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Monte Carlo orbit/full wave simulation of ion cyclotron resonance
frequency wave damping on resonant ions in tokamaks
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General Atomics, P.O. Box 85608, San Diego, California 92186-5608

S. C. Chiu
Sunrise R&M Inc., San Diego, California 92129

W. W. Heidbrink
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(Received 14 March 2005; accepted 26 April 2005; published online 20 Jung 2005

To investigate the experimentally observed interaction between beam ion species and fast Alfvén
wave (FW), a Monte Carlo codeprBIT-RF[V. S. Chan, S. C. Chiu, and Y. A. Omelchenko, Phys.
Plasmas 9, 501 (2002], which solves the time-dependent Hamiltonian guiding center drift
equations, has been upgraded to incorporate a steady-state neutral beam ion slowing-down
distribution, a quasilinear high harmonic radio frequency diffusion operator and the wave fields
from the two-dimensional ion cyclotron resonance frequency full wave dad®ic4) [M.
Brambilla, Plasma Phys. Controlled Fusidd, 1 (1999]. Comparison ofoRBIT-RF simulation of

power absorption with fixed amplitudes of FW fields framRric4 power absorption calculation,
which assumes Maxwellian plasma distributions, attains agreement within a factor of two. The
experimentally measured enhanced neutron rate is reproduced to within 30%o0fBmMRF
simulation using a single dominant toroidal and poloidal wave numb&0@ American Institute

of Physics[DOI: 10.1063/1.1935387

I. INTRODUCTION Research* and DIII-D.>™ In the DIII-D tokamak, absorp-
tion of the FW on beam ion species has been observed dur-
In burning plasma physics experiments such as Interngng fast wave current drivéFWCD) experiments in deute-
tional Thermonuclear Experimental React6TER)," both  rium beam injected plasma using either two simultaneous
neutral beam injectiofiNBI) and fast Alfvén waveFW) in  frequencies(60 and 83 MH or separate frequencies from
the ion cyclotron resonance frequenciSRFs will be em- 60 MHz to 117 MHz. These DIII-D experiments have dem-
ployed for auxiliary heating and current drive. In conse-gnstrated that the presence of ion cyclotron harmonic reso-
quence, a large population of energetic ions exists in theances in the plasma can lead to significant damping of the

fqrm of injectgd .neutral beam ions and fusion bornl aIphasFW on energetic beam ions generated during neutral beam
Since energetic ions have pi=1 (k, is the perpendicular injection (NBI) when the cyclotron harmonic layefsa=4

wave number ang, the ion Larmor radius strong damping ~8) are near the magnetic axis. Most recently, experiments

of th_e FW on energetic ions even at high ion _cyclotrorj h"?‘r'in the National Spherical Torus ExperimeffiSTX) have
monics may occur near the resonant locations satisfyin

w1~k =0, wherew, is the wave frequency, the paral- geportedo significant interaction between high harmonic fast

r 1 r . . .
lel component of wave numbey, the parallel ion velocityn wave(HHFW)_and energe‘qc beam ions. As ewdencg, peaked
the harmonic number anf; the ion cyclotron frequency. pressure profile of beam ions has been observed in the cen-

Therefore, significant high velocity ion tails can be produced@ region of plasma with a significant enhancement of mea-
in the plasma when the FW is launched into the plasma. Th&Ured neutron rate when the HHFW was launched to NB
presence of energetic ion species can modify the plasma bg_reheated discharges. The ion energy spectrum from neutral
havior in important ways such as magnetohydrodynamiarticle analyzefNPA) showed also strong enhancement of
(MHD) stabilization or destabilization and momentum €nergetic tails on beam ion distribution above the injected
transport/plasma rotation by the ICRF generated energetig€@m ion energy, which |ead51t20 enhanced neutron raltf.
tails. These issues relating the interaction between the ICRF ~ Conventionally, full wavé"*? or ray-tracing codes

wave and energetic ions must be well understood for succombined with Fokker—Planck code assuming zero banana

cesses of future tokamak experiments and achievement #fidth have been used to study the interaction between the
ITER physics goals. FW and the plasma. Previous numerical analysis on the ex-

Answers to some of the issues might come from underperimental measurements in DIII-D tokamak has been also
standing previous experiments in existing tokamaks. Beardone using similar simple Fokker—Planck mddehd the
ion absorption of the FW at moderately high cyclotron har-ICRF code Power deposition for ION cyclotron resonance
monics has been observed experimentally in JT-68&pan heating(pioN).2 However, these approaches do not take into
Tokamak-60 Upgradé JET (Joint European Tord$  account both finite orbit width of non-Maxwellian ions pro-
TEXTOR (Tokamak Experiment for Technology Oriented duced from the radio frequendyf) interaction and the radial
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scattering of energetic particles across flux surfaces by collidetail in Sec. Ill. Even though several harmonic cyclotron
sions and waves. For example, since conventional full waveesonance layers of resonant ions exist simultaneously in the
codes assume local Maxwellian distributions for plasma speplasma in actual experiments, they are sufficiently well sepa-
cies, the predicted power absorption of the FW on ion sperated to justify modeling only a single cyclotron resonance
cies may depend significantly on the initially assumed distridayer in this work. The extensive physics featuresoaBiT-
bution. In addition, since rf excited ions may also go throughRF are capable of identifying the experimentally demon-
large orhit excursions, absorbed power deposition profiles oatrated strong interaction between the FW and injected beam
ion species may be much broader or their power fractiongons in the DIII-D tokamak. The simulation results show that
may be reduced due to orbit loss to a wall. In a large devicéhe physical insight and predictions provided by this ap-
like ITER, this finite orbit effect is expected to be important proach qualitatively explain the experimental observations
since several resonance layers can be located close to eaghd point to further improvements needed in the models to
other spatially across the minor radius. Therefore, these eBimulate experiments more quantitatively.

fects should be included for more reliable predictions of fu- ~ This paper is organized as follows. The experimental
ture DIII-D experiments and burning plasma physics. conditions on DIII-D for high harmonic ion cyclotron damp-

A similar study on the effects of finite orbit width and ing of the FW on injected beam ion species are reviewed in
radial diffusion of rf-induced non-Maxwellian ions due to the Sec. Il. Section Il describes the main featuresoeBIT-RF
interaction between the FW and plasma ion species is th@odeling of steady-state slowing-down distribution of beam
work by Hellstenet al’® It used theseLFo code that calcu- ions, analytical expressions for quasilinear rf diffusion opera-
lates self-consistently the wave field from a global full wavetor with arbitrary harmonic absorption, Coulomb collision
codeLion® and the non-Maxwellian velocity distribution of Operators between test ions and background plasma, and nu-
fast ions from a Monte Carlo codeno®’ solving the Lange- merical expressions for neutron enhancement and absorbed
vin equations for the invariants of motion of the unperturbedPower on resonant ion species as numerical diagnostics. In
orbits for each resonant ion spectéghe dielectric tensor is  Sec. IV, the numerical results are discussed for a selected
constructed from the calculated distribution function.DIII-D discharge. Here, detailed modeling from the full
ORBIT-R™® differs from SELFO in that it follows the Hamil- Wwave codeToRric4 is first presented for a numerical equilib-
tonian guiding center orbit drift motion for each ion species.rium corresponding to the chosen DIII-D discharge together
Main features ofoRBIT-RF are as follows. It solves the With results from sensitivity study oforic4 In sequence,
Hamiltonian guiding center drift equations to follow trajec- the numerical results fromRrBIT-RF coupled with wave fields
tories of test ion species in 2D axisymmetric numerical magfrom TORIC4 are compared with power absorption calculated
netic equilibrium under Coulomb collisions and ICRF quasi-With TORIC4 for Maxwellian distributions. LastlypRBIT-RF
linear heating. Monte Carlo collision operators for pitch- predictions are compared with the DIII-D experimental mea-
angle scattering and drag calculate the changes of test ions trement in terms of absorbed powers for resonant ion spe-
parallel velocity and pitch angle due to Coulomb collisionscies and neutron enhancement. A summary and plans for
between test ions and background plasma. A rf-induced rarfuture work are presented in Sec. V.
dom walk model describing the fast ion stochastic interaction
Wlth t.he FwW is implemented to _reproduce qugsnmear d|ffu-.”_ EXPERIMENTAL CONDITIONS IN THE DIII-D
sion in velocity space, assuming that test ions lose the'ﬁ'OKAMAK
phase information with the FW through successive collisions
before they re-enter the resonance re&?tﬁ?.A generalized Among many experimental results in the DIII-D
high harmonic rf diffusion operat®t calculates perpendicu- tokamak° using different frequency rang¢60—117 MH2
lar rf kicks at resonances including Doppler shifts. The twoat different harmonicgfourth—eighth, we focus on the ex-
dimensional full wave codgoric4™ is coupled tooRBIT-RF  periments performed during 1998 campaign for fourth har-
to determine radial profiles of the FW field and its wave monic central damping of 60 MHz FW on injected deute-
numbers in the plasmaoRric4 solves the wave equations in rium beam ions.The major radius waR,=1.7 m, the minor
ion cyclotron range of frequencies in 2D numerical magnetiaadiusa=0.6 m, the usual toroidal magnetic fieB§=1.9 T
equilibrium for a given toroidal mode numbén(p) where  and the plasma curreif=1.2 MA. Four-element phased ar-
dielectric tensors in a hot plasma are calculated using modiay were used to launch the 60 MHz FW with a peak in the
fied Bessel function§l,: n is a harmonic numbef0,1,...)]  vacuum spectrum ai=k,c/ w~=5. Deuterium beam ions of
and its derivatives at all orders in Larmor radius to include70—86 keV are injected in the co-current direction with
nth (n>2) harmonic resonance interaction in wave equa-Pyg=1.6—2.7 MW, which provides a fast ion population in
tions. In this paper, we did not attempt to self-consistentlythe plasma. After the NB preheated plasma reached a steady
couple the wave fields fromoric4 and the non-Maxwellian state, rf power withP;=1.0-1.5 MW was coupled for a
ion distribution fromorBIT-RF, which will be left for future  1—2 s pulse. The central electron densiff0) was typically
study. In TORIC4, a dielectric tensor is constructed using 2.0-5.0< 10" cm™3, the electron temperatureT(0),
Maxwellian distribution of plasma species. Therefore, the2.0-4.0 keV, the plasma ion temperaturel;(0),
magnitudes of FW fields are fixed during simulation time.2.0—-3.0 keV, and the effective chargé=~2.0. At B,
Steady-state slowing-down distribution of beam ion species1.9 T, the 60 MHz FW interacts with deuterium beam ions
is modeled using a re-injection method of thermalized beanat three resonance locations, as shown in Fig. 1. The fourth
ions. These new features oRBIT-RF will be described in  harmonic resonance layer is located near plasma center.
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39y 40y 50 beam ion source rat8 calculated using the giveRyg (NB
15 v v injection powey and E, (beam ion energy Therefore, each
_{\ i ] np \aEp (D ! ;
AN beam ion has a distribution at each time(iy, \, ¢, 6, w)
10} \I,\ \ space where andw are the poloidal angle and weighting,
! : respectively.

05 ! Injected monoenergetic beam ions lose their energy and
. ! momentum to background plasma ions and electrons through
5’ 0.0 ! pitch-angle scattering and Coulomb collisions, and eventu-

! ally are thermalized. To model a steady-state slowing-down

-05p : distribution of injected beam ions, we re-inject thermalized

: beam ions periodically into the plasma. Reinjection times are

-10r /‘,/ /o decided initially to be several ms consistent with thermaliza-

1 ! I tion time. While beam ions are slowing down, they are moni-

- h— — —

'50_5 0 15 20 25 tored at every reinjection time whether their energies have
R (m) dropped below a critical valugypically chosen to be 1.5;

FIG. 1. Elevation of the DIII-D vacuum vessel, showing the plasma boungWhereT; is the temperature of thermal plasma ipni$ so,

ary and the third, fourth, and fifth deuterium cyclotron resonaidashed  new beam ions are injected at their birth energy with a

lines) in a DIII-D discharge 96043.01920. The three vertical neutral particlegq rce rate compatible witl® Then, the weighting of

lines of sight V1, V2 and V3solid lines are also shown. . s | NB ’ . -

reinjected beam ion is readjusted to be consistent with con-
stant input power, and simultaneously with ion fueling rate
of beam. This procedure is carried through a few slowing-

Among three vertical charge exchange lines of sight, Vl,down tim_es of beam ions. Results show that this approa_lch,
V2 and V3, in Fig. 1, only V2 located near the fourth har- though simple, closely reproduces a steady-state slowing-

monic deuterium resonance layer detected significant eneflown distribution of beam ions within a few slowing-down
getic tails during rf puls& which confirms the formation of times.

energetic beam ion tail population in the central region. As a

consequence, a peaked ion pressure profile due to the in-

crease of perpendicularly stored energy was observed experi-

mentally with enhanced-d neutron emission in the central

region of plasma on beam ion slowing-down timescales. Th&- Quasilinear high harmonic RF diffusion operator

measured neutron rate enhancené. (10)] was mostly When ions pass through ion cyclotron resonance layer
between 1 and 2 _dunng this campaign. This Observat'ol%atisfying the conditionw,;—k,»=n; (n: harmonic num-
strongly suggests significant damping of the FW on energeugeﬂ, they may either absorb or lose energy from the wave

beam ion SPECIEs at the f_ourth_ har_monlc _Iayer._ The,eXper_'depending on their phase with polarization of the FW. Since
mental observations described in this section will be investi- phase information is lost through successive colligns
gated through numerical simulations usiogsIT-RF coupled

: ) before they re-enter the resonance region, the phase between
with a full wave solverTORIC4, in Sec. IV. .
ions and the wave can be assumed to be random. Therefore,

we introduce a simplified rf-induced random walk model to
reproduce quasilinear diffusion in velocity space through sto-
IIl. FORMULATION chastic interaction with the FW. The interaction of ions with
the FW at Doppler shifted resonances changes the velocity of
ions in both parallel and perpendicular directions. In this
work, the change ofy due to finite parallel wave number

The injected neutral particles are assumed to be all ion¢k;# 0) is ignored since a significant change is made mostly
ized by background plasma. Initially ionized beam ions arein perpendicular component. Therefore, the increment of
distributed randomly according tog(i)«(1-¢?)? in real  magnetic momentA ) [Eq. (1)] due to the rf interaction is
space while they have an initially monoenergetic distributionobtained by calculating a mean val[qg. (2)] and random
in velocity space where; andy are a beam ion density and yariance[Eq. (3)] from quasilinear equation governing rf-
normalized poloidal flux, respectively. In this work, only the jhqyced particle diffusion in velocity space:
full energy component is considered. Pitch angle of beam ion
is calculated by\ =,/ v=(BtRy)/(BR) (Ref. 21 wherey, is
the parallel velocity of beam ion; the velocity of beam ion
_ar?d R the tangency radius_. To repr_esent re_al num_b_ers of Aﬂrf:m*' 2\!’5(R5—l>‘/<A7—”2>, (1)
injected beam ions at any time consistent with the injected 2
beam power, a time-dependent weight is assigned to each
test beam ion. For simplicity, we assume that test beam ions
initially have the same weights, which are determined by thevhere

A. Modeling of steady-state slowing-down
distribution of beam ions
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Tqn?Q0? 5 °
Aps = 2 |E+| ‘]n—l(kLPL) 5
m(‘)rfBO
ne (10% em)
aJn_l(kLan K ¢
+2udp— | =, (2 "
Mdn-1 (?,U, | Z:| 3"' Te (keV)
“,
2l e,
—  2m0’n?Q? ) K o
Ay = =5 plE SRk, p ) /T
MwiBg |2, 7, kev)
2
- 2u Jna(kipy) 0% 82 6F 85 08 10
3dn1(Kypy) P
2 n-1\K_ P
J-1kip) +2udn (ki p)) ) ] )
I FIG. 2. Radial profiles for density and temperatures of electrons and thermal
—_— deuterium ions for DIII-D discharge 96043.01920 wheiis the square root
XA, 3 of the normalized toroidal flu¥%.

with Z,=w—n;—kip 2 andp, in Bessel functions is cal-
culated fromp, =(v, /Q;)=(v2uB/;). Rsis a random num-
ber between 0 and 1 where the factoy32is such that
f(l,z\s“S[RS—(UZ)]Z dR;=1.J, is thenth order Bessel function
of the first kind, andm; is the test ion mass. The operatér
is expressed 15}%

7, = 18X 107AES (D) ZE A () (L1S). (9)

In Egs. (6)(9), E.=14.8x A/ AT (y) is the critical en-
ergy, As the atomic mass number of test iok; is the Cou-
lomb logarithm E; is the test ion energyy; is the plasma ion
5 density,n, is the plasma electron density and the subsdript

1 V2T < T, . . -
. denotes test ions aridfor background thermal ions. We as-
K= 277Ai2(§)|ZI| = (4) sume that the density and temperature of background plasma
|Z§/2|2’3 2Tue = T ions and electrons are fixed during simulations. Their initial
n

profiles are reproduced from experimental data at a given

time.
_ 27AI({)

T~= = ,
¢ |ZI/2|1/3 D. Neutron enhancement

1Z3)? 2m
R R Vit
22,7%° |Z|
. . i . i (Pabs)
where Ai is the Airy function in order to include the case ) )
when the successive interactions between a particle orbit and S & convenient measure of the FW damping on beam
the cyclotron resonances are close to each other. I(&g. °ONS: neutron _enhancemefﬁ{ is calculated using the ratio of
IE,| is the absolute magnitude of the left-hand polarized€utron reaction rates between NB oo ICRF and NB

component of wave electric field rotating in direction of ions, couPled with the FWgiven by

The contribution from right-hand compone | is ignored Ne NB+RF nc NBoniy

in this work. To determine the magnitudes|Bf|, k, andk; 5= (Z <UV>iWi> (2 (av)iwi) , (10
in Egs.(2) and(3), the 2D full wave codgoRric4is coupled i=1 i=1

into ORBIT-RF. The radial profiles fronToriC4 are passed on \yhere ne is the number of Monte Carlo test iongrv) the
to ORBIT-RFto calculate the increase of perpendicular energyesction rate for beam plasma awlthe weighting of each
of ions passing through resonance surface. The detailed agss; ion.
proach is described in Sec. IV.

(S,) and absorbed power

Power absorption on resonant ion species due to rf kicks
is calculated by

C. Collision operators Pabs= (2 AEl)t/t“’”’ (11)

The change in velocity of test ions due to Coulomb col-WhereAE, is the change of perpendicular energy due to rf
lisions with plasma ions and electrons is calculated at eackicks at each time step, artg,, is simulation time of the

time interval At using the slowing-down frequency between ORBIT-RF (typically several slowing-down timgsThe power
ions—ions and ions—electrofis balance betweeR,,s using Eq.(11) and power transferred

by energetic ions to background is cross checked.
Aveg = —vpAt, (6)

IV. orBIT-RF NUMERICAL RESULTS

The DIII-D discharge 96043 at 1920 ms is selected to
investigate the experimental observations described in Sec.
élt The background plasma consists of deuterium majority
ions, hydrogen minority ions and electrons. Corresponding
radial profiles for densityn,) and temperature§l, and T;)
are shown in Fig. 2. In Table |, heating parameters for

7= 1.6X 10 A Te(1h) (W ZEAed(pl1 + (EJE)*H
X (1/s). (7)

The change in pitch angle induced by scattering between te
ions and plasma ions is modeled®by

AN == \7, At+2V3(Rg- 2)V(1 -\9) 5, At, (8)
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TABLE I. Heating parameters for 96043.01920. 1.0 @
o a,
: 08 E
Prf frf PNB Eb Baxis % &~ =3
(MW) (MHz) (MW) (keV) M 8306 d
S 5
2504 2
1.1 60 2.7 80 1.9 = . . '
€ o2
k]
0.0100150 200 250 300 350 400 450 500 -60 -40 -20 xo(cm)zo 40 60
NI’
96043.1920 are described. With=60 MHz atB,,;s=1.9 T, 10 7 v @
. A . . . . r100—
the fourth harmonic resonance layer of deuterium beam ionsg g 151 Nezoo—
. . . . . . o —_—
(equivalent to second harmonic of H minority igns lo- 05 £
. . . @ = =
cated aty=0.017(R~ 164 cm), which is several cm inboard § § o4 o
from the magnetic axis, as shown in Fig. 1. 2" &
E 02
. . . L
A. Modeling of DIII-D experiment with  TORIC4 0.0 -15
100 150 200 250300 350 400 450 500 60 40 -20 0 20 40 60
1. Approach used for TORIC4 modeling N, X (cm)

Figure 3a) shows an antenna toroidal power spectrum asiG. 4. Total absorbed powef®(MW/kA)?] by plasma species as a func-
a function of n; in vacuum for a typical DIlI-D 60 MHz tion of radial grid mesh(N,) and radial profiles of reaE. (V/m) along

; ; ; quatorial plane for differeriY, at givenn,=11: (a) and(b) for the plasma
FWCD experiment. The mtegrated pOwer in the range 01Svithout beam iongthermal D(95%)—min8prityH(5%)]; (c) and(d) for the

3.5=n=57 (eqUivalent t'O 1= ne= 17 ne is the.torOidaI plasma with beam ionghermal D(88%)—minority H (5%)—-Beam D(7%)].
mode number is approximately 40% of total integrated

power from alln, contributions in full toroidal spectrum. In
TORIC4, the antenna is modeled by a current sheath wittfore, the poloidal mode number that we have selected in this
given antenna length, on magnetic surfacg=,. For the  paper(N,,=31: —15=m=15) seems reasonable, assuming
DIII-D antenna,l, is set to be~44 cm. Resulting antenna negligible contributions from high poloidal mode numbers
current spectrum as a function of poloidal Fourier mode(|m|> 15).
number(m) is displayed in Fig. @), showing a symmetric To identify well-converged wave solutions fronorIC4,
spectrum with a peak ah=0. Even though actual poloidal robustness and sensitivity of the cotderic4 to some input
spectrum for the DIII-D antenna 60 MHz is rather peakedparameters have been tested out extensively. We found that
(not symmetri¢;’ in this paper, we rurroric4 using this  Torica demonstrated good convergences in general. Figure 4
simplified symmetric poloidal spectrum due to the lack ofshows that total absorbed powgBs(MW/kA?)] by plasma
accurate antenna modelToRrRIC4 Based on the relationships species as a function of radial grid meéN,) and radial
k2=kZ+K5+K?=w?/ v4 and (m/r)%(=k3) < w?/ v whereva is  profiles of realE, (V/m) along equatorial plane for different
Alfvén velocity, we can estimate approximate number of po-N, at a givenn,=11 for two different plasmas. Figuresas#
loidal mode numbeKN,,,) for the relatively short antenna and 4b) are for the plasma without beam iofthermal D
length (a half length is~22 cm). With parameters shown in  (95%)-minority H (5%)] while Figs. 4c) and 4d) are for the
Fig. 2 and Table I|N,| is calculated as roughly 20. There- plasma with beam ionghermal D(88%)—minority H (5%)—
Beam D (7%)]. The corresponding temperature profile for
beam ions is shown in Fig.(8. It is clearly seen from Figs.

25 @ 4(b) and 4d) that the existence of beam ions in the plasma
€ 20 changes the radial structure and magnitude of wave field.
2 15 The differences in total absorbed power and magnitude of
£ wave field from differentN, are less than a few %. There-
g 10 fore, allTorIC4 simulations presented in this paper have been

05 done with the resolution of 200 X 31N,,. Approximately

0.0 L.

—40 -30 <20 <10 0 10 20 30 40
_ 008 M %0

g oo () 80", Case (c)
2 0.06 7 o,
§ 005 e,
S om = 60 3
s 003 350 Case (b) .
3 002 £
(5]
3 001 gw
5 0 F 30
£ -0.01

-0.02 2

-150 -100 -50 0 50 100 150 10

10

m 0001 02 03 04 05 06 07 0.8 09 10
Normalized Flux
FIG. 3. (a) A full antenna power spectrum as a functionmffor typical
DIlI-D 60 MHz FWCD and (b) a symmetric poloidal Fourier spectrum FIG. 5. Three different Maxwellian temperature profiles for beam ions for
modeled for a givem,, in TORIC4. TORIC4 simulations.
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TABLE II. Power absorptions on plasma species for Case 1. beam ions as shown in Fig. 5. When beam ion species exist,
negligible dampings on electrons and majority background

N (F,:/f\t'v)) (5(53) ions are found. Beam ion absorbed power predicted from
‘ TORIC4 is in the range 30-75%, depending on initial local
11 0.37(84%) 0.07(16%) Maxwellian beam ion temperature. We find that power ab-
12 0.35(80%) 0.09(20%) sorption on beam ions increases as beam ion temperature is
13 0.31(71%) 0.13(29%) getung h|gher

14 0.36(82%) 0.08(18%)

15 0.32(73%) 0.12/(27%) B. ORBIT-RF simulation results

16 0.30(68% 0.14(32% 1. Approach for coupling of  TORiIc4 full wave solution

17 0.27(61% 0.17 (39%) {0 ORBIT-RE

In order to couple theoRric4 results to theoRBIT-RF, we
introduce further approximations to simplify simulations.
seven wavelengths are shown in Figt)4and 4d). Thisis  First, the TorIC4 simulations presented in previous subsec-
confirmed by simple calculation using DIII-D parameterstion store wave solutions for each Fourier poloidal mode
where a wavelength is calculated to be about 9 cm when gumber(m: total 31 Fourier poloidal modgslong an equa-

plasma radius is-62 cm. torial plane for a givem,,. Instead of doing simulations with
. , - each wave field component of differemt we do simulations
5’, T%R’C" simulation results for a specific DIIl-D only with the biggest wave field component from dominant
ischarge

poloidal mode number for a givem,. Therefore, we assume
To identify the effect of existing beam ions on parasitic that rf power(~0.44 MW for a givenn,) is transferred by a
ion power absorption from the full wave coteric4, we run  single toroidal and poloidal mode.
TORIC4 for two cases with given rf input parameters in Table Second, the radial magnitudes |&,| from ToRic4 are
[, numerical equilibrium for Shot No. 96043.01920 and rescaled using a given rf power sinteric4 calculates the
plasma kinetic profiles shown in Fig. 2. The first cé8ase magnitudes ofE,| for 1 A antenna current. Our approach is
1) is for a plasma without beam iorfshermal D (95%)—  to recalculatdE,| to get realistic numbers corresponding to
minority H (5%)] where only second harmonic resonancetotal input power, using the ratio of total power absorption
heating on thermal H minority ions is available. The secondrom experimentPgyp) and that fromroric4 (Prorid. For
case(Case 2 is when the plasma consists of thermal D example, therorica simulations resulted in total absorbed
(88%)-minority H (5%)-Beam D(7%) where both second power on plasma specieByoric=3.19X 10" MW/KA?Z for
harmonic heating on H minority ions and fourth harmonic Case 1(no beam ioh and 9.61x 1072 MW/kA?2 for Case 2
heating on D beam ions are included. To estimate average@ith beam ion for a given n,=11. Assuming Pgxp

power absorption by resonant ion species over the dominartg.44 MW forn,=11, we calculate curre,, in antenna as

toroidal mode spectrum for each case, we assume same — Vﬂm~1.2 KA for Case 1 andlyy
power weighting for eactn, in the range of 1&n,<17,  _/0.44/9.61x 101~ 0.7 kA for Case 2. The magnitudes of
instead of t_aking into account more realistic weightings of|E+| from TorIC4is multiplied byl . to obtain the wave field
power for differentn, shown in Fig. ). amplitude for ORBIT-RF simulation. Figures 6 and 7 show

Table 1l shoyvs power absorptions by H minority ions at .4 4ig) profiles of rescaled magnitudes |&.| (V/m) along
second harmonic resonance gnd electrons for eq,cf_or _equatorial plane at the resolution of 200x 31N, for a
Case_z 1. Very negligible damping on backgrqund D ions 'Ssingle dominant wave mode for CaséFig. 6a)] and Case
predicted while~16—39% of the ICRF power is damped on 2 [Fig. 7(a)]. Corresponding radial profiles of and ”i for

electrons. Theroric4 simulations predict averaged power each case are also displayed in Figd)@&nd 6c) and Figs.
i i 0,

absorb(fed ?ﬁ’ the H mllcnf;ty o<flO7.33 MW-75% of ICRF 7(b) and 7c), respectively. These renormalized radial pro-
powlel)Totr)l ﬁlrangs_q{ d Ny = b " by three diff files are passed on to tleRBIT-RF to calculate the increase of

n 1abie 11, predicted power absorptions by three ditier- erpendicular energy of resonant ions passing through reso-
ent ion species for.Case 2 when beam ions exist n th%ance surface and thus absorbed power. Figure 8 siifs
plasma are summaqzed for a givap= 113 Here, three dif- FV/m) as a function ofX,Z) for Case 2 before it is rescaled
ferent local Maxwellian temperature profiles are assumed for . . .
with estimated total antenna current. Coupling |Bf| as
shown in Fig. 8 with theorBIT-RF has not been attempted yet
TABLE IIl. Power absorptions on three different ion species for Case 2 for?n t_his work. InSt_eada_the tWO'dimenS_io'_"al refractive eﬁe_Ct of
ne=11. incident wave field in the plasma is implemented using a
simple wave cone model inside the plasma in summary.

(Tgeant0)) P (themal D P (H) P (Beam D
(kev) (MW) (MW) (MW) 2. The ORBIT-RF simulation results
Case(a) 26 0.002(1%)  0.30(69%  0.13(30%) , ) ) . .
Case(b) 52 0.001(<1%) 0.16(36%  0.28(64% _We fo!lqw the trajectques of t_est ions by sglvmg Ha_rm|l-
Case(0) 78 0.001(<1%) 041(25%  0.33(75% tonian guiding center drift equation at each time st&pis

usually ~107° s) using a Runge—Kutta fourth order integra-
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FIG. 6. Radial profiles ofa) rescaled magnitudes ¢&,| (V/m), (b) n, and
(o) ni along equatorial plane with the resolution of 20& 31N,, for the
plasma of thermal 395%)—minority H (5%).

tion scheme subject to the FW heating and slowing-dowr’
collisions/pitch angle scattering with background ions and="e :
electrons. Simulation time is typically several slowing-downam_ple’ Fig.
times of test ion species, which requires usually a few terfle™

thousand transit times of test ions. Grid size usei/isd)

=(100,50. In ORBIT-RF, electrons are considered as only
background species neutralizing charge. For simulations pr
sented in this paper, we used mostly 10 000 particles to rep?
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FIG. 7. Radial profiles ofa) rescaled magnitudes &&,| (V/m), (b) n, and
(c) n? along equatorial plane with the resolution of 20t 31N,, for the
plasma of thermal 088%)—minority H (5%)—-Beam D(7%).
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FIG. 8. Athree-dimensional plot ¢, | (V/m) per 1 A antenna current from
Toric4 simulations for the DIII-D discharge 96043.01920.

resent Monte Carlo test ions. Simulations had been per-
formed on LINUX cluster FI at GA using 20 processors.
First, two ion species plasni€ase 1 is simulated using
the ORBIT-RF coupled with the biggest electric field compo-
ent from theToRrIc4 wave solutions for each, mode (11
=<17) using the approach described in Sec. IV. For ex-
6a) shows therorica wave solution forlE,| for
11/m=-1. To simulate resonant interaction between hy-
drogen minority ions and the FW, we set minority ions as test
ion species. Initial distribution of test minority ions in veloc-

é’ty space is assumed to be Maxwellian wiffi,) ~2.7 keV

n magnetic axis. In real space, they are distributed with a
probability n;(1) o< (1-y4)2. The second harmonic resonance
of minority ions is located a{y=0.017. To model a steady-
state regime, thermalized ions below a minimum energy
(Emin=1.5 keV) through Coulomb collisions after excited by
the FW are re-Maxwellized and then reinjected into the
plasma periodically during a given simulation time. The time
period for re-Maxwellization and reinjection is determined
by the ratio of pitch angle scattering time between ions and
transit time of thermal ions, which is approximately 1000
transit times of 2.7 keV thermal ions.

Figure 9 shows predicted power absorption by H minor-
ity ions at second harmonic resonance framsIT-RF for

1.0
Y
2 o8 o :
o o
=
s 06 - B
2 |
Q2 a
5 04 L, .
2 . = x
2 02 :
£ ’ * TORIC simulations
[ 00 B ORBIT-RF/TORIC simulations

10 11 12 13 14 15 16 17 18
n
L
FIG. 9. Power absorptiondMW) by H minority ions at Doppler shifted

second harmonic resonance regions predicted foemt-rF for each toroi-
dal Fourier moden,,.
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FIG. 10. (a) Initial Maxwellian energy distribution of minority thermal ions o2k
before rf on andb) energy distribution of excited ions due to the interaction B
with ICRF wave at the end of 20 000 transit times after rf is turned on. 0005 20 20 0 30

Energy (keV)

FIG. 11. (a) A spatial distribution of beam ion temperatures as a function of
eachn,. Absorbed power calculated using HdJ) ranges normalizhed pcéloi?al flux andb) _co'rrequnginbg fener%y distributir(])n of beamb |
from ~0.45 MW to ~0.86 MW depending om,, at the end fnissact;(:ilzrsedofri?nogg t;gf'tt-mqes right be Orfer tur? OZW frte afym 0_

. i i : ytical expression tor a steady state siowing

of 20000 transit time of test ions. Assuming the samedown distribution of beam ions.
weightings of power for each,, to rescale wave field mag-
nitude, we can estimate roughly averaged power of
~0.63 MW in the range of 1&n,<17 from theORBIT-RF Figure 11 shows a spatial distribution of beam ion tem-
simulations, which is within a factor of two of theorRIC4  perature[Fig. 11(a)] and energy distribution of beam ions
result of ~33 MW (Sec. V). Figure 1@a) shows initial [Fig. 11(b)] at the end of~60 000 transit times right before
Maxwellian energy distribution of minority thermal ions be- rf on. The plot with+ in Fig. 11(b) is calculated from an
fore rf on. Energy distribution of excited ions at the end ofanalytical expression for a steady-state slowing-down distri-
20 000 transit time after rf on is shown in Fig.(bR Ener-  bution of beam ioné* Then the FW heating is turned on for
getic tails of minority ions are extended up to some hundrechn additional~30 000 transit times to explore the interaction
keV. At this time, power balance between the difference ofof beam ions with the FW. The thra®Ric4 cases with dif-
the calculated power going to energetic ions using @@  ferent Maxwellian beam ion temperature profiles discussed
and the power transferred by energetic ions to the backin the previous sectiofFig. 5 have been simulated sepa-
ground is within 0.01%. Since the ion distribution from rately with OrRBIT-RF by coupling eactrorica wave solution
ORBIT-RF is highly non-Maxwellian, one should not expect with ORBIT-RF. ORBIT-RF predicts that beam ions absorb
exact agreement in power absorption betweesIT-RFand  ~0.32 MW for Case(a), ~0.39 MW for Case(b) and
TORIC4 ~0.40 MW for Cas€c). We find that theroric4 predictions

Next, we simulate resonant interaction between injectedre getting close t@RBIT-RF results as higher initial beam
deuterium beam ions and the FW using dmBIT-RFcoupled  ion temperature is assumedToRric4 simulations. The large
with the TORIC4 wave solutions for a given,=11 as shown discrepancy betweemoric4 and orRBIT-RF for Case(a) are
in Fig. 7. For this simulation, we set beam ions as test iorexpected from the fact that the interaction between energetic
species. Initial distribution of beam ions in velocity space isheam ion tails and the FW are not being considered in
assumed to be monoenergetic with a full energy componentorica.

of 80 keV. In real space, they are distributed with a probabil-  In Fig. 12, spatial distributions of deuterium beam ions
ity n(¢)=(1-¢?)?% Detailed description about slowing-

down distribution of beam ions was given in Sec. Ill. To

model a steady-state regime, thermalized beam ions are re 5% @ @ ©

injected at their birth energ80 keV) into the plasma peri- 400
odically during a given simulation time. The fourth harmonic % 3%
resonance of deuterium beam ions is located=0.017. To
model actual NB+ICRF experimental situation realistically, 10 — -
NB only heating is first turned on for60 000 transit times S o O e e
(a few slowing-down times of 80 keV deuterium beam jons Normal Poloidal Flux  Normal Poloidal Fiux Normal Poloidal Flux  Normal Poloidal Flux
Alm.OSt.a” b.eam |o_ns have. gone through at least one _the_rIEIG. 12. Spatial distributions of deuterium beam ions(att=0, (b) t
malization within this duration to reach a steady-state distri=30 0oo,(c) t=60 000,(d) t=90 000 transit times. The ICRF wave is tumed
bution. on fromt=60 000 to 90 000 transit times.

200

Energy (keV)
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FIG. 13. Radial profiles of absorbed power density as a function of normal- 5 T " T o)

ized poloidal flux in two cases of NB only and NB+ICRF.

Thermal

are displayed at=0,30 000,60 000,90 00fransit times.
The FW is turned on fromdi=60 000 transit times to 90 000
transit times. It is seen that the energetic tails extend up to a 1E
few hundred keV above beam injection ene(g§® keV) af- .
ter the ICRF heating is turned on. These tails are built up in 00 02 04 0.6 0.8
relatively broad layerg0< < 0.4) encompassing Doppler Normalized Radius p
shifted fourth harmonic resonances as shown in Figd)12
In Fig. 13. radial profiles of absorbed power density are comFIG. 15. (a) Neutral particle spectra from six discharges similar to discharge

' . 6043 during beam heating alottepen diamondsand during combined
pared betwee.n t.hle NB only anq NB+ICRF cases. Flgure 1§eam and 60 MHz rf heatinfcrosses The error bars represent statistical
shows that significant change is made in the perpendiculafriations in the binned datdb) The measured thermal pressuolid
velocity, as explained in Sec. lll. Recently, more quantitativecurve and classical beam pressuashed curve and an adjusted beam
energetic particle distribution was measured on N§)TX pressurédashed curv)e_that y|e|d§ properly aligned ECE data wheris the

. . . square root of normalized toroidal fitfx

when high harmonic ICRF was applied to a neutral beam
heated plasma, which again showed the characteristic high

energy tail to several hundred keV which is again consistent . .
With ORBIT-RE simulation. sure (dashedl that yields properly aligned ECE data. The

increase of beam ion pressure with rf heating is due to the
increase of perpendicular stored energy of beam ions through
the interaction with rf wave. Enhanced neutron reaction rates
during rf heating, as shown in Fig. 16, illustrate that deute-
In this section, the@RBIT-RF simulation results presented rium beam ions are accelerated. Discharge 96043.01920
in Sec. IV B are compared with experimental results in thedemonstrated enhancement of measured neutron Sate
DIII-D tokamak. Figures 15 and 16 show experimental mea-—1 4.
surements from diSCharge 96043 and other similar L-mode The experimenta] measurements described above are
discharge plasmasgdemonstrating a strong interaction be- qualitatively reproduced from thersIT-RF simulations pre-
tween beam ions and FW. Even though the neutral particlgented in Sec. IV within a reasonable agreement. Under the

analyzer(NPA) used in the 1998 campaign was unable toassumption of no loss of energetic ions such as orbit loss and
measure neutrals above the beam injection energy, the in-

crease in energetic ion population over the case with beam

Pressure (10* N/m?)

C. Comparison of ORBIT-RF simulation results
with experimental measurements

only is clearly shown in Fig. 1®). It is notable that the rf 3
heating affects higher energy beam ions more strongly than f
lower energy ions. Figure 1B) shows radial profiles of mea- 0
sured thermal pressure including electrésalid), calculated f
classical beam ion pressu@otted and adjusted beam pres- 0
0.5
p e ()
. P . /"VW\M“'\
@ ) © 0.0
z 6 | dz
.;E ; [Iiﬁ Neutrons (10* n
2 4
X 2
T e bl umlfe’!
Ol : - — : : - 2 3 4
- 0 6 - 0 6 -5 0 5 Time (s)

V), (x10% cmis) V) (x16% cmis) v, {x10° cmis)
FIG. 16. Time evolution ofa) the neutral beam poweth) the 60 MHz rf
FIG. 14. Beam ion distributions in velocity space (aj t=30000, (b) t power, (c) the poloidal beta from the equilibriutdashed curveand dia-
=60 000,(c) t=90 000 transit time when significant changes are made in themagnetic loop(solid curve, (d) the d—d neutron emissione) the 61 keV
perpendicular velocity due to rf kicks. charge exchange signal from a discharge similar to 96043.
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FIG. 18. Radial profiles of absorbed power density as a function of normal-
FIG. 17. Radial profiles of pressure of beam ions as a function of normalized poloidal flux from the full wave codeoricsa and Monte Carlo code
ized poloidal flux fromorsiT-RF in the cases of NB onlysolid line) and ORBIT-RF.
NB+ICRF (dotted ling. The contributions from thermal electrons and ions
are not included.

TORIC4 and ORBIT-RF. A much broader power spectrum is
found from theoRBIT-RF simulation which comes from orbit
effect.

To consider the two-dimensional refractive effect of full

charge exchange loss, tbeBIT-RF simulation results in neu-
tron enhancement factor &~ 1.8 [using Eqg.(10)], which

is within 30% of the experimental valug,~1.4). In Fig. wave solution, we have also modeled a wave cone in the

17, the radial profiles of beam ion pressure calculated fronﬂ)lasma withr,=0.2 (normalized amplitude on ayisnd 4

0— V- 0
OEBIT'Rch are cto_rgptgred fbemfﬁn N? cl)m}t/ and NE’TICRF:130° from equatorial plane in poloidal cross section. The
where the contributions from thermal electrons and 10ns arg, ¢ o, ;iside this wave cone are excluded from the interaction
not included. Contrast to experimental measurements in Fi ith the FW. Power absorption with this wave cone model is

15(b), a smal_ler dlffe_rence betweer_1 NB only and NB ~15% less than that of no cone model treated in this paper.
+ICRF is predicted which can be ascribed to the fact that th%’herefore, it is expected that coupling the 2D full wave so-

ORBIT-RF simulations presented in this paper were done b31ution with ORBIT-RF as shown in Fig. 8 would provide more
o 0 X . .
assigning only 40% of total experimental input rf power to aquantitative prediction. Further self-consistent simulations

s!ngle. toroujal/polmdal mode number. A. more ComprGhen'should include feeding back the resulting non-Maxwellian
sive simulation planned for the future which accounts for all

. . distributions of beam and minority ions frolRBIT-RF to
the input power should show a larger difference. TORIC4 in an iterative manner to update full wave calcula-
tions. This work will help address the effect of self-
V. SUMMARY AND FUTURE PLAN consistent interaction of wave propagation and particle orbit
trajectories including Doppler shifts. Further implementation

A Monte Carlo COde(ORB'T.'RF) IS coupled W'th the of additional energetic ion loss mechanisms is also planned
ICRF full wave code&(TORIC4) to investigate experimentally in the near future

observed interaction between injected beam ion species and

the FW at high harmomcs in a selected DI!I—D d'S.Charge'ACKNOWLEDGMENTS
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