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The heavy ion beam diagnostic (HIBD) presents a powerful tool for investigations of hot plasmas in
thermonuclear devices with magnetic confinement. When injected into the plasma, the primary probing beam of
singly charged positive ions is ionized to a doubly charged state by impact with the plasma electrons and separated
from the primaries due to the confining magnetic field of the plasma device. The resulting secondary ions are
collected outside the plasma. The plasma parameters that can be measured by the HIBD are: the plasma electron
density and temperature, and the electric and magnetic potentials. On the small tokamak ISTTOK (R = 0.46 m,
a=008m,B=05T,I,=4...6 KA, <n> =5 x 10®m 3, T, = 120 eV), the HIBD is based on a 20 keV Xe"* (or
Cs") beam injector and a multiple cell array detector (MCAD) collecting a fan of secondary Xe?" (or Cs**) ions
emerging from the plasma along the primary beam trajectory. This paper describes the recent developments and
improvements in the ISTTOK HIBD secondary beam detection. The capabilities of new detection system are
illustrated by recent results of ISTTOK plasma MHD activity and electrode biasing studies. The on going
developments of the multichannel multi-slit 90° cylindrical energy analyzer for the plasma potential and its
fluctuations measurements and a novel approach of the HIBD use in real-time vertical plasma position control are
also considered.
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INTRODUCTION The intensity of the secondary beam relates to the
The h ion b di i (HIBD) has b plasma parameters as:
e heavy ion beam diagnostic ( ) has been a I, = 21,F o Fe Ga(T)laNe(Ts),

subject of study in fusion plasma diagnostics for about
fifty years since the pioneering work of the HIBD
inventors F. Jobes and R. Hickok on the ST tokamak
[1]. The HIBP principle is rather simple and explained
by Fig. 1.

where |, is the intensity of the primary beam, Fy and Fy
are the primary and secondary beam exponential
attenuation factors, ow(Te) is the effective ionization
cross-section  (function of the plasma electron
temperature), |y, is the sample volume dimension, and
ased: Mulipe Cell Ay Detector ne(rs,) is the average over the sample volume plasma
electron density. This relation is the basis for the plasma
electron density and temperature measurements. On the
‘ other hand, the energy of the secondary ion at the
" ionization point is changed exactly as the local plasma
! potential value, thus allowing for the measurements of
that important plasma parameter. Also, the HIBP
prmary capability to retrieve plasma current profile from the
detecor measurements of secondary beam shift due to the
plasma current magnetic field should be mentioned.

Secondary
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Fig. 1. HIBD principle

A beam of single charged ions (primary ions) is injected
into the plasma across the confined magnetic field. The
ions of double charge state (secondary ions) are created
in collisions with plasma electrons and, after separation
from the primary beam due to magnetic field, are
collected outside the plasma. For a fixed single point
detector the position of ionization point (sample
volume) can be effectively moved with changing of
beam injection angle and/or energy. Alternatively, the
fan of secondary ions emerging from primary beam
along the fixed trajectory crossing the plasma can be
collected by a multiple cell detector. In such detection
scheme a number of sample volumes are recorded
simultaneously which is essential in investigation of the
plasma parameters fluctuations.

Primary ior

Fig. 2. Schematic of HIBD on the tokamak ISTTOK
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The HIBD on the small tokamak ISTTOK (R =0.46 m, a
=0.085m,B=05T,1,=46KA, <n> = 5x 10 m?,
T. = 120 eV) is based on the 20 keV Xe* (or Cs") beam
injector (operating with plasma ion source [2]) and a
multiple cell array detector (MCAD) collecting a fan of
secondary Xe?* (or Cs*") ions emerging from the plasma
along the primary beam trajectory as sketched in Fig. 2.
The MCAD (the picture also shown in Fig. 2) basically
presents a flat matrix of a number of collector cells [3].
With such very simple MCAD, the profiles of plasma
electron density and temperature were measured in early
experiments with HIBD on the ISTTOK [4]. Also, the
plasma current profile evolution was obtained from the
measurements of toroidal shifts of the secondary ions

[5].

1. RECENT DEVELOPMENTS AND
ILLUSTRATIVE RESULTS

When studying the turbulent characteristic of the
plasma, a high gain, wide bandwidth and low noise
detectors and amplifiers are required. Recent
developments and improvements of the ISTTOK HIBD
secondary beam detection allow for the increase of the
detector signal-to-noise ratio and amplifiers bandwidth,
thus improving the overall performance of the HIBD
operation and quality of the obtained data.

1.1. MCAD AND ELECTRONICS

Measurements with MCAD are efficient in a close to

the plasma arrangement of the detector, operating
therefore in strong radiation environment (mainly UV),
that can result in spurious background signal from the
cells due to electron emission effect.
To achieve an effective shielding from emitted
electrons, in the new MCAD design the cells are not
flat, but consist of two similar geometry I'/L-like shaped
copper plates combined together as shown in Fig. 3.
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Fig. 3. Sketch and picture of new MCAD

In such configuration, the cell presents an effectively
Faraday cup-like structure 10 mm of deepness. 12 cells
are individually attached in a column stack fixed on
insulator plate and then painted by colloidal graphite to
reduce the electron emission yield. The stack is shielded
by a copper plate baffle arrangement with opening face
(12x60 mm) to the plasma. In this new version of the
MCAD the bottom L-plates of the cells are opened for
the secondary ions and plasma radiation. Contrary, the
top I'-plates of the cells are almost completely shielded
from the secondary ions and can be biased to suppress
the secondary electrons and photo-electrons created on
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the bottom plates. Fig. 4 illustrates the efficiency of the
modified MCAD on an example of the square-wave
chopped secondary ions signal obtained on one MCAD
cell in two plasma shots without and with cell biasing at
-3 V.

Fig. 4. Signal from one cell without and with biasing

Complete suppression of the plasma background signal
is achieved.

The HIBD signal conditioning system has been
improved with elaborated small size and low cost
transimpedance two stages amplifiers with gain of
2x10" V/A, 0.5nA, rms of noise and 400 kHz
bandwidth. The whole amplification system consists of
up to 50 amplifier modules connected side by side in
several layers, Fig. 5,a. One side is connected directly to
the tokamak diagnostic port flange with two D25
connectors. The amplification system is powered by
batteries and shielded with Mu-metal box to reduce the
electromagnetic induced noise, Fig.5,b. Signals,
coming from the amplifiers, are digitized at 2 MHz
sampling rate and stored by the ISTTOK data
acquisition system.

Fig. 5. Pictures of amplification system

The improved detection system results in 3 time
increase of the signal-to-noise ratio.

1.2. STUDY OF MHD ACTIVITY [7]

The results presented in this subsection have been
obtained in the ISTTOK discharges with By = 0.45T, I,
= 6 kA, and <n> = 4 x 10*® m™® characterized by
repetitive bursts of MHD activity and density drops. It
should be noted that the core electron temperature in the
ISTTOK is not high, ~120 eV, meaning that the HIBD
signal amplitude and profile is not only determined by
the plasma electron density value and profile, but also
by the value and profile of the electron temperature (via
012(Te)). Therefore, for ISTTOK plasmas it is more
correct to speak about measurements of the neoro(Te)
product profile, which may be considered as a proxy of
the plasma pressure.

Fig. 6 shows the combined view of the n.op(Te)
profile, the signals from the Mirnov coil, and the line
integrated density during the MHD event. The Mirnov
coil signal indicates a violent and unstable growing
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before the crash. The neo1,(Te) profile starts to
fluctuate mainly in the plasma core with growing
amplitude up to 30 % of the absolute value, correlating
with the MHD fluctuations. After the crash (from
113.08 ms) the MHD activity and fluctuations in the
neo1(Te) profile are significantly reduced and the
plasma remains in a “quiescent” state during some
time.
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Fig. 6. neo1 »(Te) profile, Mirnov coil signal, and the line
integrated density during the MHD event

Fig. 7 presents a detail view of n.oy,(T,) radial profile
during the MHD event (112.8...113.2 ms) indicating
the transition from a peaked to flat profile. However,
the integrated value of n.op,(Te) remains the same
(<2% of variation) before and after the crash, while the
line integrated density signal drops on 40% (as
measured by interferometer). The observed property
can be due to above mentioned combined response of
the neo1 »(Te) product on variations in ne and Te.
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Fig. 7. neo12(Te) radial profile during MHD event

As the effective detector line of ISTTOK HIBD
intersects plasma almost by strait line crossing the
plasma axis (see Fig. 1), it presents an interest to search
and identify a tearing mode (TM) structure by the phase
reversal of the respective fluctuations between two
neighboring cells.

Such a signature have been observed in the ISTTOK
discharge with slow ramp-up plasma current (4...7 KA
in 18 ms) as shown in Fig. 8 for filtered HIBD signals at
the dominant MHD frequency (50...70 kHz) of m=4
mode.
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Fig. 8. Signals from MCAD cells
A clear phase reversal between two successive cells

(marked by dashed lines) is observed, indicating the
rational flux surface location at r ~ + 2 cm.
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1.3. ELECTRODE BIASING EXPERIMENTS

Edge plasma biasing experiments have been
performed on many tokamaks demonstrating a clear
correlation between the ExB flow shear velocity and
turbulence control [8]. In ISTTOK, the plasma
fluctuations can be measured in the whole minor radius
using the HIBD (core and inner edge) and LPs (edge)
diagnostics together, that present a special interest as the
link between plasma core and edge can be studied.
Typically, to maximize the improvement in
confinement, a movable graphite electrode is located
2...2.5 cm inside the last closed flux surface and biased
at +80 V. Improved confinement regimes in ISTTOK
are characterized by an averaged plasma density <n.>
increase, H, radiation decrease, edge turbulent transport
decrease as shown in Fig. 9.
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Fig. 9. <n.>, H,, EB current, ETT during biasing
Fig. 10 presents the neoe(Te) and ion saturation current
lsa profiles during normal and improved confinement
phases. During EB, the n.oe(Te) profile is peaked,
while | flattened.
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Fig. 10. neoer(Te) and I profiles during biasing

The evolution of the turbulent transport and the
neoesi(Te) profile during a full EB cycle is shown in
Fig. 11. Just after EB transitions (solid vertical lines) the
transport is modified within the turbulence characteristic
time of ~10 us. The n.o(Te) profile major changes,
indicated by the dashed lines in Fig. 11, only happen
after ~150 ps, corresponding to the particle confinement
time. It is also observed that the n.o.w(T,) profile reaches
its maximum about 1ms after the EB is applied.
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Fig. 11. Turbulent transport and the neoew(Te) profile
during EB
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During non EB, HIBD peripheral signals are usually
dominated by MHD activity fluctuations (confirmed by
Mirnov coils signal). When EB is applied, the MHD
activity strongly decreases on both peripheral HIBD
channels and Mirnov coils as illustrated in Fig. 12. It is
also observed an increase of fluctuations in the central
HIBD channels the nature of which is a matter for future
research.
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Fig. 12. Spectrogram of MCAD and one MC signals
during EB

2. ON GOING DEVELOPMENTS
2.1.90° CYLINDRICAL ENERGY ANALYZER

In order to extend the capabilities of MCAD to

measure the plasma potential and its fluctuations in the
AE/E < 10 range, a multiple-channel multi-slit 90°
cylindrical energy analyzer (CEA) has been proposed,
Fig. 13. The main advantage of the considered 90° CEA
is compactness to suit the geometric constraints of
experimental conditions on ISTTOK.
The SIMION code has been applied to minimize the
angular aberration and to increase the energy resolution
beyond the ideal, implementing an approach to take
advantage of the strong lensing properties of fringing
fields [9] and deceleration inside CEA.

Multiple Cell Cylindrical EEA

slits

Fig. 13. 90° cylindrical energy analyzer

The best results have been obtained for the initially
inclined (&8, = -5° double charged (q = 2) beam
entering the CEA entrance slit slightly below the
centerline Ry (lshit = -2 mm), decelerated from 20 keV to
4 keV passing through the lens formed by fringing field
between entrance slit (Ve, = 0 kV) and CEA plates (V, =
8.4kV, V, = 7.6 kV) and collected on exit electrode
kept at Ve = 8 kV. Fig. 14 illustrates visually the energy
dispersion (Eq = 19.7, 20, 20.3 keV, &, = -5° Fig. 14,a),
focusing (&, = -7°, -5°, -3°, Eq = 20 keV, Fig. 14, b) and
the magnification (wpy = 2.5 mm, Fig. 14,c) properties
of the considered 90° CEA and Gaussian beam.
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Fig. 15. Resolution property of 90° CEA

Finally, Fig. 15 presents a visual representation of two
Gaussian beams wp, =1.5 mm of width and 46 = +0.5°
of divergence differed in energy on 20 V (20 keV top
and 20.02 keV bottom). From the figure, the results of
numerical simulations of real 90° CEA predicts the
energy resolution of AE/E = 3x10™, that is in the range
of plasma potential fluctuations.  Also, sufficient
decrease of the angular aberration in the range of
00 = + 2° is demonstrated. Recalculated to the energy,
the residual angle aberration is equivalent to AE/E =
8.5x107 of energy change for 60 = + 0.5° of expected
misalignment and beam divergence ranges.

2.2. REAL-TIME VERTICAL PLASMA POSITION
CONTROL

Successful operation of the tokamak relies on the
real-time control of plasma position. Such control
consists on the measurement, data processing and
actuation within an appropriate time window. In the
ISTTOK the plasma position is controlled by magnetic
fields generated on external coils. The current flowing
into the coils is real-time controlled using the ISTTOK
control system having a control cycle of 100 us during
which it reads all the plasma position-related
diagnostics (Mirnov coils, Langmuir probes) connected
to the Advanced Telecommunications Computing
Architecture (ATCA) digitizers and sends the control
reference to the ISTTOK actuators. The HIBD measures
locally and simultaneously the neoes (Te) product at 12
sample volumes vertically distributed along the plasma
region of -0.06 m < r < 0.06 m. Since the plasma
equilibrium is related with the plasma pressure and the
Neoest (Te) product may be considered as a proxy for the
plasma pressure, it is expected that the neoes (Te) will
give more accurate measurements for the plasma
position than the currently used diagnostics. A high
signal-to-noise ratio of the vertical plasma position
measurement is achieved by high, 150 kHz, frequency
modulation (chopping) of the primary beam to
discriminate the beam signal from the background
noise. Providing one profile per chopping period it is
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possible to obtain up to 15 neoen(Te) profiles in one real-
time cycle of 100 ps. This work is in the initial stage.

SUMMARY AND FUTURE PLANS

The new MCAD of ISTTOK HIBD is characterized
by complete suppression of the plasma background. The
improved signal conditioning electronics has high gain,
2x10" V/A, low noise <0.5 nA, and high, up to 400 kHz,
bandwidth. These improvements allow for detailed
study of the plasma MHD activity and the electrode
biasing regimes. Except continuation of the work in
these areas, the investigations of plasma turbulence and
geodesic acoustic mode (GAM) activity are considered
in the nearest plans. The implementation of the
multichannel multi-slit 90° cylindrical energy analyzer
will increase the ISTTOK HIBD performance to
measure the plasma potential and its fluctuations. It is
important that in simultaneous use of HIBD and LPs,
the fluctuations can be measured across the whole
plasma cross-section. Also, the work of HIBD use in
real-time vertical plasma position control will be
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COBPEMEHHOE COCTOSIHUE JJMUATHOCTHUKMU IJIABMBI IYUYKA TSXKEJABIX HOHOB
HA TOKAMAKE ISTTOK

H.C. Heozenvckuii, A. Manakuaw, P.b. Supuxew, P. lllapma

Juarsoctuka mydkoM TsoKEMsIX woHOB (JIIITU) siBiseTcss MOIIHBIM WHCTPYMEHTOM B HCCJICIOBAHUSAX TOpsUeit
TUIa3MBbI B TEPMOSIIEPHBIX YCTAaHOBKAX C MArHUTHBIM YyAEpKaHWEeM. MH)KEeKTHPYeMbIi B I1a3My IEPBUYHBINA ITy4OK
OJTHO3APSAHBIX  TTOJIOKHUTEIBHBIX HOHOB HOHHU3MPYETCS B JIBYX3aps[HOE COCTOSIHUE B CTOJKHOBEHHSX C
9JIEKTPOHAMM IDIa3Mbl. B MarHMTHOM TIOJIe TUIA3MEHHOW YCTaHOBKH DPE3yJbTUDPYIOIIHNE BTOPHYHBIC HOHBI
OTAEJAIOTCST OT IEPBUYHOTO IydKa M JETeKTUPYIOTCS BHE Iia3Mbl. M3mepsemsie JAIITU mapamerps! mia3msl
BKJTIOYAIOT IUIOTHOCTb, TEMIIEPATYPY NEKTPOHOB, MIEKTPUUECKHHA 1 MarHUTHBIN MoTeHIuansl. Ha Magom Tokamake
ISTTOK (R = 0,46 M, a = 0,085 M, B=0,5Tx, I, =4...6 kA, <n.> = 5 x 10" m®, T, = 120 5B) JIIITH cocrour u3
20 k3B nmxexropa Xe * (wmu Cs *) myuxa u myasTHKOIIeKTOpHOTrO Aetektopa (MKJT) Bropuunsix Xe?* (mm Cs* )
MOHOB, BBIXOSIIUX M3 TJIa3MBI BAOJb TPAEKTOPUH MEPBUYHOrO IMydka. OMHMCHIBAIOTCS M3MEHEHHS M YIy4IICHHS
nerexktopHoir cucrembl  JIITU Ha Tokamake ISTTOK. Bo3MOXHOCTH HOBOM JETEKTOPHOH CHCTEMBI
WUTIOCTPUPYIOTCSL HEJIaBHUMH pe3ysibTataMu uccienoBannii MI'/l-akTHBHOCTH W TIONSpU3alMM  TUTA3MBI.
PaccMaTpuBalOTCsl TakKe pa3pabOTKa MHOTOKAHATBHOTO MyJbTHINEIeBoro 90° MUIMHIPUYIECKOTO aHaIM3aTopa
SHEPTrUU ISl U3MEPEHUI MOTEHIHa a TUTa3Mbl U ero (UIYKTYalluid U HOBBIN moaxox ucnonb3oBanust ATITU mis
KOHTPOJISI BEPTUKAIBHOT'O MOJIOKEHHSI I1a3Mbl B PEKUME PEATTBHOTO BPEMEHH.

CYYACHUM CTAH JIATHOCTHUKH IJIABMHU IIYYKA BAKKHX IOHIB HA TOKAMAIII ISTTOK
I.C. Heozenvcokuit, A. Manakiaw, P.b. Enpikew, P. Illapma

HiarHoctuka myukoMm Baxkkux ioHIB (JIIIBI) € mOTyXHHM iHCTpYMEHTOM Yy NOCTIKEHHAX rapsdoi IU1a3Mu B
TEPMOSIICPHUX YCTAaHOBKaX 3 MarHITHUM YTpPUMaHHsM. |H)KEKTOBaHHMII B IU1a3My MEPBUHHUI My4OK OJJHO3aPSAHUX
MO3UTHUBHUX 10HIB 10HI3YETHCA B JABO3APATHHUN CTaH y 3ITKHEHHSX 3 €NEKTPOHAMHU IUIa3MHU. Y MAarHiTHOMY IIOJI
TUTa3MOBOi YCTAHOBKH Pe3yJIbTYIOUi BTOPHHHI 10HHW BiJJOKPEMITIOIOTHCS Bil MEPBUHHOTO MydYKa 1 (PIKCYIOTBCS Mo3a
ra3Mu. BumiproBani [AI1BI mapameTpu mia3mMu BKIIFOYAIOTh MIUTBHICTB, TEMIIEPATYPy €IEKTPOHIB, CICKTPUIHUH i
MarHiTHHH noteHiiany. Ha manomy tokamarni ISTTOK (R=0,46 M, a=0,085M, B=0,5Tn, |, =4...6 KA, <n> =
5x10" M, T, = 120 eB) JIIIBI cknamaetsest 3 20 keB imkexropa Xe* (a6o Cs") myuka i MyIbTHKOIEKTOPHOTO
nerextopa (MKJI) Bropunmux Xe" (a6o Cs”") ioHiB, fKi BHXOIATH 3 MIIA3MHU y3J0BK TPAEKTOPIi IEPBHHHOTO MyUKa.
Onucyrothess 3MiHU 1 mominmieHHs jgetekropuoit cucremu JIIIBI na Ttokamani ISTTOK. MoxiauBocti HOBOT
JIETEKTOPHOI CHCTEMH UIIOCTPYIOTHCS HEJABHIMU pe3yibTaTaMu jgociimkeHns MIJl-akTHBHOCTI 1 mossipu3aii
mwiasMu. Po3risaoThes Takoxk po3pobka GaraTokaHaabHOTO MyJbTUIIIIMHHOTO 90° HUIIHAPHYHOTO aHali3aTopa
eHeprii JJI1 BUMIPIOBaHb TOTEHIIaNy IuTa3MH Ta Horo (iykTyariid i HOBHMU miaxin BukopuctaHHs JITBI mist
KOHTPOJIIO BEPTUKAILHOTO MOJI0KEHHS IIa3MH B PEKUMI PEaIBbHOTO 4acy.
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