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Abstract

Although the q profile plays a key role in theories of instabilities _ld plasma equi-

librium, it h_m bc<m quite difficult to measure until the recent development of the

i rnotional Stark effect (MSE) diagnostic. A mult, ichannel motional Stark effect po-
i larimeter system has recently been installed on the Tokamak t51sion Test Reactor
i

, (TFTR). The dia_aostic can measure the magnetic field pitch angle (7_ = Can-l/_'a_5,z_.r','

at ten radial locations. The doppler sififted i),:, radiation from a TF'TR heatin_ bea.m

' is \"l:_e' ,o:.dnear tangentia.l tot;tie toroidal magnetic field via a, re-entrant front sllrfa(:e
'1

r

reflecting mirror. Ph(:.,field of view covers from inboard of the magnetic a,xis to near

l II 3"' i, the outboard edge of the. plasma with a radial spat;ial rcsolut.on of 3-5 cre. A hisxh
'i

i O¢_" _hroughput f/2 opt,ics system results in an uncertNnty [or O';,of ,--_0.1° - 0.2° with a

] " t' ,' resohition oi _5-10 rns InitiN pitch angle pro/lies from TFTR have b(._enob-,, 1FtLt ....
I

I

!I rained. The MSE data is consistent with the estimated ', ,"rn,.tgmctm _Lxisposition frorrt

i external ma_.Tleti.(:.._n(-"a,,llC.m(_ntss'•, " " a.nd the q=l radius is in good_ agreement with I.}m

", inversion radius ft'ore the d_.ctron,' ' cyclotron emission t(_mp'e_,raturerneasurements.
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I. Introduction

The current density profile and tile safety factor q(R) are essentia, l in the tlleoreti-

(:M modeling of pin,stun equilibrium, stability, and tramsport. Many pl tenonaena, such

as sawteeth, are not well understood due to the la,ck of consistent and detailed exper- _'

imentM d_.tt,a, for q(R), Also, with internal magnetic field d_tta, a quantitative analysis

can be made of the plasma equilibrium. This is particularly important for experi-

me:_ts where active control of the current profile, using rf, neutral beams, or bootstrap

curren, t is being pursued or i)lanned for the future. To un(iersta_M the effects oi'.mod-

ifying the current density protile on st.ability_ continement, and transport, a credible

nle_n.s of determining tile equilibrium is required [h.e _"I_I!_ technique, developed

,_ll the PP, X-M tokamak, I ha.s been shown to provide lh,: inf,)rm_ttion necessary t.(_

determin,:: the equilibrium, Im.portant m.easurements of equilibrium a'3 and stabilit, y 't

have been demonstrated with this technique on PBX-M and other devices using a

scannable single channel diagnostic. With a multichannel systenl, ,_uch as o:l TFTR

now, q(R) proliles are more reliable and readily available to help iri understanding _
w

the plasma behavior and provide feedback for operation of the tokamak.

'['he ,.notional Stark effect, s which arises froirl the electric tield induced in the

_ttorn's rest frame due to its motion across tile magnetic field (E =: Vbeam x Bf} iS

used to measure the local magnetic field pitch angle. This is possible because the

Stark effect cm.lses both a wavelength splitting of several a,ngstroms and polarization

of the emitted radiation. When viewed transverse to the field the Am = 0 transitions,

or 7r components, are linearly pola.rized parallel to the electric field and the Am = +1

'l O :! itransitions or o"components, are linearly polarized perpendicular to the electric m..l(,

and parallel to the magnetic tield, lt is the measure of the direction of the linearly
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polarized o ,:omponents that provides the basis of this magnetic field pitch angle

(tjagnos t ic.

IB

II. Apparatus

'rite diagnostic on TFTR views one of the deuterium neutral bealns that is used

for heating the plasma. The beam energy can be varied frorn 85 to 120 keV. Generally

data has been taken at 95 keV. The deuterium Balmer-alpha transition, r_ = 3 .-_ 2,

which is at 656.1 nm, is Doppler shifted about 4.0 nm towards thered with the viewing

t ]geometry on TFTR. A plan view of the layout is s}_own in Fig. 1 r.._e collection optics

and polarimeter view ghe plasm_ via a front surface reflecting aluminium mirror. The

re-en.(;rant mirror w_ts necessary to provide a tield of view of the plasma from in/)o_r(l

of the magnetic axis to near the outboard edge of the plasma. The optics material

is fused silica to minimize radiation darkening and keep the syste_h compatible with

" I)-T operation which is planned for "rI,'TI1. in the future. All the optics, includit_g

'' the polarimeter, are f/2 or better with a I0 cm clear apertl_.re to maintain a high

throughput for maximum light gathering capability. This allows for a time resolution

of --_ 5 ms while still maintaining good statistics for measurement of the magnetic

tield pitch angle. The light collected by the lens combination is imaged through the

polarime, er onto a fiber optic array. The tiber holder consists of '27 slots or sight

lines arranged on a curved focal plane. The curve has been calculated to bring the

tibers to a focus at the intersection of each sight line with the neutral beam. Each

slot contains six tibers, arranged with titree vertical by two horizontal fibers. The

tibers are 1000 micron core diameter and 1100 micron claddirlg diameter. The image

, size Lt the focus in the plasma is about 3 cm in the radial direction. Due to the view

3
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being near tangential to the toroidal tlel(t the radial resolution remains 3-5 cm irl the

plasma even though the neutral beam has a width of 2(/ cre. At present there are

enough fiber and detectors for ten sight lines.

The fiber-optic bundle runs from the machine area through a penetration in the

shielding wall to the "hot cell," which is an area that is accessible during machine

operation. Iiere the fibers are separated into ten channels of six fibers each corre-

sponding to ten spatial locations in the plasma. The optics/detector layout is shown

in Fig. 2. The light from a group of fibers is collimated through a 0.6 nm FWHM

interference filter before being .focused onto the photocathode of a photomultiplier

(PMT) detector. The filters are individually set for each channel correst,onding to

its I)opple_r shifted wavelength. Since t.he beanl energy, and hence the. Doppler shift,

can be varied, the filter needs to be tunable. Also the measured polarization fraction

is very sensitiw_' to wavelength and needs to be set to the central o-components. The

tilter is tuned by heating between 25°C to 6()°C which strifts the passband of the

filter. 'r'h,:, shift is about 0.017 nm/°C. This allows a change of .--_0.6 nm which can

cover a beam energy range of 90 - 115 keV. 'rh,_ detectors are Hamamatsu R943-02

with. GaAs photocathodes that h.ave a quantum efl[]ciencv of _-_ 13% at the relevant

wa.velen.g,th. _Lh.. PMT output lf_ then amplified before the sign;_l is split into a I

khz low pa.ss filter for measurement of the unmodul_ted part of the signal and three

lock--in amplitiers .for demodulation aB the three reference frequencies from the pho-

toelastic modulators (PEM). Finally the lock-in amplifier outputs are recorded with a

waveform digitizer for computer analysis. The complete control and data acquisition

of the diagnostic is done by a Micro-Vax II comi)uter. This permits remote control

and monitoring of the mirror shutter, voltage for detectors, and filter heaters.

4
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The polarinmter used here is basically tile same as that described in Levinton

et al. _ The size of tile clear aperture on the PEM's has been increased to 10 cm

o with a corresponding decrease in tlm resonant frequency of the modulators froin _--40

kHz to _ 20 khz. Another important difference in the polarim.eter used here is

the use of three reference frequencies instead of two in the pre.vious design. This is

because the mirror introduces a phase difference between the s-polarized ligh.t and p-

polarized light which results in the conversion of linearly polarized light to ellipticMly

polarized light. The polarimeter effect on the collected light, can be calculated using

Meuller matrices, r If the phase difference and retlectivity ratio between the s and p

polarization from the mirror is 8 and v, respectively, the polarization, fraction is p/,

the frequency of the modulators are wl and co2, the drive amplitude on the modulators

is ,4l and .'i2 and a.ssumilxg the mirror axis is horizontal tiron the resultant intensity,

to highest order from the polarimeter is,

' [o = [i{i1[(1 +r_)+p/(r_--1)cos(27v)]

_ - 1)+ +-2V2

J

•h (_A_j_lcos(2wx t)[p/r, sin(2%,) cos(t_)] (1).... v/2

+ _2_ cos(c02_) [p/e, sin(27p ) sin(6)]

+ ... higher harmonics}.

The last two terms in Eq, (1) determine the phase difference from the mirror and

together with the J2(A2) term determines the magnetic field pitch angle.

Calibration of the diagnostic is a very important element to the successful imple-

mentation of this technique. The principle method for calibration consists of injection

of a neutral beam into a gas filled torus. With known currents in the toroidal and

, equilibrium field (EF) coils the fields in the torus can be calculated to determine the
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local magnetic field pitch angle. The EF current can produce a variation in pitch an-

gle comparable to that obtained from a plasma disch.arge. The c_dibration obtained

this way includes ali tile effects that are present (luring normal operation such as

Faraday rotation from the optics and window, the polarization projection factor, _

and the polarization fraction.

III. R.esults

The mu.lticl,.an,ml MSE system oil TFTR began operation duiing tile fall 1991 run

r

period. Initial shakedown and preliminary data has been ol)tained, rtte signal-to-

noise of the (tara is very good with typical calculated pitch angles for several channels

sllown in Ii'ig. 3. The relative uncertainty of the pitch angle is .... ().1° with a time

resolution of 50 ms in this exaInple. The absolute error is somewhat larger due to

systematic errors caused by coating of the mirror by the plasma, which caused the

calibration results to vary with time as the deposited coating varied. this should be

corrected for the next run period. The time evolution of the magnetic axis location

and the a,xial safety factor q(0) are shown as _. functi<)n of time in Fig. 4. The

outward motion of the axis position between 1.5 and 2.0 s is due tc, the increasing

major radius of the plasma from the preprogrammed formation. Also, the neutral

beam heating of the plasma, which started at 1.5 s, increased/3o aud hence caused

an increase of the Shafranov shift of the magnetic axis. Also shown in Fig. 4 is the

calculated ,nagnetic axis location from the external magnetics measurements which

is in very good agreement with the MSE measurements. Both measurements have

the same temporal beha.vior, but are offset by a couple of centimeters, which is near

the absolute uncertainty of both measurements. 'rite external magnetic measurerne_,.t

6
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of t,he magnetic axis position is approximate due to profile effecf,s that are not taken

into account. While the plasma current is increasing between 1.5 and 2.0 s, the pitch

_,.
,+ angle protile is changing Mong with the q(R) profile. Profiles are shown .in t lg. 5 at

three times during the plasma evolution. At 1.55 s q(0) is just below 1 and is rapidly

decreasing to a steady state value of 0.73. O_,er this time interval comparisons ha.ve

been made with the electron cyclotron emission (ECE) measurements of the electron

temperature. The ECE data sl_ows sawteeth (luring the entire interval. The inversion

radii at t.55, 1.70, and 2.5 s are 2.63, 2.75, 2.86 m which is in good agreement with

the q_,R)=l radii from the MSE data.

Systematic errors in the data have not been fully ewduated yet. Itowever the

preliminary data from the MSE diagnostic is showing good consistency with other

measurements. 'I:he system has demonstrated both tempural resolution and relative

uncertainties which will make the MSE measurements on TFTR very effective at

investigating many important equilibrium, stability, and transport questions.
t
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[1} Schematic layout of the MSE diagnostic on TFTR
A

showing the location of the optics and photoe!astic

modulators (PEM 1 and PEM 2).

[2] Electronics and detector setup in the "hot cell."

A reference waveform from the PEMs is used for the

lock-in amplifiers to demodulate tile detector signal.

[3] Pitch a.ngle evolution at several radial locations.

[41 Temporal evolution of (a) magnetic axis from MSE and

external Inagnetics measurements and (b) q(O).

I

times during the discharge evolution.

9
:- t

!



co





R=3.00

t,

R=2.92

6 '

R=2.83

' '4

'D

¢.,1)

'_ 2
"7__ R=2.73 o
_ .

rj

O

0

R.=2.62

-2

'1 R=2.51

I 2.0 2.5 3.0I

Time (s)

I

i Fig. 3

I1 _u_l,n_lil ,1_!_1' Iv'_t_ ..... ,, tl,/,/_...... _19,_r _ _'r_1111'I_,",_'_,u,_L.... l/,'_'''_ _'_/P'III_/
ii

I]l_"
(

,, tl.. _ .... r r' ' I_l 'I'll/I_''' _'"_' 'lfl_



Fig. 4



. II
6--

" • ii * i
(al A "

: i
4-- lP'

. • t

.,7.

-" # t=1.55 s
2" • t=1.70 s

.., - # • • t=2.50 s

._ ,,,,.

O

'-2 k

E ?
j

2.6 2.7 2.8 2.9 3.0 3.1 3.2

Radius (m)

1;=1.55 s - L

4.0 - (b) A t=l.70 s -

• I>--2.50 s 4Z

3.5 - .-

3.0 -

" q

I'

2.5 - # --

2.0 .-

"i-_ 1.5 •

@ @ -'

1.0 , _ ..__- _
-

- • tid -

2.6 2.7 2.8 2.9 3.0 3.1 3.2

Radius (m) '_

Fig. 5

| _z,

,, i1 ,i 11, i1 , ,11 , ii , 1, _1,, til 11' ' II IITIII_I'II_ 'IHII_I'I' _FI IFiiiq_ 'Ill'"_ gfg'_'lfr_lfr_l_fl_l



EXTERNAL DISTRIBUTION IN ADDITION TO UC-420

Dr. F. Paoloni,UnN.of Wot_or_long,AUSTRALIA Prof.I. Kawakarni,HiroshimaUniv., JAPAN

Prof. M.H.Bmnnan, Univ.of Sydney,AUSTRALIA Prof. K.Nishikawa,Hk'oshimaUniv,,JAPAN
)

PlasmaResearchLab,, AustralianNat. Univ.,AUSTRALIA Director,J_ AtomicEnergyRer_arch InsL,JAPAN

Prof. I.R, Jones, FiindersUniv,AUSTRALIA Prof. S, Itoh, KyushuUniv,,JAPAN

Prof. F. Cap, InsLfor Theoretic_Physics, AUSTRIA Rermatdl Ink). CIT,,Nationa¢InsUt.for FusionScience,JAPAN

Pmr. M, He_cller,InstitutfOrTheoratir,,chePhysik,AUSTRIA Pmr. S. Tanaka, KyotoUniv,,JAPAN

Prof. M. Goos_ns, AstronomiK;hInstituut,BELGIUM LJbraty,Kyoto Univ.,JAPAN

Ec=oleRoyale Militaim,Lab.de Phy,Pla=_rtas,BELGIUM Prof. N, Inoum,Univ.of Tokyo,JAPAN

Commiuion-Europew_,DG, XlI-Fusion Prog,,BELGIUM Secrel=% Prin.'naS_'tien, Elec_zot,<_nicaJLab.,JAPAN

Prof. R, Bout, Rijk_nivendteitGell BELGIUM S, Mori,Tactmi¢_ Advisor,JAERI, JAPAN

Dr. P.H. _, InstitutoFrJica, BRAZIL Dc.O. MitmaJ,Kurrmmo_In=Lof Techrx_>gy,JAPAN

InstitutoNa<=ien_De PeequiM_lESl;_CiailPINPE,BRAZIL J. Hyeon-Sook,Kola AtomicEnergyResearchIn=L,KOREA

DocumentsOlfioe,Atomio Energyof CanadaLtd., CANADA D.I. Choi,The KoremAdv.InsLoi .°xi. & Tech., KOREA

Dr. M.P. Bac_ndd, MPBTe_hnok>gies,Inc., CANADA lh'of, B.S. Liley,UnN. of Waikato, NEW ZEALAND

Dr. H.M. Ska_gard, Univ,of Saskatchewan,CANADA Inst of Physic=,Chinese Ac..adSciPEOPLE'S REP. OF CHINA

Prof. J. Tectw_ann, UnN.of Montreal,CANADA IJbrary,Inst. of Plasma Physics,PEOPLE'S REP, OF CHINA

Prof. S.R. Stt)enivas,an, Univ,of Calgary,CANADA Tsit_hua Univ,Ulxary, PEOPLE'S REPUBLICOF CHINA

Prof. T.W. Johnston,INR,S-Energie,CANADA Z. Li,S.W. Inst Phyr,¢=,PEOPLE'S REPUBUC OF CHINA

Dr. R. Boffon,Centrecaruadm_nde Iu=ionmagn_lx:lue,CANADA Prot. J,A.C, Cabml, InstitutoSuperiorTeonico,PORTUGAL

Dr, C,R. James,, Univ.ofhJberla,CANADA Dc.O. Pelrus, AL I CUZA Univ., ROMANIA

Dc.P, Luk,tb¢,KometnrJq_hoUniverszJta,CZECHO-SLOVAKIA Dr, J, de Viliiers,FusionStudies,AEC, S. AFRICA

The Librsrtam,Cull'_m Laboratory,ENGLAND Prof.M.A. Hetlberg,UnN. of Na=l, S. AFRICA

Library,R61, Rul_erfordAp_ Laboratory,ENGLAND Prof.D.E. Kim,PohangInst. of Sci.& Tech.,SO. KOREA

Mrs. S.A Hutchinson,JET Li_, ENGLAND Prof.C.I.E.MA.T, FusionDivisionLibrary,SPAIN

Dr. S,C. Sharma,Univ. ofSouth Pacific,FIJI ISLANDS Dr. L. Stenfto,Univ.of UMEA, SWEDEN

P. _, Univ.of l-letsinki,FINLAND LJ_ary, RoyalInst. ofTechnology,SWEDEN

Prof. M.N.Busssc, EcotePolytachnique,,FRANCE Pmr. H. W'dhek'nson,ChalmersUniv. o| Tec_., SWEDEN

C. Mouttet,Lab,de Physiquede=Milieux tonisd_,FRANCE Centre Phys. Des Plasmas, EcotePolyte<;h,SWITZERLAND

J. RadeL CEN/CADARACHE - Bat506, FRANCE Biblio_eek, Inst. VoorPlasrna-Fysica,THE NETHERLANDS

Prof. E, Eoorv.m'K_,Univ.of Crete,GREECE A=sLPro(. Dr. S. Cak,k', MiddleEast Tech. Univ., TURKEY

Ms. C. Rinni, Univ.of Ioa,_'fina,GREECE Dr. V.A. Gtukhikh,Sci.Res, Inst. Eleclrophy$.lApparatus,USSR

Dr. T. Mual, Academy Bi/c_iograph_Sot., HONG KONG Dr. D.D. Ryut0v,Siberian _ of Academy of So., USSR

Pmprint Library,Hur_gananAcademy of Sci., HUNGARY Dr. G.A. Eiise_ev,I.V. KurchatovInst., USSR

Dr. B. DasG,_pta,Saha Inst.of Nuciear Physk_, INDIA Litxadan, The Ukr.SSRAcack_tyof Sciences, USSR

) Dr. P. Kaw, Inst, for Plasma Research, INDIA Dr. LM. Kovrizhnykh,Inst.of General Physics,USSR

Dr. P. Rotmnau,It,,metInst. of Techno_, ISRAEL Kernfort,,chungsanlageGtr_H, Zenlra_bib_iothek,W. GERMANY

, l.Jbratlan,Intef_l_n_ Centerfo_Theo Physics, ITALY Bibtiothek,Inst.FOePl_sma_ung, W. GERMANY

Miss C. De Paio,Asr,,ociazioneEURATOM-ENEA, ITALY Prof.K. Schindter,Fluhr-Universil_,Bochum,W. GERMANY

Dr. G, Gror,=o,Istitutodi Fh_:=del Plasma, ITALY Dr. F.Wagner, (ASDEX), Max-_-InstituL W, GERMANY

Prof. G. Rostangni, IstttutoGas k_izzati Del Cnr, ITALY L.ibranan.,Max-Planck-Institut,W. GERMANY

Dc. H.Y_rtato, ToshibaRes & Devel Center,JAPAN Prof, R.K.Ja,'v_, Inst.of Phys, YUGOSLAVIA






