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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 Doppler broadening of various ion lines are 

described, and typical results presented 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 differ~nt ionization 

potentials: OVII A.l623R, CV A.227lii and CIV A.l548Jl, 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 

of heating efficiency with location and with power input 

level. 
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I. INTRODUCTION 

In order 'to determine the ion temperature in tokamak .. · 

discharges, three experimental methods have been generally used: 

1) rneasurem~nt of the energy spectrum of neutral pydrogen or 

deuterium atoms emitted from the plasma in the energy range 

~ 400 eV ("ch.arge-exchange temperature")~ 2) measurement bf the 

neutron flux.<.in deuterium plasmas ("neutron temperature") ~· and 
.. 

3) measurern~nt of spectral distribution of various impurity ion 

lines in the.plasma ("doppler temperature"). Each of these methods 

has distinct advantages and disadvantages, and in qeneral:they 

tend to be complementary rather than competitive measurements 

of the behavior of ion temperature in time and space. Iri:::the 

present paper we present an account of the doppler temper.ature 

measurements in the ATC tokamak· discharges under a variety of 

plasma heating methods. 

The Adiabatic Toroidal Compressor (ATC) tokamak [1,2], as 

its name implies, can produce significant plasma heating by 
,·;. ·• 

major-radius compression of the usual ohrnically heated plasma 
- . 

in times comparable or smaller than the .energy replacement 

time (usually several msec.). Additional power input, 

in quanti ties ·comparable to the ohmic power, has been provided 

by wave heating, ·either in the lower hybrid (LH) or the io·n 

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

beam (NB) hea~ing. 

'l.· 
'I 
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Such auxiliary 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 bulk of the ions under·such conditions, in contrast to 

the other methods mentioned above that are strongly influenced 

by the high-energy taii of the distribution. 

In a plasma with strong electron temperature gradients, 

the various states of ionization of atoms that are not completely 

stripped of, electrons tend to be distributed spatially according 

to their ionization potentials, as will be described below. 

Thus, measuring .the doppler temperature of different ions 

·automatically provides .spatial resolution of the io~ temperature. 

However, ~inding suitable 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 measurements, 

longer wavelength l.ines have great ~dvantages: in the Schumann 

region and above, A ~ 1100R, it is possible to use transmission 

as well as reflection optics. This greatly facilitates the 

measurement~ by increasing the choice of experimental techniques. 

Morcover,,the doppler widths are proportional to the wavelength, 

thus the l\alf.-intcn:::Jity width flA
0 

is 

6A
0

/A = 2.43 x l0-3 (T. (keV)/M.)l/2 
. 1 1 

for a Maxwellian distribution, with 

the ion. 

M. 
1 

the atomic weight of 

(1) 
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In pri~ciple, one can add small quantities of various 

elements to ~he discharge in order to increase the available 

choice of appropriate lines. However, in the present paper 

we have used,only the spontaneously occurring oxygen and carbon 

lines: the ), 1623R line of OVII (ionization. potential 739 eV). 

the A 2211R.': line of cv (E.= 392eV) and A 1548R of. CIV.:: 
l. 

(Ei = 64eV)~, These are sufficient to provide a reasonabl~ in-

dication of the behavior of T. 
I. l. 

~::: 
on the ATC discharges. 

I I • EXP ERlMEN'l'AL ARRANGEMENT 

The line/profiles were measured by means of a 1 ineter, 

Ebert-Fastie type Jarrell-Ash monochromator, equipped w~,fh a 

rotating Lif plate in front of the .exit slit. (This scheme 

has evolved.· by various adaptations from the instrument described 

by Hirschberg and Wilson [ 3 J ) • Tl'le monochromator is ai:r:::-.tight, 

filled with ~rgon to about 1.2 atmospheres, and connect~~· to the 

tokamak vacuum vessel by means of a LiF window as shown in 

Fig. 1. The 1200 line/mm grating was used near the bla~~ angle: 

in the 7th order for the A 1548.R and A 1623.R lines· and 5th 

order for t~r A 227l.R line. The d~tectors were either of 

two photomultipliers (to minim~ze stray light, overlapping 

orders, etc.): an EMR tube with LiF windows and Csi cathode 

for A < 21oo.R or an RCA quartz-window, S-19 photocathode tube 

for A > 2oooR . The instrumental profile .(bandwidth), determined 

mostly by the. entrance and exit slits, was sufficiently clo.se 

to a Gaussian to allow expressing ion temperature by 

T. = K(fl~·M2 - f~A 2 )/A2 
J. IN (2) 

• 
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with ~AM and ~AIN the measured and instrumental half-intensit¥ 

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 (~AIN/~AM z 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 ~AIN . 

In earlier measurements the LiF plate was stationary, and 

·~· was rotated between discharg~s through small angles. Thus, 

about 20 discharges 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 curve is a Gaussian 

with the same half-intensity width as the measured curve. The 

points furthest right are packqround leyels, 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 ~ the maximum angle of the plate of thickness 
0 

~ and index of refraction n(A), the wavelength varies in time 

• as 

.. ~ (t) = A(t)-~(0) n (SA . ("' . I [ = Noxs1n ~ 0 s1n t T) 1 -

wh~re OA/oX is the reciprocal dispersion of the monochro

mat~c, and A(O} is the wavelength at the time the plate is 

(3) 
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perpendicular to the light direction. This latter wavelength 

may be chosen to coincide with the intensity maximum by .. ro-

tating the grating. Then near the intensity maximum the 

wavelength varies linearly with time, 

~ n ~ (l 1 ) <I>o llA (t) -- JV O-X - ii1AT T t ( 4) 

Samples of typical rapid~scan signals are shown on Fig. 3 

~for the ovrf Al623g Qnd ck .2.271R l.i.w;:!:;i l.d.lc..t!ll UUL'lny RF h~ating 
... 

experiments... Also shown in Fig. 3 is the effective instru

mental prof~~e obtained in the first order with the Hgi 4.354R 

line from a tow pressure mercury lamp. The instrumental 
~ ~· 

profile is determined largely by the 200~m entrance and exit 

slits. 

This rapid-scan system allows T_i measurements during ~me 

discharge, thus eliminating the demand of detailed shot-to-

shot reprodu.~i.bility of the discharge, which was difficult 
'. 

to achieve, .especially in the case of high-power RF heating. 

The system t~us allows observation of changes in the ion 

temperature behavior as the RF heating conditions were 

changed, thus facilitating the search for optimum heating 

conditions. 

The same measurement system has been used in ion tempera-

ture [ 4] and: .. plasma rotation [ 5] measurements in the ST 

tokamak, and:,,.in impurity ion concentration measurements.·: 

[6] in the ATC. 

:.· .. 

•' 

I 

• 
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III. RADIAL DISTRIBUTION OF DOPPLER TEMPERATURE 

During the quasisteady phase of tokamak discharges, the light 

emitted 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 primarily 

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 with radius, and with different 

plasma conditions, but this will not change the picture except 

in quantitative detail. 

Secondly,.the electron temperature and density radial 

profiles in tokamak discharges also have characteristic 

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

and considerably sharper (often resembling the square of the 

density profile) forT (r). Typical shapes of measured 
e 

profiles in an ATC discharge are shown in Fig. 4. Also shown 

in Fig. 4 are the ionization times 

T. 
~on 

= [N S. (T ) 1 ..-l 
e ~- e (5) 
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for various:carbon and oxygen ions at the experimental N 
e 

T The rate coefficients s. are not too precisely known 
e 1 

[7], but again this does not greatly affect the picture: 

the ionization time typically drops from T. >> 10 msec 
10n 

(practically no ionization) to T. << 1 msec (practica.lly 
10n 

instantaneous ionization) within a range of radii ·~r << a • 

Thus the inward boundary of ions drifting at a few cm/msec, 

must be fairly sharply defined. Only when the ionizatioti 

potP.nt.inl nf. an ion, li:i ~ kTe (0) 1 ~he eentral t:ltl~..:LLuH te~npera

ture, · such ·.as in the case of OVII and OVIII ions in the 
1

above 

example, wifi it extend over a large radial range near th~ 

center of the plasma. 
.· 

The horizontal lines in Fig. 4 show the approximate 

radial range of the various ions if they were to move inward 

(to the left) at a constant velocity of 2 cmjmsec. Also 

shown in the case of the heliumlike ions OVII and CV is the 
,. i .: . .:-· 

range they would have in the case of coronal equilibrium .. 

(C.E.), i.e., no radial motion. Other radial velocities in 

the above-me:~tioned probable range will only slightly ch~~ge 

these locations because of the steepness of the T. 
10n 

curves. 

The outward boundary of an ion range is more vague. Although 

some experiments [ 8, 6] indicate that the outer boundaries· .. are 

also fairly well defined, the reason for this is not well. 

understood, since volume recombination is usually too slo~ to 

affect the profiles appreciably. However, even though the 

outward ion density range is not limited, the light emission 

drops outward because of the decrease of plasma density and 
.. , 

' 

... 

• 
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electron temperature. The local light emissivity is pro

portional to the ion and electron density and the excitation 

rate coefficient S (T ) • 
x e 

At the ions drift outward from the 

radius where they are produced by ionization of inward moving 

atoms, their density drops because 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 >.1623 and A2271 of the heliumlike 

OVII and CV ions a much more important effect is the decrease 

of S (T ) with the temperature drop: the effective excitation 
x e 

potential, from the ground state of the ion, for these lines is 

nearly equal to the ionization potential of these ions. 

Consequently, although the heliumlike i9ns 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 Al623 and A2271R lines 

is emitted, taking into account excitation as well as ionization 

rates. 

Thus, in many cases of interest and, in particular, all 

cases mentioned in this paper, the ion light is fairly sharply 

concentrated near a radius that may be fairly adequately 

estimated by arbitrarily setting v. T . ( r) = 1 em ( i . e • a 
.. 10n 

distance small compared to plasma radius). Because of the 

usual strong radius-dependence of T. , neither the uncertainties 1.on 
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of v~ , nor the exact value of the above-mentioned condition 

affect the radius estimate sensitively. In the limit of 

small _v~ , the corresponding radial locations may be found 

from coronal equilibrium. For very large v~ , the ions of 

course, are not well localized. 

In the experiments described below, the location of the 

three lines, OVII _.A 1623.R, CV A 227l.R, and CIV -A 1S48.R are all 

approximately those given in Fig. 4, i.e. r/a z 0.3, o . .s,::·o.a, 
. · . 

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

compressed plasmas, the relative locations· are expected to·,.--

move somewhat outward, but because of the lack of detailed 

electron temperature measurements on the compressed state 

the changes are not quantitatively known. The charge-exchange 
.. 

temperatures (and even more the neutron temperatures} on the 

other hand generally measure the highest (central} ion temperature 

along the line of sight. 

IV. EXPERIMENTAL RESULTS 

Fig. 5 presents typical results of Ti measurements by 

means of the· OVII line broadening, .with and without neutra~ 

beam heating ·preceeding the compression. The discharge occurred 

in deuterium·, with a ohmic heating toroidal cuq;ent IoH ;;: fiO k1-\. 

In compression, the major radius, R, of the toroidal plasm~-: was 

changed from 90 em to 40 em between 30-32 msec • The open .: 

circles show the ion temperature behavior without the neutral 

beam heating: a gradual increase before 20 msec levelling off 

/ 

... 

• 

• 

t 
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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 

compression 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 discharge OVII becomes ionized and there-

fore, ceases to radiate. (The position of the radiation moves 

relatively further outward.) The crosses describe the ion 

temp.erature in a similar discharge with 60 kW neutral beam 

heating for 10 msec before·compression. The additional heating 
) 

results in a ~T. ~ 80 eV • 
~ 

Whether the compressional increment 

is relatively 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 indicated change ofT. during the neutral 
~ 

beam heating is .very similar. From such comparisons it appears 

that in the ~ase of neutral beam heating, the charge-exchange 

method was. an adequate means of ion temperat~~e measurement, 

and most o~ the measurements in ATC were performed by charge

exchange. The results indicated a roughly linear increase of 

~Ti with beam power [9,10]. 
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The first Lower Hybrid heating experiments were perfor~ed 

with two-waveguide, 180° nonadj~stable phase difference coupling 

of 800 MHz power, up to 90 kW for 5 msec. Typical results 

of ion temperature measurements with and without the RF pulse 

are shown in;~.Fig. 6 - OVII doppler and charge-exchange 

measurements~·near the center and CIV doppler measurements near 

the periphery. The first two measurements are in general 

agreement, although the shot-to-shot reproducibility, especia,J.,ly 

with RF heating on, was rather poor. The peripheral CIV 

temperature .shows a significant.decrease during the RF heating, 

i.e. the temperature profile narrows, qua·litatively similarly 

to the ICRF heating results presented below. The intensity .. 

of the OVII ~ine did not change appreciably with applied RF 

power, whera.s. the CIV line intensity increased markedly, 

indicating a~. increase of peripheral carbon and probably electron 

density. 

A more versatile system - including a four-waveguide phase-

adjustable power coupling [111, and the single-shot rapid line 

scan {Fig. 3.) ·- was us~d to investigate the LH heating . 

temperc>.ture 9hanges in more detail.· Fig. 7a shows the 

temperature qpange near the cent·er (r:::.O. 3a) as a result of ·a 

5 msec 140 k~ __ RF pulse, and Fig. 7b a similar change furthe·r out 

{r:::0.5-0.6a) .... produced at lower power level. Clearly, the heating 

efficiency iscbetter in the latter case. The behavior of ATi 

at the CV ra~Uus {~0.5a) with ir;rcreasing power PRF is depicted 
. 

in Fig.8a fg,r PRF < 120 kW. At power levels~ 120 kW the .. 

temperature ~ncrease diminished 

... 
' 

and disappeared entirely by 

• 

' 

' 
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150 kW. Qualitatively similar results qbtained for OVII (~0.3a), 

but at somewhat high~r power levels: ~T. disappeared only at 
1 

power levels > 160kW • A change of heating efficiency at dif

ferent plasma densities is shown in Fig. 8b. The power level 

variations of Fig. Sa refer to the·higher plasma density, where 

the heating efficiency was optimum. 

Adequate interpretation ~f ~Ti drop for high RF power levels 

in terms of plasma processes does not seem feasible at present . 

However, it seems certain that changes in temperature and density 

profiles and probably plasma composition, caused by enhanced 

plasma-wall interactions, are heavily involved. This drop of 

6T. is probably associated with an observed increase in 
1 

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. 

2 
1 kW/cm 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 IC~· 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 change in the OVII doppler temperature at 50 kW. power, 

with the r~sonant layer near the center at BT = 16.5 'kGauss. 

Changes of radial profiles o~ electron and ion temperatures 

caused by ICRF pulse are shown .in Fig. 10. Both T and T. 
e 1 

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, presumably as 

a result of the relatively ·rapid electron-ion equilibrat-ion 

time. Thus, the peripheral cooling may be_ caused by ei~her 

electrons '(through increased .radiation and ioni~ation rqte) 

or ions (through increased ·charge-exchange rate) if the· recycling 

rate were :increased. Also, since the total ohmic heating 

·current remains constant, the increased peripheral resistivity 

implies higher ·current density and ohmic heating power n~ar 

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 number of 

indirect effects can affect the development of the ion 

temperatur.e:, profile in addition to the direct power i-nput by 

wave adsorption. Similar problems arose in the case of lower 

hybrid and neutral beam heating. 6 

', 

V. SUMMARY 

A collection of measured ion temperature C'doppler tempera-

ture") cha:J;lges, produced by various supplementary heating 

techniques.on ATC tokamak, is shown in Fig. 11. The different 

~:. · .. 

• 

• 
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measurement methods imply different radial locations, as shown 

in Figs. 4 and 10. 

Evidently, at power input levels considerably smaller than 

the ohmic heating power, the two wave heating methods and the 

neutral beam produce compara~le heating at the same energy input. 

However, only the neutral beams heating ~n ATC has so far been 

able to apply high power (comparable to the ohmic heating), 

with continued linear increase of heating, in quantitative 

agreement with other experiments [13,14]. In wave heating 

other effects that have not been adequately determined but 

probably include prominently enhanced wall-interactions have 

limited either the power input level or its duration. 

It is however, quite clear that for quantative interpretation 

of heating efficiencies with specialized 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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Fig. 1. Diagram of spectrum line-scanning arrangement. 

DAS is the Data Accumulation System, which stores the data, 

averages over several shots if required, and computes the 

temperature T. (t) from Eq. 2. 
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