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The retarding field energy analyzer (RFEA) remains the more reliable diagnostic to measure the ion temperature in
the boundary plasmas of magnetic fusion devices. A compact, simple design RFEA have been developed for
investigations on the tokamak ISTTOK and TJ-II stellarator. More recently a five-channel RFEA has been successfully
tested allowing the simultaneous measurement of the ion temperature profile. The conditions of the RFEA operation in

poor alignment along magnetic field are considered.
PACS: 52.55.Fa, 52.70.-m, 52.70.Nc

1. INTRODUCTION

One approach to measure an ion temperature in plasma
boundary employs a retarding field energy analyzer
(RFEA) (see, for example, [1-4]) based on selective
rejecting of plasma ions by an electric field. For
Maxwellian distribution of the analyzed ions, the
collected current as a function of retarding potential, V,,
is given by:

(V) = Lo, V< Vi, 6))

I(V:) = Loexpl-q(V: - Vaun) kT3], V2 Vo, (2)
where I is the ion current collected when none of the
ions is repelled by the retarding potential, and Vi, is the
potential equal to the difference between the plasma
potential and the probe ground. Calculations of ion
temperature include a least square fitting of the V. = Vi
portion of the /(V;) characteristics to Eq.(2).

One important requirement to the RFEA operation
strongly stated in Ref.[4] consists in alignment of the
RFEA axis exactly parallel to the local magnetic field
direction, so that it is the parallel ion velocity which is
measured and not some component of it. The exact
fulfillment of this requirement presents definite difficulty
when measure T; profile. However, because the ions with
parallel and perpendicular to the magnetic field
velocities, moving along helical trajectories, approach
the entrance slit with equal probability inside pitch angle
cone, one may expect an effective partial compensation
of RFEA misalignment and not strongly influencing the
results of the measurements.

This work presents RFEAs elaborated for
investigations of the boundary plasmas on the tokamak
ISTTOK and TJ-II stellarator. RFEA operation in
conditions of poor alignment along local magnetic field
of the plasma device is considered with reformulation of
the alignment requirement in term of RFEA
misalignment angle range inside which the obtained
results differ within error bars of the measurements.

The paper is organized as follows. The one- and five-
channel RFEAs are described in Section 2. The RFEA
operation and examples of 7; and 7. measurements on
ISTTOK with aligned RFEA are shortly presented in
Section 3. Section 4 considers dependence of the RFEA
characteristics on alignment along magnetic field.
Summary is done in Section 5.

2. RFEA DESCRIPTION

Fig.1 shows the picture and schematic of one-channel
RFEA [5]. It includes an input stainless still slit (3x0.1
mm?), three fine Nickel grids and copper collector plate,
all separated by MICA insulators (I mm of distance
between grids). The grid and collector stack are
assembled inside boron nitride housing. The dimensions
of one-channel RFEA are 14x14x23 mm.

Fig.2. Picture and schematic of five-channel RFEA
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Recently, a five-channel RFEA to measure
simultaneously the profile of 7; has been developed,
assembled and tested. Design of five-channel RFEA
shown in Fig.2 presents just a compilation of the one-
channel RFEA with common grids in all channels and
multiplied number of slits and collectors. Usage of
common grids sufficiently simplifies RFEA powering
and operation. The dimensions of five-channel RFEA are
20%24x55 mm, and distance between slits is 7 mm.

A standard biasing configuration is shown in the inset
of Fig.l. An operational amplifier is employed for
triangle shape biasing of the retarding grid. The current
collected by the RFEA is measured across a resistor with
isolation amplifier and acquired by ISTTOK data
acquisition system (up to 2 MHz sampling rate).

3. RFEA OPERATION

RFEAs operation has been tested in plasma of
ISTTOK (R = 0.45 m, @y = 0.078 m, @yessr = 0.1 m, B =
0.5 T) with <n,> = (2...3.5)x10"* m~, T.(0) ~ 150 eV, I,=
(2.5...5) kA, Tyor = 20 ms. RFEAs are installed in a
horizontal diagnostic port of ISTTOK and can be shot-
by-shot moved radially and rotated (¥30°) by vacuum
manipulator.
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Fig.3. Typical ion mode signZzls from two RFEA channels
(inset) and signal fitting by function of Eq. (2)

An inset in Fig.3 shows typical ion mode signals from
two channels of five-channel RFEA aligned along

magnetic field of ISTTOK. An example of ion
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characteristic, as well as the respective fitting, is
presented in Fig.3.
Fig. 4. Profiles of T; and T. measured by RFEA on
ISTTOK
Fig.4 presents the profiles of 7; and T, at flat top of the
discharge measured with RFEA on ISTTOK (in electron

mode the polarity of the potentials applied to the RFEA
grids is reversed).
4. DEPENDENCE ON ALIGNMENT
ALONG MAGNETIC FIELD

In experiments on TJ-II, the RFEA expects fast
reciprocation across magnetic field surfaces, therefore
operating at slightly different angles (estimated as up to
6° range) between analyzer axis and magnetic field line.
Poor alignment conditions have been investigated with
one-channel RFEA rotated relative magnetic field line of
ISTTOK plasma.

30‘

25 m e

30

Fig.5. R&sults of, T (1ap), Ve (Migdle) and biased
collected current (bottom) for different &

08 , '
064
Foat

024

0,0

T L T =
£=25" V;hm =11V, T, =15 eV (effective)

0,2
0 2 40 60 80 100

u,v
Fig.6. Example of the normalized retarding curves
at E~0°and &~ 25°
Fig. 5 present the example of obtained results of 7;
(top), Vs (middle) and unbiased collected current
(bottom) measured for different angles, &, in the range of

175



&=(0...25° for plasma with <n>=2.5x10" m” and I,=
2.5 kA. The error bars are mainly determined by noise of
the signal. Fig. 6 shows the example of the normalized
experimental retarding curves at § =0° and extreme & =
25° demonstrating clear modifications of measured values
of T; and V. Contrary, the unchanged inside error bars
values of both 7; and Vi in the angle range of & ~ * 10°
can be identified. Fitting the unbiased collected current
data by Gaussian function gives HWFM ~ £20° and peaks
at & ~ 9° for I, = 2.5 kA and at &~ 7.7° for [,= 3.5 kA,
indicating (expected) correlation with plasma current.
Qualitatively, the observed results can be partially
understandable from idealized non-magnetized 2D model
for the parallel uniformly distributed across RFEA slit
particle flow with shifted Maxwellian distribution (E, =
Viir and AE, = T;). Taking into account that to cut the
particle entering into analyzer at some angle £ relative to
the analyzer axis, the potential applied to the retarding
grid is lower on the value of AV, = AE;sin*¢, Eq.(1) and
Eq.(2) can be rewritten as:

(V) =Ko,  V, < Vigicos®é, 3)
Ii(i)( I/,) = KMIOieXp['qi( V; = I/shiftcoszf)/kﬂcoszé]a
V> Vaipcos’E, 4)

where Ky = cosé[1 — (l/a)tg] is the RFEA transmission
factor in optical approximation (/ is the analyzer length
from input slit to collector, and a is the analyzer aperture
after input slit), and Eq.(4) is derived from Eq.(2) by
rescaling V, as V, /cos’é.
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Fig.7. Normalized retarding curves for two entering
angles of 0° and 25° calculated with Eq.4

Fig.7 (top) presents normalized retarding curves, /L,
calculated for two entering angles of £ = 0°and & = 25°,
showing similarity with experimental results (for
comparison, cos’€ curves are drawn in experimental data
of Fig. 5 also). Shown in Fig. 5 (bottom) the calculated
dependence of unbiased current (or Ky for / =4 mm, a =
2mm) on entrance angle predicts fast decay in
contradiction with the experimental results. It means
(and not surprisingly) violence of linear optical
transmission approximation for magnetized particle flux.
Notice, however, quite good agreement of experimental
YA(FWHM) ~ 20° with calculated complete cutting at &
= atan(a/l) = 26.6°.

5. SUMMARY
A compact, simple design one- and five-channels RFEAs
have been developed for investigations of boundary
plasmas on the tokamak ISTTOK and TJ-II stallarator.
The ion and electron temperature profiles have been
successfully measured on ISTTOK.
The investigations of dependence of the RFEA
characteristics on alignment along magnetic field of
ISTTOK show the unchanged inside the error bars results
for both 7; and Vuy in the angle range of & ~ £ 10°
Presumable, the ion pitch angle could be candidate for
explanation of the observed properties.
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AHAJIN3ATOP DQHEPI'MU C 3AJEPKUBAIOIIUM ITIOTEHHHUAJIOM /IS U3BSMEPEHUS TEMIIEPATYPbI
HMOHOB HA TPAHUIE IIVIA3MbI B TOKAMAKE ISTTOK U CTEJIVIAPATOPE TJ-11

LS. Nedzelskiy, C. Silva, H. Fernandes, C. Hidalgo

AHanuzaTop Hepruu ¢ 3aaepxuBaromuM noteHmanoM (AD3II) ocraercs Hanboiee HaACKHBIM IUATHOCTUUECKUM yCTPOHCTBOM
JUISL M3MEPEHUs] TEeMIepaTypbl HOHOB BOJHM3M TPaHMIBI IUIa3Mbl TEPMOSICPHBIX YCTAaHOBOK C MAarHUTHBIM YJEp)KaHHEM.
KommaktHoe mpocrtoe ycrpoiictBo AD3Il paspaborano ans wucciemoBanuii Ha Tokamake ISTTOK wu cremmaparope TI-II
CpaBHUTEIbHO HENABHO MATHKaHATbHBIH AD3II ObLT yCHEeUIHO HCHBITAaH U MO3BOJISET OCYIIECTBISATh CHHXPOHHBIE HW3MEPEHHS
npoduist Temriepatypsl HOHOB. OrpeneneHs! ycnoBus padoter AD3II nmpu m1oxoi OpHEHTAIN €T0 BJ0JIb MAaTHUTHOTO TIOJIA.

AHAJIIBATOP EHEPT I 3 3ATPUMYIOUYUM MTOTEHIIAJIOM JIJIA BAMIPY TEMIIEPATYPH IOHIB HA
T'PAHUII IJIASMHA B TOKAMAINI ISTTOK I CTEJJIAPATOPI TJ-11

LS. Nedzelskiy, C. Silva, H. Fernandes, C. Hidalgo

Amnamizatop eHeprii 3 3arpumyrounmM noteHmiagoM (AE3II) 3anumaerscs HalOUIBII HAAIWHUM NIaTHOCTHYHHM IIPHUCTPOEM IS
BUMIpY TeMIlepaTypy 10HIB IMOOJIM3Y I'paHUII IIa3MH TEPMOSAEPHUX YCTAHOBOK 3 MarHiTHMM yTpHMaHHsIM. KoMmakTHHI npocTHit
npuctpiit AE3II po3poGneno ms pocnimkens Ha Tokamani ISTTOK i cremrapatopi TJ-II. IopiBHSHO HelaBHO I’ SITHKAHAJIBHBII
AE3II 0yB ycninHo BUIpoOyBaHuil i 103BoJIsIE 3/IHCHIOBATH CHHXPOHHI BUMipH NpoQiio Temieparypu ioHiB. BusHaueHo ymoBH
poootu AE3II npu noraniit opieHTauii #0ro y310BK MarHiTHOTo IOJIsI.
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