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SPECTROSCOPIC MEASUREMENTS OF -ION TEMPERATURE IN

ATC TOKAMAK WITH RF AND NEUTRAL BEAM HEATiNG

S. Suckewer and E. Hinnov

Plasma‘Physics Laboratory
Princeton University
Princeton, New Jersey 08540

ABSTRACT

Measurements of ion temperatures in the ATC Tokamak
by means of boppler broadening of various ion lines are
described, -and typical results pfesented for the various
auxiliary heating experiments: compression, neutral beam,
lower hybrid and ion cyclotron frequency'heating. Radial
resolution of the temperature measurements is achieved by
utilizing spectrum lines of .ions of different ionization
potentials: OVII 116238, cv 122718 and CIV A15488, which
are emitted from regions of different electron temperature.
Measurement at a given radial location is performed as a
function of time by repeated scanning of the line contour

in times 1.5 - 3.0 msec. The results indicate variations

Aof‘heating efficiency with location and with power input

level.



I. INTRODUCTION

In order to determine the ion temperature in tokamak”;
discharges, three experimental methods have been generally used:
1) measuremént of the energy spectrum of neutral hydrogéﬁ or
deuterium atoms emitted from the plasma in the energy range
> 400 ev ("cﬁarge—exchange temperature"); 2) measurement;Sf the
neutron flux;in deuterium plasmas ("neutron temperature"if and
3) measuremenf of spectral distribution of various impufiiy ion
lines in thé,plasma ("doppler temperature"). Each of the;e methods
has distinct advantages and disadvantages, and in general:they
tend to be cqﬁplementary rather than competitive measureménts
of the behavior of ion temperature in timevand space. Iﬁathe
pfesent paper we present an account of the doppler tempeféture .
measurements in the ATC tokamak discharges under a variety of
plasma heating methods. |

t

The Adiabgtic Toroidal Compressor (ATC) tokamak [l,2],ias
its name imp}ies, can produce significant plasma heating By
major—radius_compression of the usual ohmically heated plésma
in times comparable or smaller than the .energy replacement
time g (usually several msec.). Additional power inpuf,
in quantities comparable to the ohmic power, has been proyided
by wave heatihg, either in the lower hybrid (LH) or the ién

cyclotron range of frequencies (ICRF), and also by neutral:

beam (NB) heating.
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Such éuxiliary heating methods tend to produce substantial
distortions_to a Maxwellian energy distribution of the ions.
It is a particular advantage of the doppler profile measurements )
that these still provide a measure of the average kinetic energy
of the buik of the ions under such conditions, in contrast to
the other methods mentioned aboﬁe that are strongly influenced
by the high-energy tail of the distribution.

In a plasma with stfong electron temperature gradients,
the various states‘ofAionization of atoms that are not completely
stripped of;electrons tend to be dist;ibuted spatially according
to their ionization potentials, as will be described below.
Thus, meaéuriné.the doppler temperature of different ions
~automatically provides spatial resolution of the iop temperature.
However, finding sﬁitable ion lines, especially in the hotter
.regions of the plasma (which implies ions of large ionization °
potential) is difficult. The strongest lines of all multiply.

ionized atoms lie in the far ultraviolet and X-ray region,

whereas for the high-resolution doppler width meaéureﬁents,
longer wavelength lines have great qdvantéges: in the Schumann
region and above, A > 11008, it is possible to use transmission
AS well as reflection optics. This greatly facilitates the
measurementg'by increasing the choice of experimental techniques,
Morcover, the doppler widths are proportional to the wavelength,

thus the half-intcnsity width ﬁAD is
- -3 1/2
.A}D/A 2.43 x 10 (Ti(keV)/Mi) (1)

for a Maxwellian distribution, with Mi the atomic weight of

the ion.



In pripcipie, one can add small quantities of various
elements to the discharge in order to increase the avéil;ble
choice of appropriate lines. However, in the present paper
we have used only the spontaneously ocCurring oxygen aﬁddcarbon
lines: theg} 16238 line of OVII (ionization potential 739 eV).
the A 22718 line of CV (E; = 392eV) and A 1548R of CIV'"

(Ei = 64eV);E These are sufficient to provide a reasonabié in-.

dication of the behavior of T, on the ATC discharges. .

IT. EXPERIMENTAL ARRANGEMENT

The line profiles were measured by means of a 1 mete#
Ebert- Fastlé type Jarrell-Ash monochromator, equipped w1th a
rotating LlF plate in front of the exit slit. (This scheme
has evolved by various adaptations from the instrument described
by Hirécthrg and Wilson [3]1). The monochromator is ai:;tight,
filled withFﬁrgon to about 1.2 atmospheres, and connectéﬁ:to the
tokamak vacuum vessel by means of a LiF window as shown'in
Fig. 1. Thé 1200 line/mm grating was used near the blagé angle:
in the 7th order for the A 1548R and A 1623R lines and Qpp
order for the A 2271 line. The detectofs were either 6f
two photomultlpllers (to minimize stray light, overlapplng
orders, etc. ) an EMR tube with LiF windows and CsI cathode
for X < ZIOOR or an RCA quartz-w1ndow, 5-19 photocathode tube
for X > 20003 The instrumental proflle (bandwidth), determlned

mostly by the entrance and exit slits, was sufficiently c;ose

to a Gaussian to allow expressing ion temperature by

_ 2 2 2 o ]
T, = K(MZ - BASS) /A B (2)



with AAM. and AXp, the measured and instrumental half-intens ity
widths, and K a constant proportional to the mass of the ion.
In most measurements the instrumental width was chosen small
compared to the measured width (AAIN/AAM > 0.2-0.3). The Zeeman
splitting of the lines was small compared to the doppler width,
and could be accounted for by minor adjustments to AAIN .
In earlier measurements the LiF plate was stationary, and

was rotated between discharggs through small angles, Thus,
about 20 dischargeé were required to determine the profile (as
a function of time during the discharge). Samples of such measure-
ments, at a particular time in the discharge, are shown in Fig. 2
for the CiV and OVII lines. The dashed cﬁrve.is a Gaussian
with the same half-intensity width as the measured curve. The
points furthest right are background levéls, measured about
two half-widths further out from the center.

Recently, a rapid scan feature has been added to the system:.
a vibrating LiF plate that scans the spectrum line repeatedly
with a period of about 2.5-3.5 msec. If T is the period of
vibration and @O the maximum angle of. the plate of thickness
2 and index of refraction n{(A), the wavelength varies in time
as

l—sin2(¢osin t/T)

M(t) = A(t)-A(0) = !Lg—;sin(@osin t/T) [l - ( )1/2] (3)
: A n —sinz(@osin t/T)

where &6)A/8% is the reciprocal dispersion of the monochro-

mator, and A(0) is the wavelength at the time the plate is

<
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perpendicular td the light direction. Thisllatter wavelength
may be chosen to coincide with the intensity maximum by ro-
tating the gfating. Then near the intensity maximum the 
wavelength varies linearly with time,

o

_ o, 8 _ 1 o ‘
N (1 n—(r)) 2t | (4)

Samples of typical rapid-scan signals are shown.on fié. 3
sfor the OVIiYAlGEBR and AV 22718 liunes Laken durlng RF‘hggtingA

experiments;‘ Also shown in Fig. 3 is the effective instfu—
mental profé;e obtained in the first order with the Hgl 43542
line from aliow pressure mercury lamp. The instrumentai
profile is determined largely by the 200um entrance and exit
slits.

This rapid-scan system allows Ti measurements during bne
discharge, thus eliminating the demand of detailed shot-to-
shot reprodqgibility of the discharge, which was diffiquit
to achieve, .especially in the case of high-power RF héatihg.
The system thus allows observation of changes in the ion
temperature behavior as the RF heating conditions were
changed, thﬁs facilitating the search for optimum heating
conditions. - |

The same measurement system has been used in ion témpera—.
ture [4] and plasma rotation [5] measurements in the ST |
tokamak, and-.in impurity ion concentration measurements ‘-

[6] in the ATC.



IIi. RADIAL DISTRIBUTION OF DOPPLER TEMPERATURE

Dufing the quasisteady phase of tokamak discharges, the light
émitted by various ions originates largely from radial shells
with thicknesses small compared to the plasma (limiter) radius.
The location and thickness of such shells is determined primapily
by the electron temperature profile and the ionization
potential (hence, ionization time) of the ion, and modified
somewhat by the radial drift velocity of the ions. The doppler

temperature measured from a particular ion light, thus refers

to the corresponding shell radius.

In order to understand the formation of such shells, we
note first that the radial ion drift velocity v, must be
of the order of limiter radius, a , divided by particle
confinement time, or typically 1-3 cm/msec . The radial
velocity may vary somewhat wifh radius, and with different
Plasma conditions, but this will not change the picture except
in quantitative detqil.

Secondly, the electron temperature and density radial

profiles in tokamak discharges also have characteristic

shapes that vary only in detail - roughly parabolic for Ne(r)

and considerably sharper (often resembling the square of the
density profile) for Te(r). Typical shapes of measured
profiles in an ATC discharge are shown in Fig. 4. Also shown

in Fig. 4 are the ionization times

= -1
Tion = [NgS; (T )] (5)
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for various}?arbon and oxygen ions at the experimental Né '
Te . The féfe coefficients Si are not too precisely gﬁown
(71, Dbut again this does not greatly affect the picture;
the ionizatipn time typically drops from Tion > 10 msé;

(practically no ionization) to T,

jon << 1 msec (practlca;ly

instantaneous ionization) within a range of radii "Ar << a .
Thus the inward boundary of ions drifting at a few cm/mséc,
must be fairly sharply defined. Only when the ionizatio#
potential nf.an ioﬂ, Ei > kTe(O), the ecentral eleclioun tghperaﬂ
ture, ~suchfés in the case of OVII and OVIII ions in théjabove
example, wifl it extend over a large radial range near the
center of thé plasma.
The horiésntal lines in Fig. 4 show the approximate
radial rangé of the various ions if they were to move in@érd
(to the left} at a constant velocity of 2 cm/msec. Also.'
shown in the“case of the heliumlike ions OVII and CV is ﬁbe
range they Wéuld have in the case of céronal equilibrium;,
(C.E.), i.e!,vno radial motiont Other radial Velocitiestin
the above-mgqtioned probable range will only slightly cha;ge
thése locatiQns because of the.steépness of tﬁe Tion cﬁfves.
The outwa;d boundary of an ipn range.is more vague. Aithough

some experiméhts [8,6] indicate that the outer boundaries{are
also fairly ;éll defined, the réason for this is not weliﬁ
understood, gince volume recombination is usually too slo% to
affect the profiles appreciably. However, even though tﬁe

outward ion density range is not limited, the light emission

drops outwaré;because of the deérease of plasma density and

.y



electron temperature. The local light emissivity is pro-
portionél to the ion and electron density and the excitation
rate coefficient Sx(Te). At the ioﬁs drift outward from the
radius where they are produced by ionization of inward moving
atoms, their density drops beéause of the increased volume,
and so does the electron density. These effects decrease the
emissivity of all ions at increasing radii. However, in some
cases, and particularly the 11623 and 22271 of the heliumlike
OVII and CV ions a much more impoftant effect is the decrease
of Sx(Te) with the temperature drop: the effective excitation
potential, from the ground state of the ion, for these lines is
nearly equal to the ionization potentiai of these ions.
Consequerntly, although the heliumlike ions are produced at
relatively low temperature, the line-emission is concentrated
toward the high-temperature end of the range. In Fig. 4 the
shaded portions of the OVII and CV ranges show the range where
more than half of the light of the 11623 and 22271R 1lines
is emittéd, taking into account excitation as well as ionization
rates.

Thus, in many cases of interest and, in particular, all
céses mentioned in this paper, the ion light is fairly sharply
concentrated hear a radius that may be fairly adequately

estimated by arbitrarily setting vV, T (r) =1cm (i.e. a

ion
distance small compared to plasma radius). Because of the

usual strong radius-dependence of Tion’ neither the uncertainties
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of v, , no; the exact value'of the above-mentioned condifion
affect the radius estimate sensitively. 1In the limit of
small v, ,ﬁthe corresponding radial locations may be found
from coronalaequilibriﬁm. For very large v, , the ions of

course, are not well localized.

In the experiments described below, the location of the
three lines, OVII _A1623R, Ccv A227lﬁ, and CIV 115488 are all
approximately those given in Fig. 4, i.e. r/a ~ 0.3, 0.5,70.8,

respectively, with a = 17 cm in uncompressed plasmas. In

compressed plasmas, the relative locations are expected to™

move somewhaf outward, but because of the lack of detailed

electron temperature measurements on the compressed state

the changés are not quantitatively known. The charge-exchange
temperatures (and even more the neutron temperatures) on tﬁe
other hand generally measure thé highest (central) ion temperature

along the linme of sight.
IvVv. EXPERIMENTAL RESULTS

Fig. 5 presents typical results of Ti measurements by
means of the OVII line broadening, with and without neutral
beam heatingipreceeding the compression. The dispharge ocqﬁrred
in deuterium;'with a ohmic heating toroidal current Iy~ 65 kA,
In compressioﬂ, the major radius, R, of the toroidal plasmgﬂwas
changed from ?0 cm to 40 cm betweeﬁ 30-32 msec . The open ;
circles show  the ion temperature behavior_without‘the neuffal

beam heating! a gradual increase before 20 msec levelling off

%,
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at about"200 eV, followed by roughly doubling during the
compression and subsequent drop with a time constant of
about 10 msec. The actual temperature rise during the
compressioﬁ may be somewhat larger, in fact close to the expected
ratio of 2.8-2.9 for adiabatic compression, because of the
hottest part of the dischargeAOVII becomes ionized and the;e—
fore, ceases to radiate. (The position of the radiation moves
relatively further outward.) The crosses describe the ion
temperature in a similar discharge with 60 kW neutral beam
heating for 10 msec before compression. The additional heating
results in a ATi ~ 80 eV . Whether the éompressional increment
is relatiyely less in this case is not clear from these data
for the above-mentioned reason, but a few milliseconds after

the compression the effects of the neutral beam seem to have

disappeared. The dashed curve labelled "charge-exchange" tempera-

ture was measured on a different day in a somewhat similar discharge
(but without compression). The quantitative agreement with the

doppler temperature is fortuitous (when measured in the same

discharge, the charge-exchange temperatures are always slightly
higher), but the iﬂdicated change of Ti during the neutral

@eam heating is very similar. From such comparisons it appears
that in the case pf neutral beam heating, the charge-exchange
method was. an adequate means of ion temperature measurement,
and most of the measurements in ATC were performed by charqge-~
exchange. The results indicated a roughly linear increase of

ATi with beam power [9,10].
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The first Lower Hybrid heating experiments were performed
with two—wavéguide, 180° nonadjﬁstable phase difference coupling
of 800 MHz power, up to 90 kW for 5 msec. Typical results
of ion tempefature measurements with and without the RF pﬁiée
are shown in;Fig. 6 ~— OVII doppler and charge-exchange
measurements;near the center and CIV doppler measurements éear
the periphep&. The first two mgasurements are in. general
agreement, although the shot-to-shot reproducibility, eépecialiy
with RF heating on, was rather poor. The peripheral CIV
temperature_sLows a significant'decrease during the RF heating,
i.e. the temberature profile narrows, qualitatively similarly
to the ICRF héating results presented below. The intensitf,
of the OVII iine did not change appreciably with applied RF
power, wheraé,the CIV line intensity increased markedly, -
indicating aé,increase of peripheral carbon and probably electron
density. ) |

A more versatile system - including a four—waveguide phase-
adjustable pgwer coupling [111, and the single-shot rapid line
scan (Fig. 3) - was used to investigate the LH heating
temperature éhanges in more detail. Fig. 7a shows the
temperature change near the center (rz0.3a) as a result of a
5 msec 140 kWMRF pulse, and Fig. 7b a similar chénge furthéi out
(r:O.S—O.Ga)#?roduced at lower power level. Clearly, the heating
efficiency iérbetter in the latter case. The behavior of ATi
at the Cv radius-(~0.5a) with increasing power PRF_is depiéted

in Fig. 8a fg% P < 120 kW. At power levels > 120 kW the;

RF .
temperature increase diminished and disappeared entirely by

.
e
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150 kW. Qualitatively similar results obtained for OVII (rx0.3a),
but at somewhat highef power levels: ATi disappeared only at
power levels > 160kW . A change of heating efficiency at dif-
ferent plasma densities is shown in Fig. 8b. The power level
variations of Fig. 8a refer to the -higher plasma density, where
the heating efficiency was optimum.

Adequate interpretation pf ATi drop for high RF power levels
in terms of plasmé processes does not seem feasible at present.
However, it seems certain that changés in temperature and density
profiles and probably plasma composition, caused by enhancea
plasma—wéll interactions, are heavily involved. This drop of
ATi is probably associatea with an observed increase in
density at the periphery of the plasma as a result of injection
of impurities. Associated with the density increase an increase
in reflection of the applied RF signal was observed. The
power level at.which this increased reflection takes place was
found to depend on the condition of the ATC vacuum chamber and
of the teflon window in the waveguide coupler. When the vacuum
vessel and the teflon window were relatively clean about
1 kW/cm2 could be transmitted in the coupling system, but the
maximum power density had dropped by about one third by the
time the experiment was terminated.

In ICRK heating experiments, 25 MHz power was applied to
the plasma for 10 msec, at different power levels, the location
of the ion cyclotron resonance layer being positioned by

appropriate choice of toroidal field [12]. Fig. 9 shows a
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typical chénge in the OVII doppler temperature at 50 kw;power,
with the resonant layer near .the center at BT = 16.5 kGauss. .
Changes of radial profiles of electron and ion temperatufesi
caused by ICRF pulse are shown in Fig. 10. Both Te and.Ti
profiles are distinctly narrower with RF power on. It is
interesting to note that the peripheral CIV ion temperature

is the same as the local electron temperature, preSumabl§ as

a result of the relatively rapid electron-ion equilibration
time. Thus, the peripheral cooling may be caused hy eiéher
electrons3(through increased radiation and ionization rate)

or ions (through increased charge-exchange rate) if the recycling
rate were iincreased. Also, since the total ohmic heaﬁing
current remains constant, the increased peripheral resistivity
implies higher'current density and ohmic heating power ﬁgar
the center:. Furthermore, the change of the current distribu-
tion also affects the rotational transformer and therefore
could change the particle transport rate. Thus a numbef of
indirect éffects can affect the development of the ion '
temperature profile in addition to the direct power inpq% by
wave adsorption. Similar problems arose in the case of ‘lower

hybrid andfneutral beam heating. . o
V. SUMMARY

A collection of measured ion temperature (‘doppler tempera-
ture") changes, produced by various supplementary heating

techniques.on ATC tokamak, is shown in Fig. 11. The different
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measurement methods imply different rédial locations, as shown
in Figs. 4 and 10. |

Evidently, at power input levels considerably smaller than
the ohmic heéting power, the two wave heating methods and the
neutral beam produce comparable heating at the same energy input.
However, only the neutral beams heating in ATC has so far been
able to apply high power (comparable to the ohmic heating),
with continued linear incrgase of heating, in quantitative
agreement with other experiments [13,14]. Iniwave heating
other effects that have not been adequately determined but
probably include prominently enhanced wall-interactions have
limited-éither the power input level or its duration.

It is however, quite clear that for quantative interpretation
of heating efficiencies with4spécia1ized techniques detailed
information of spatial and temporal development of not only ion
temperature, but also of electron temperature, density, and

plasma composition is essential.
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F-g. 3. Samples of fast-scanning signal for OVII, CV and

CZV _ines, and the instrumental profile.
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© Pig. 5. Qoppler Ti for plasma heated by compression with

and without neutral beam.
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Fig. 6. Doppler T, ("shot by shot" measurements) for LH

experiment with two wavegquides coupling. Dashed curves give

Ti from charge-exchange measurements.
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Fig. 7. 1Ion temperature for LH experiments with four
wavequides coupling (rapid line-profile scanning). T; from
broadening of OVII 16238 (RF power P_,.~140 kW) (a) and from
broadening of CV 22718 (RF 105=kW) (b). Results for
RF-power turn-off are indicated by "No-RF".
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Fig. 8, .Ti as a function of RF power (a) and plasma

electron density (b) for LH experiments.
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Fig. 9. Doppler Ti (OVII line) during ICRF heating.

Lower curve presents result without RF.
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Fig. 10. Ion temperature profiles for ICRF ggggg%g

experiments (left side). In right side is shown T, for, plasma
ohmically heated only. Positions of lines used for measurements

are indicated on Té profiles.
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Fig. 11. .Observable ATi during supplementary heating
experiments and compression. Factor (x2) indicates that given
ATi should be read as twice higyher. At is the duration of

the yeating pulse.



