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Internal Electric Field Structure of Launched Fast Magnetosonic Waves in the DIII-D Tokamak
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Results are obtained, for the first time in a major tokamak plasma, of the spatial electric field structure
of a launched fast magnetosonic wave (FW). The FW launch directionality necessary for current drive
has been confirmed at a position close to the FW antenna. The FW electric field profile is determined
using X-mode reflectometry. Electric field profiles, calculated using a full-wave numerical code, exhibit
many features common to the experimental results. However, differences remain regarding density
dependence that suggest alternative damping mechanisms may exist. [S0031-9007(98)05541-0]

PACS numbers: 52.50.Gj, 52.55.Fa

Fast magnetosonic wave current drive (FWCD) is an atspatially localized reflectometry technique [12]. The FW
tractive method to obtain steady-state or long pulse operantenna launch directivity in the DIII-D tokamak has
tion in a tokamak fusion reactor [1-3]. FWCD is achievedbeen experimentally determined at a position close to
when the fast magnetosonic wave (FW) transfers momerthe antenna. The reflectometer signal is enhanced when
tum to electrons by the coherent combination of electrorthe fast wave is launched directed towards the detection
Landau damping and transit time magnetic pumping, i.e.position using(0, 7 /2, 7, 37 /2) phasing of the four
FW damping to electrons [4,5]. Fast waves in the ionstrap antenna. Determination of the FW electric field
cyclotron range of frequencies can easily penetrate to therofile using a full-wave coder(ce9 [9] is found to have
center of plasmas with high density and temperature. Omany common features with the experimental results:
DIlI-D, FWCD is being utilized to achieve and maintain The launch directivity is observed and the electric field
advanced tokamak performance [6] necessary to construdecreases towards the edge. However, differences remain
a compact, efficient steady-state tokamak reactor. Encouregarding the density dependence of the calculated and
aging results from DIII-D have supported the feasibility of experimentally determined profiles which suggest that
this advanced operational regime [7]. some additional FW damping, independent of density, is

Extensive theoretical analysis has been performed forequired to explain this discrepancy. The measured FW
FWCD; models and theory predict wave number, wavedamping time in plasmas with small single pass damping
trajectory, electric field profile, FW absorption/damping,has also been studied and is observed to be shorter
FW deposition profile, current drive efficiency, etc. [8,9]. than linear theoretical estimates of FW electron Landau
However, little experimental data exist regarding FWdamping would indicate [5]. This also suggests that more
propagation inside a hot fusion plasma. Determination oflamping is occurring than expected in these discharges.
the FW electric field profile is extremely important as it Possible reasons for the differences between experiment,
can be directly related to code and model results providingheory, and code are discussed in more detail later.
validation and benchmarking. Such knowledge can also An internal and nonperturbing diagnostik-(node re-
enhance our understanding leading to improvements ifltectometry) has been employed to locally monitor the co-
both the control and efficiency of rf heating and currentherent fluctuations in density and magnetic field induced
drive. It should be noted that a highly directional FW by the FW electric field inside the plasma. The reflection
launched spectrum is essential in order to efficientlyposition (right-hand cutoff) foX-mode propagation [13]
drive current. Prior to the results presented herein, naepends on electron densfi.) and magnetic fieldB) and
direct confirmation of the directionality of the launched responds to local changessipandB. The FW modulates
FW inside a plasma has been available. Evidence dhe local density and magnetic field at the launched FW fre-
directionality had previously been restricted to external riquency (60 MHz). A frequency tunable-65-73 GH2
loop measurements [10] and measurement of the curreheterodyneX-mode reflectometer is located at the mid-
drive itself [11]. plane, 9.5 cm toroidally away from the edge of the last

In this Letter, the internal spatial structure of the FW current strap of the FW antenna. The reflectometer has
electric field is determined, for the first time in a major frequency tunability for spatial scanning, and, most impor-
tokamak plasma, using an internal, nonperturbing, anthantly, total reflected power monitoring at the intermediate

2330 0031-900798/80(11)/2330(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MRcH 1998

frequency (IF) for signal normalization purposes. The systowards the detection position usit@, = /2, 7, 37/2)
tem employs heterodyne tracking receiver techniques [14ntenna phasing, as compared 10, —7/2, —,
to eliminate electromagnetic pickup and to stabilize the IF-3#/2) phasing, as shown in Fig. 1(b). The monitored
frequency. Inthe DIII-D system, the coherent modulationdotal reflected powers at the IF are shown in Fig. 1(c)
driven by the FW fields are then detected as sidebands @ind are similar in both cases, indicating that the differ-
the IF using the above system. ence is indeed related to the antenna directivity. The
Using the electron continuity equation in the cold measured signal ratio for the two antenna phasings from
plasma approximation and slab geometky = 0), the  Fig. 1(b) is ~6.7 during the period of constant density
amplitude of the density and magnetic fluctuations in{1600—2000 ms). A detailed interpretation of this ra-
duced by the FW field can be approximated as tio is somewhat complicated as the measured signal is
i. k Eg B, n% . generated by several possible launched FW components,
= =g ?Ea- (1) which can mutually interfere. They consist of the main
. ¢ LS P ] lobe FW component launched from the antenna to the
Here, E, is the FW electric field,B. is the dominant reflectometer detection position, a side lobe (reverse di-
FW magnetic field, andi. is the resulting density rection) component, as well as contributions fromltiple
fluctuation. These terms are time varying at the FWgroidal passes, which exist due to the relatively weak

frequencyw. The subscripts, 6, andz represent the  eypected absorption. Thus, the rafto,,/»/P,/, can be
radial, poloidal, and toroidal directions, respectively. Therepresented as

FW radial wave number i%,, n, is the plasma electron P A2+ A2
density, andB, is the toroidal magnetic field. It is A R b T
noted thatw/k, can be approximated as the Alfvén Prp A + A p

velocity («B,/ng?). For long wavelength perturbations where P.,/, are the FW reflectometer signal powers
(e.g., the FW perpendicular wavelength ofl0 cm is  with (0, =7 /2, +=, +37/2) phasings. A; is the cou-
much larger than the reflectometer probe wavelength obled wave amplitude for the forward (main lobe) direc-
~0.5 cm), a geometric optic approach is appropriate fottion, A, is the coupled wave amplitude for the reverse
interpreting reflectometer SignaIS [15,16] In this I|m|t, (Side |0be) direction' anditﬂ_/2 is the FW Component
the reflectometer signal is clearly localized to the cutoffihat results from one or more toroidal transits in the
layer [15]. It should be noted that the FW reflectometer, + /2, +#, +377/2) phasing. Here, it is assumed
signal depends not only upon the local FW power,

= 0.15 (measured, (3)

but also upon the power in the microwave beam, the — (0,m2,m,3%/2) Phasing
mixer conversion loss, and propagation and refraction. LS ,(0’_’“2’_"’7 "/2), fhafmg
In order to remove these, the total reflected power, z 60 MHz FW (285/300 A“te“f‘a)(a?
which also depends upon these effects, is monitored at 3 3 i
the intermediate frequency ¢gfir = 200 MHz and used o 05t ,
to normalize the FW sideband signal at a frequency 0 o
f1r + frw = 260 MHz, since the measurement utilizes 1 e
heterodyne detection. Adopting this approach and using 3 |Reflectometer FW Signal (b)
Eq. (1), thenormalizedreflectometer signalS) can be Sost
related toii, /n, andE, as indicated below: 2 A E
S ST
- [ fo(l + feefo/f2) T ne @ g , N A o n
I/Ln + (fcefO/f[z;)/LB B? o ; 3 Total Reflected Power v (c)

where L, and Lp are, respectively, the density and :
magnetic field gradient scale lengthg, is the electron g
cyclotron frequencyf ), is the electron plasma frequency, é

andf is the reflectometer probe frequency. The detailed
density profile was obtained via high repetition rate
multipoint Thomson scattering. Note that all of the above
parameters, except fdty, are experimentally determined.
FWCD experiments on DIII-D utilize a four-strap
phased antenna array [17] to establish the toroidal propa- 1 601056 1305 1456855 78553655 3300
gation direction of the coupled FW spectrum. The FWCD Time (msec)
efficiency is unambiguously related to the directivity of . .
the launched spectrum. In this section, direct experimenE!C- 1. (@) Net coupled fast wave power. (b) Time evolution
tal evidence is presented that a directed FW is, in factgf unn_ormallzed fast wave reflectometer S|g_nal power. (c)_T|me
. volution of total reflected reflectometer signal powel, (=
launched from the above antenna. The determined FW4 MA, B, = 2.1 T, T., ~ 5 keV, deuterium discharge).
local power(ocEé) is enhanced for a fast wave launched(d) Line averaged density.

(x 10"3cm 3
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that the interference terms average to zero during the aexperimental results, i.e., the launch directionality is ob-
eraging interval (1600—2000 ms) because a small changeerved and the electric field decreases towards the edge.
(~2%) in density generates one interference pattern. Tak- Figure 3(b) shows the FW electric field profile calcu-
ing the worst case scenarid;,» = Ay andA;—» = 0, lated by averaging profiles obtained over a range of den-
produces a lower bound of 54% on the coupled directivitysity of (2.7-3.1) X 10" m~3. At these higher densities,
where directivity is defined ag\; — A})/(A7 + Ap). the resulting single pass absorption increases by 4%, since

The FW electric field profile was determined during athe electron Landau damping is proportional to electron
density ramp wherén,) varied from~22 x 10" m™3  density(«<n!3). As can be seen in Fig. 3, the code re-
to ~3.2 X 10" m~3 within a single shot. As the density sults are very sensitive to electron density. On the other
rises, the position of the right-hand cutoff layer moveshand, the experimental data were seen to be relatively
radially outwards towards the plasma edge, e.g., thésensitive to electron density, as shown in Fig. 2. This
73 GHz reflectometer detection position moves from 2.14liscrepancy suggests that some additional damping, insen-
to 2.27 m. Figure 2 shows the FW electric field profilessitive to electron density, exists in the experiment. An-
determined using this method. The plasma was a doublather observation is that a small scale structure, consistent
null divertor configuration with plasma curremt, =  with fast wave interference effects, is found in both ex-
0.8 MA and toroidal magnetic fields, = 2.1 T. The periment and in code calculations. However, the spatial
reflectometer probe frequency was scanned from shoscales are different in experiment and theory. The scale
to-shot using reproducible plasmas. As can be seem theory is~9 cm, which corresponds to the half wave-
the determined FW electric field<E7) profiles were length of FW, while the scale in the experimenti@ cm.
all similar and all decreased toward the plasma edgdhis scale difference is thought to be due to movement
for different probe frequencies. The FW launch toroidalof the detection position as the density increases. This
directivity is also clearly observed. As can be seengauses an increase in the number of minima and maxima
the FW electric field profiles are relatively insensitive counted. It should be noted that the structure in the ex-
to electron density, since the various profiles illustratedoeriment is not due to interference effectsmicrowave
in Fig. 2 were determined using different reflectometerradiation used by the reflectometer since this would result
probe frequencies. For example, the data takeR at  in much smallef~0.3 cm) spatial variations.
2.2 m at 67 and 73 GHz differ locally in density by  The decay time of the reflectometer signal was also mea-
~40%. It should also be stressed that a separate profileured as the FW power was terminated in order to obtain
obtained in a constant density plasma using a shot-to-shatmeasure of the FW damping time. The turn-off times of
frequency scan displayed similar spatial characteristics.

Figure 3(a) illustrates the FW electric fielfi3) profile 2.5 e

calculated using theices full-wave code [9] for simi- &E‘ 2 - __—m:(gv’"z”‘-“”; , (a)_;

lar discharge plasma parameters as in Fig. 2. The calcu- - : O-m2m-wD) ]

lated single pass absorption is 10.5% for these plasmas. >4 L 3

The FW electric field profile is obtained by averaging °°g ! ]

five electric field profiles obtained over a range of den- x 1 3 E

sity [n.0 = (2.2-2.6) X 10" m~3]. As can be seen, the ~p0.5F ]

calculated profiles exhibit many common features with the w : v . ]
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FIG. 2. Experimentally determined FW electric field profiles FIG. 3. (a) The calculated FW electric field profilg})
(xE}) are illustrated for (0, /2, =, +37/2) antenna from the PICES full-wave code using parameters similar to
phasings using different reflectometer probing frequencieshe experiment over a range of density) = (2.2-2.6) X
(I, =08 MA, B, =21 T, T,o ~5keV, deuterium dis- 10" cm™3; (b) over a range of densityi,, = (2.7-3.1) X
charge). 107 ecm™3.
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In summary, the FW electric field profile has been
determined in the DIII-D tokamak through the mea-
1 surement of coherent fluctuations induced by FW elec-
&f%f’;"g;j;gh tric fields. The directional capability of the FW launch

antenna has been directly verified experimentally at a

0.02 | ] position close to the FW antenna. Comparison of the
determined FW electric field profile with a full-wave
0.01 [ ] code during0, /2, £, £37 /2) antenna phasing in-
dicated many common features. The spatial profile of the
i FW electric field is observed to decay towards the plasma
Q03 0n A s a9 as 3293605 3493.06 edge which_ is consistent With the fL_JII—wave calc_ulations.

Time (msec) However, differences remain regarding the density depen-
dence of profiles that suggest alternative damping mecha-
nisms may also be at work. The measured FW damping
time in low single pass absorption plasmas is observed to
be much shorter than linear theory predicts, also indicat-
the launched rf power and the reflectometer system weri@g the need for additional damping mechanisms.
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FIG. 4. Measured reflectometer FW signal decay timk, =
I1MA, B,=19T, {(n,)~21x10°m3, T, ~ 1.4 keV,
andk; = 9.6 m~! at plasma center, deuterium discharge).
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