plasmas, EBW heating, and EBCD based ramp up.

The first observations of EBE were performed in €i@XU spherical tokamak [108],
using an X-mode polarized antenna a radiometryndistic. The use of EBE allows a higher
data rate to be achieved with simpler instrumemmatihan a Thomson scattering system.
Comparisons with Thomson scattering indicate ~10f8aversion to X-mode of thermally
emitted EBW. A movable local limiter was used tdimjze the edge density scale length for
optimum coupling from the EBW. The confirmation BBE in the ST implies that the inverse

process may be used for EBW heating, allowing curggive in the overdense core of the

plasma. CDXU was operated with plasma parametdissAx10°am° andB < 0.2, yielding

a highly overdense plasma wit/ f, =3—10. Mode conversion efficiency was found to be

highly dependent on Ln. Previous experiments with &ntenna located outside a vacuum
window achieved a mode conversion efficiency of @l Subsequent relocation of the antenna
inside the vacuum vessel and installation of a rotevdimiter to optimize Ln resulted in

achieving mode conversion efficiencies of up to @% by shortening Ln in the scrape off

layer reducing the evanescent region betwécﬁnandeH from a few cm to a few mm.

Measured emission intensity with the installatiérihe local limiter was observed to increase by

an order of magnitudd-{gure A.11).
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Figure A.11. Density profiles with (triangles) and without (diands) installation of the
local limiter showing steepening of the edge dengiadient (left). Measured emission with
(diamonds) and without (triangles) installationaolocal limiter for Ln optimization showing an

order of magnitude increase in measured signditjtigrigure courtesy of [108].

Observation of such a significant increase in modaversion efficiency with edge Ln
control demonstrates the sensitivity of Bernsteavevconversion to edge density scale length.
With the implementation of an adjustable limiter-100% conversion efficiency has been
attained allowing successful Te radiometry in aardense plasma.

EBW heating in a spherical tokamak was first obsérin TST-2 utilizing XB mode
conversion [109], achieving 50% heating efficienDyie to the location of the L cutoff, a high
field side launch in not possible in the ST, furtliee lack of physical accessibility due to the
dimensions of the central solenoid further constiaigh field side launch location&igure

A.12, left). In TST-2, a low field side launch with X&nversion was chosen to simplify the
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launcher design. The low field side launch requizeldcal limiter to steepen the edge density
gradient to enhance mode conversion efficiency.|®bal limiter design on TST-2 was modeled
after the one used on the CDX-U experiment; thetdimconsists of a movable structure
surrounding the launcher antenna which shorteredehsity scale length from 30mm to ~6mm.
Microwave power at 8.2GHz and up to 200kW was i@eécthrough a launcher structure

consisting of 8 horns positioned on the low fieidesof the torus at a target plasma of
n =1x10°m* B<0.3r, and&fpe/&é~10 with 300kW of ohmic heating power. When the

density scale length was optimized, over 80% manleversion efficiency was realized with
140kW net RF power injection. During EBW heatingignificant increase in stored plasma
energy was observed indicating the EBW heated thema with 50% efficiency. During RF
injection, observation of high energy electron gatien was observed, as well as an increase in
H-alpha, Rd(Xw), and SXR(1-10keV). The SXR detector consistea@ @ch PIN diode array
capable of spatial measurements of the plasma c@don. Observations of SXR emission
indicated that the RF heating location is localiredhe core region, where ray tracing analysis
predicts the EBW will be absorbe&igure A.12, left). It was further observed that heating
efficiency decreases as edge density decreases\@ahe mode conversion region to move
outside the local limiter, increasing density schdagth. It was calculated that collisional

damping in the edge is not a dominant contribud@dge heating for a single pass.
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Figure A.12. Cross section of TST-2 showing locations of R hraitoffs, and launcher

(left). Measured SXR emission during RF shot (fightgure courtesy of [109].

Experiments with EBE diagnostics on NSTX [110] werged to examine the effect of
collisional damping in the plasma edge and enhasoemf mode conversion efficiency when

lithium wall conditioning was used for reductionexfge collision frequency. BXO emission was
observed from a plasma with =IMA n, =3-6x 10°m, T,(0) <0.9keV, andB (0) < 0.4T.

Simulations showed that strong collisional dampingthe edge would absorb a significant
fraction of the EBW wave iV, | w>10" with Vs being the electron-ion collision rate near the

mode conversion layer. This effect was mitigatethia experiment by introducing lithium wall
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conditioning to deplete the electron density in tdge plasma, thus moving the mode
conversion layer into a region wheéte/ w<10 * and electron temperatures increased from 5-

9eV to 20eV, improving EBE wave transmission. EBfission was observed with a quad
ridged horn antenna measuring frequencies betweg36GHz. Observation of EBW
transmission efficiency showed an increase from 10%0% when lithium wall conditioning

was introduced to reduce edge electron denBigu¢e A.13). EBW mode conversion in a ST is

predicted to suffer from significant collisionalrdping in the edge whéfy | w>10" leading to

reduction in current drive efficiency.
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Figure A.13. Simulation of reduction iV la strongly effecting intensity of EBW ray

(left). Comparison of measured EBW transmissioitiefficy and Te at the UHR layer with (red)

and without (black) Li wall conditioning (right).idgure courtesy of [110].

Observation of EBW current drive in a ST was fistmonstrated during current ramp up
experiments in the LATE ST [111]. Traditionally,etfST plasma is initiated with inductive
current drive methods from the CS, however thectire of the ST design can be greatly
simplified if the CS is removed, leading to a dese=in aspect ratio. In this experiment EBW
current drive was used to ramp up plasma currerR@0kA/s; comparable to observed LHCD
ramp up rates. The current carrying fraction waseoled to be fast electrons traveling above the

runaway velocity. Microwaves at 5GHz and Prf~190kMére launched obliquely to the

magnetic field of B=0.09 from a cylindrical waveguide located on the midgla

Observation of RF driven current indicated thaBakW RF pulse was able to drive up to 20kA

in LATE (Figure A.14).
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Figure A.14. Measurement of EBW driven current ramp up to 20RALATE. Figure

courtesy of [111].

1.1.5 EBW Simulations and Observation of Emission and Couplingin
the RFP

Previous experiments including EBE, EBW couplingl ammulations of EBW heating
and current drive have been conducted on MST. e, d4ST has been the only RFP on which
EBW has been implemented. Several aspects of M&d,tlae RFP in general, make EBW
launch challenging. MST has a close fitting conthgeshell, carrying significant wall currents

used to initiate and sustain the plasma. Plasmemndgtup to 1.2cm from the wall prohibiting the
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use of an oblique launching structure, or RF miassembly for oblique launches. All suitable
portholes for RF antennas are aimed perpendicalétre local magnetic field, thus any oblique
launch scenario must use electronic beam steenimmyigh a phased array setup. Such a setup
requires a multiple waveguide array to be instailhed porthole, thus increasing the porthole size
requirements.

Porthole access for launcher antennas createfdeefi®r, reducing the field strength in
the proximity of the porthole and shifting the EB¥sonance outward. In addition the field lines
bend outward into the porthole, pulling plasma itite antenna aperture, in many cases causing
arcing unless a boron nitride cover is used. Adddlly the magnetic geometry of the RFP is
such that cutoffs occur within a few cm from theedn the antennas near field, complicating
the launch scenario. Reduction of porthole sizeas=es the effect of the field error but restricts
operation to higher frequencies and may limit ldweraesign to single waveguides.

EBW coupling was observed in MST [112] using a jgldaarray waveguide at 3.6GHz.
Coupling efficiency with respect to launch anglel adge density gradient was measured for
both X and O mode launches. Theoretical predictiodgate that an oblique launch increases
coupling efficiency for XB mode conversion. Varati of phasing in a multi-arm phased array

waveguide antenna allows electronic steering ohdauangle to achieve optimal coupling

efficiency. The target plasma for this experimemsly =180— 26@A, n, =0.4- 1. 16m=,
T,=200€e\, andB(a) =0.07- 0.T with ohmic power of approximatefg,=2M\. The plasma

core is overdense witf;,e/ f.>5. Coupling into a pulsed poloidal current drive (9 plasma

yields lower fluctuation plasma and a steepeningdge density gradient leading to better EBW

coupling. Edge density profiles were measured waitharray of 5 Langmuir probes drawing ion
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saturation current mounted on the tip of the ardefor both standard and PPCD plasmas.
Measurement of edge density and magnetic fieldvathe calculation of the R, UH, and L cutoff
frequencies Kigure A.15, left). Transmission through the evanescent layas found to be
strongly related to the edge density gradient. BBgacf the cutoff layers can be arranged such
that the R, UH, and L layers form a cutoff-resoreanatoff resonator, further improving EBW
mode conversion. Measurement of the edge densatjigyt scale length was found to be about
2.5cm in standard plasmas and reduced to 1.2cmgltlie good confinement period of PPCD

plasmasfigure A.15, right).
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Figure A.15. Edge density in standard (O) and PPCD (square)naisscharacteristic
frequencies, and dispersion relation (left). Eviolutof Ip, Ne, Ne at 3.5cm, position of UHR

(Xuh), and density scale length during a PPCD &ra®.6GHz. Figure courtesy of [112].

Peak coupling of C~100% was predicted to occur~dicm and B=0.07T. In general it
was observed that a steeper edge density gradiewsa higher fraction of incident X/O mode
power to be converted into EBW by placing the resme and cutoff layers closer together.

Similar results have been observed in tokamak]ass¢br, and ST experiments where the
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presence of a local limiter to steepen edge demgigient around the antenna significantly
improved coupling efficiency to the EBW. Measuredues of reflection coefficient vs. density
scale length are compared to theoretical predistiorfFigure A.16) and the optimal value was

determined to be 0.8-1.5cm.
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Figure A.16. Reflection coefficient vs. density scale lengthnir@ single waveguide
(triangles) compared to theoretical values (blugases) (left). Reflection coefficient vs. density
scale length from a phased array at optimum lawndle (triangles) compared to theoretical

values (red circles) (right). Figure courtesyif?].

Coupling to the EBW vs. launch angle was measusgugua double waveguide phased
array to sweep the launch angle for both X and @erlaunches. In this experiment, 10W of
power at 3.6GHz was used in each antenna arm wittiafd and reflected power measured in
each arm with a directional coupler. The frequeottgne antenna arm was set at 1 kHz above
the other and the phase difference was measured dgjital complex demodulation. Tests were
conducted with no antenna cover as well as withn figt BN covers and ones with grooves
milled perpendicular to the wave electric fieldrésist deterioration of transmitted power when a

slightly conductive coating is sputtered onto tbger from the plasma. Use of the BN cover in
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PPCD plasmas was found to significantly improvepting (Figure A.17) and optimal launch

angle of the X-mode wave was found to occur atd®frees phase between the antenna arms.
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Figure A.17. Meadurement of reflection coefficient vs phase¥@&GHz X-mode launch
into a 190kA PPCD plasma. Launch with a BN covet\at (square), 50kW (+) and without a

BN cover 1W (triangle), and standard plasma at &YV Figure courtesy of [112].

EBE has been observed in in MST and utilized fdia@etry applications. Comparison
of EBE measured radiation temperature to Thomsaa dadicates that mode conversion
efficiency up to 75% has been measured. Observéssiem was determined to be preferentially
oriented in the X-mode polarization and stronglypetedent on edge density gradient and
magnetic field profiles [113]. EBW emission in tbere of the plasma propagates outward to the
UHR layer where it is mode converted in to X-modeves capable of propagating to the edge.

Detection of the X-mode spectrum with a low noissdautely calibrated radiometer allows
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measurement of the radiation temperature from thre.cThe radiometer consisted of a quad
ridged horn antenna with a 3.8-8.2GHz bandwidtlceRed power was amplified by 80dB with
a pair of low noise amplifiers and split into 16ndpass limited diode detectors. Each diode
detector was equipped with a 125MHz bandwidth gafiiter. Absolute calibration of the
radiometer was achieved by measuring blackbody somsfrom a microwave absorbing
material measured at room temperature and in @ligjtrogen bath. The plasma is considered to
be optically thick for EBW emission and thus cancbasidered as a blackbody source with well
localized emission. Modeling of received waves w@lenray allows mapping of measured
radiation temperature onto the emitting flux suefachich can be converted to minor radius and

compared to Thomson dafaigure A.18).
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Figure A.18. Meadurement of X and O mode EBE over 4-8GHz(lefgmperature
measurement mapped to minor radius and comparédamson data(right). Figure courtesy of
[113].

Comparison of the absolute magnitude of EBE andmBum profiles of measured data

can be used to compute the mode conversion eféigidn MST conditions of, =0.4x 10°’m”°,

Ln~1.4cm, a =2 for 5.75GHz emission lead tgp =0.46 and a theoretical maximum mode
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conversion efficiency of Gax-70%. Experimental mode conversion efficienciesrs% were
found to be in good agreement with this prediction.

By reciprocity, an emitted wave from the plasmal ¥allow the same path as an EBW
wave launched for heating or current drive applicet The measurement of core emission
through mode conversion in the 4-8GHz range dematest the X-mode accessibility to EBW

heating in these frequency bands.

Simulations of EBW current drive in MST [114] hapeedicted that efficient localized

current drive is possible in an RFP plasma. Curdgivie in the RFP is challenging due to the
high dielectric strengthC()pe/a)Oe >D5) which imposes accessibility limitations and leaolson

damping of high harmonic fast waves in the plasuoigeehat reduces current drive efficiency.

Unlike LHCD, EBW offers ray trajectories that mag leffectively used for current profile
control. The sign off, at the absorption location determines the direct driven current

(Figure A.19). Generally, in MST, launch above the mid-plangutes in co-current drive, while
launch below the midplane results in counter-curdiive. In each case the EBW ray bends
toward the midplane before being absorbed. Absamplibcations are shifted radially outward

from the cold plasma cyclotron location; for EBWetrays are absorbed at the Doppler shifted

cyclotron resonance. The shift ity is strongly affected by the large poloidal fiefdthe RFP;

the rate at whichn, increases becomes larger as the wave approacbesaree leading to

highly localized current deposition on the tailtbé electron distribution. Radial accessibility
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becomes limited when the magnetic field is reduceal point where the second harmonic passes

the inner wall, leading to strong EBW absorptiotha edge.
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Figure A.19. Genray trajectories of EBW at 3 poloial launch as(eft). Value of Nperp
and Nparallel as the ray aproaches the absorptiatioh(center). Magnitude of driven current

density(right). Figure courtesy of [114].
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