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The active charge exchange technique based upon Secondary Charge Exchange effect (SCX) is proposed for
safety factor measurements in ITER. The performed numerical modeling shows that measurements of the mag-
netic pitch angle are possible up to the plasma center with radial resolution of 5 cm and integration time of about
10 ms. A systematic inaccuracy amounts several milliradians. An important advantage of SCX technique is the

possibility of direct pitch angle measurements.
PACS: 52.55.Fa; 52.70.-m

1. INTRODUCTION

Development of a technique for safety factor (q)
measurements is one of the most important and compli-
cated problems to be solved by the ITER diagnostic
community. There are a number of serious technical
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problems limiting use of existed techniques at the reac-
tor relevant conditions. It compels to develop new ap-
proaches. The techniques considered in this paper can
be treated as one of them.
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The secondary charge exchange (SCX) atoms were
originally revealed during experiments on T-10'. At the
same time it was proposed to use the phenomenon for q
measurements in a tokamak. Later an unfortunate at-
tempt of SCX atoms detection was made on TEXTZ
Authors know nothing about SCX experiments on
present tokamaks. In 1999-2002 renewed experiments
on T-10 proved that the technique is perspective for q
measurements in magnetic confinement plasmas’.

There are papers devoted to a similar active charge
exchange diagnostic for the plasma magnetic structure
investigation**S. The approach mentioned in these pa-
pers substantially differs from SCX, as it is based on de-
tection of E/2 atoms that originate at the dissociation of
beam molecules. The SCX flux are treated in the paper-
s>¢ only as a background embarrassed measurements. It
should be noted, that use of the molecular dissociation
for measurements in the reactor is hopeless due to
strong attenuation of the molecular fraction in large
dense plasmas. Besides, the diagnostic injector of ITER

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2006. Ne 3.

Series: Nuclear Physics Investigations (47), p.107-109.

supposed to be built on the basis of negative ion source;
hence the molecular fraction of the beam is negligible.

2. PHYSICAL BASIS OF THE TECHNIQUE

The experimental geometry is exhibited in Fig.1.
The hydrogen beam (DNB) is injected along the major
radius of the machine. At this geometry the axis of the
beam is directed normally to all the flux surfaces. At in-
teractions (ionization and charge exchange) beam atoms
with plasma particles ions having energy equal to that of
the beam atoms are borne. If an ion has no longitudinal
(in relation to the magnetic field direction) velocity, the
particle gyrates along the Larmour circle. Since at least
a part of the ion’s trajectory is in the beam volume, the
ion can be charge exchanged with a beam atom. The
originated fast atom will escape plasma along straight
trajectory directed normally to the magnetic field line.
In such a manner, measuring the prevailing direction of
SCX atoms’ escape, one can get information about mag-
netic pitch angle that is immediately connected with the
safety factor (q).

107



In reality, the fast ions, originated at the beam —
plasma interaction, may have some longitudinal velocity
due to the beam divergence and the transfer of the mo-
mentum at the ionization. Hence, the ions will move
along spiral trajectories. The lifetime of an ion inside
the beam volume depends on drift velocity and width of
the beam and is, in the considered condition, significant,
that leads to ‘accumulation’ of the fast ions. Their densi-
ty is well over than that of the beam atoms. The more
the longitudinal velocity of an ion the less it’s lifetime
inside the beam target, and, consequently, less the prob-
ability to be charge exchanged. That is why, the effec-
tive width of SCX atoms’ angle distribution, is signifi-
cantly less than that of the initial fast ions. The narrow
angle distribution enables to get low systematical error
of the measured pitch angle value. The trajectories of
the SCX atoms, which were borne at the same point, are
practically in one plane. That is why, the specific flux of
the particles is detectable in spite of its strong attenua-
tion in plasma.

3. RESULTS OF SIMULATIONS

At numerical simulation we modeled generation and
movement of the fast ions, charge exchange of the fast
ions with the beam atoms, attenuation of the SCX
atoms’ outflux. Besides, values of the background sig-
nals due to charge exchange of the thermalized plasma
ions both with residual neutrals and with beam atoms
were calculated. We used the plasma parameters for one
of the main scenarios of ITER performance:
T(0)=Ti(0)=15 keV; n=10" cm™; B=5 T; partial con-
tent of the hydrogen in plasma 5%. The used parameters
of the hydrogen beam are the following: energy of
atoms 100 keV; equivalent current 20 A; dimensions —
30%30 cm; effective divergence 7 mrad. It was supposed
that dimensions of the observation are (toroidalxradial)
10x5 cm, and detectors are arranged at 10 m from the
first wall.

The attenuation of the beam was calculated using an
effective beam-stopping cross-section that takes into ac-
count ionization at electron impact and interactions
(ionization and charge exchange) at the collisions with
hydrogen and main impurities (He, C) ions’. The densi-
ty of the residual hydrogen atoms was computed by
means of a 1D penetration code.
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know the shape of their initial distribution on angle be-
tween velocity vector and magnetic field direction. This
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width of the distribution, besides, strongly influences
the systematical error of the measurements. Three main
processes that determine the angle distribution are the
following: the divergence of the diagnostic beam, the
momentum transfer at the ionization, and scattering at
the plasma charged particles. The performed analysis
showed, that the main factor is the divergence of the
beam. In Fig.2 the densities of the beam and residual
atoms, as well as the concentration of the fast ions, are
shown.

Fig.3 shows the specific densities of the SCX and
background fluxes as function of the radial position
(Tons) Of the observed area for the beam energy 100 keV.
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having this energy originated from the charge exchange
of the thermalized plasma ions both with residual neutrals
(‘passive’ background) and with beam atoms (‘active’
background). It is seen, that as the value of the ‘passive’
signal is negligible, and the ‘active’ one becomes consid-
erable for the plasma core. However, since signal-to-
noise ratio is nearly proportional to exp (-T/Es), here E, —
is the energy of the beam, T; — ion temperature, this ratio
can be drastically improved by increasing of the beam
energy (Fig.4). The picture shows that growing of the
beam energy from 100 to 200 keV leads both to im-
provement of signal-to-noise ratio and to gain of the
SCX signal. The further increase of E, is inexpedient
due to fast drop of the charge exchange cross-section

that leads to decrease of the SCX flux.
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The systematical error of the pitch angle measure-
ments is determined by the width of the SCX atom's an-
gle distribution. The effective width of the distribution
practically does not depend on that of the fast ions and
does not exceed 5007 rad (Fig.5).
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Fig.5. The fast ions’ and SCX atoms densities versus the
angle between observation line and plane normal to
magnetic field direction. Dashed curves refers to ions,
solid ones to SCX atoms

It is due to reduce of the fast ions' lifetime inside the
beam target at the increase of the longitudinal velocity
component. It means that if the pitch angle is about 0.2
rad, we can get relative error less than few per cent. But,
it should be noted, that at large angle dispersion of fast
ions (e.g. due to inaccurate beam alignment) the friendly
signal drops, and, consequently, the statistical error of
the measurements rises.

4. CONCLUSION

A novel active charge exchange technique for q
measurements in ITER is proposed. A preliminary feasi-
bility study allows one to make the following conclu-
sions:

The technique enables to carry out direct measure-
ments of the magnetic pitch angle. No sophisticated
data processing and calibration procedures are
needed.

For a typical discharge scenario signal value is
enough for measurements down to p=0; signal to
background ratio in the plasma core is acceptable at
the beam energy of 100 keV and exceeds 10* at the
optimum E, (200...250 keV).

Lowest systematical error, can be achieved not ex-
ceed 0.005 rad.

At the optimum E, the temporal resolution of 10 ms
and the radial resolution of 5 cm seem to be achiev-
able for measurements in the plasma core.
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AKTHUBHBIE KOPITYCKYJIAPHBIE UBMEPEHUS q B ITER HA BA3E TUATHOCTHYECKOI'O BO-

JOPOJHOI'O ITYUYKA

A.A. Meoeeoes, B.C. Cmpenkoe

AKTHBHas1 KOPITyCKYJISIpHasi METOIMKa, OCHOBaHHas Ha 3(dekre BropuuHoit nepesapsaku (SCX), npemara-
eTcs Ui u3Mepenust kodd¢uuunenra 3anaca ycroitunBoctd B ITER. [IpoBeneHHOE YnclieHHOE MOJIEINPOBAHUE
TTOKA3bIBAET, YTO M3MEPEHHUSI MArHUTHOTO MTUTY-YTJIa BO3MOKHBI BIUIOTH /10 IEHTPA IIa3Mbl C PAIHAIBHBIM pa3-
pemeHreM 5 cM W BpeMeHeM HakoIUIeHus mHdopmarun okono 10 mc. Cuctemarndeckas OmmoOKa COCTaBISIET
HECKOJIBKO MIJUTHpaiaH. BaKHBIM TOCTOMHCTBOM METOJUKH SIBJISIETCSI BO3MOYKHOCTB IIPOBECHUS TIPSIMBIX U3-
MEpEeHHH MUTY-yIa.

AKTHUBHI KOPITYCKYJISAPHI BUMIPH q B ITER HA BA3I JIATHOCTHYHOI'O
BOJHEBOI'O ITYUKA

A.A. Meoeeoes, B.C. Cmpenkos

AKTHBHa KOpITyCKYyJsIpHA METOJHMKa, 3acHOBaHa Ha eQeKTi BTOpuUHHOrO mnepesapsmkeHHs (SCX),
NPOTIOHYEThCs AJIsl BUMIpY KoedinienTa 3anacy criiikocti B ITER. [IpoBenene uncesabHe MOJISIIIOBAHHS TIOKA3YE,
II0 BUMIPH MarHiTHOTO MITY-KyTa MOJJIMBI @K JO IEHTpa IUIa3MH 3 palialibHUM PO3JUIOM 5 cM i yacom
HaKomu4uyBaHHS iHpopmMamii 6mm3pko 10 Mc. CucreMaTnyHa MOMMJIKA CTAHOBHUTD KiJIbKa MiTipagiaH. Baxxmmeum
JIOCTOTHCTBOM METOJMKH € MOKJIMBICTh POBEICHHS MIPSIMUX BUMIPiB MITY-KyTa.
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