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Motivation

TORIC v.5: brief code description

@ Non-Maxwellian extension of TORIC v.5 in HHFW heating regime
o Test I: Numerical vs. analytical Maxwellian full hot dielectric tensor
e Test Il: TORIC wave solution: numerical vs. analytical Maxw. case
@ P2F code: from a particles list to a continuum distribution function
e Test I: TORIC wave solution: particle list + P2F for a Maxw. case

Initial applications

e Bi-Maxwellian distribution

e Slowing-down distribution

e from a NUBEAM particles list (preliminary & still in progress)

@ Conclusions

@ Future steps
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Motivation

o Experiments show that the interactions between fast waves and fast
ions can be so strong to significantly modify the fast ion population
from neutral beam injection (NBI)

— The distribution function modifications will, generally, result in finite
changes in the amount and spatial location of absorption

— In NSTX, fast waves (FWs) can modify and, under certain conditions,
even suppress the energetic particle driven instabilities, such as
toroidal Alfvén eigenmodes (TAEs) and global Alfvén eigenmodes

(GAEs) and fishbones

e Similarly, the non-Maxwellian effects play an important role in the
interaction between FWs and ion minority species in the IC minority
heating scheme
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@ TORIC v.5: brief code description
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:
2

VxVXE- e E=dri-J*
C &
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:

2

VXVXELL;E-EZLM'LL;JA\
C &

prescribed antenna
current density
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:

2

VX VXE=-sc-E = dri—J"
ﬁf C ‘\

[ dielectric tensor ] {

prescribed antenna
current density

|
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:
2

w w
VxVxE- e E=dri—J*
C C
e TORIC v.5 uses a Maxwellian plasma dielectric tensor

4i
e=Il+—o=1I+x
w
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:
2
w
VxVXE- e E=dri-J*
C C
e TORIC v.5 uses a Maxwellian plasma dielectric tensor

4i
e=Il+—o=1I+x
w

e Two TORIC v.b5’s versions:
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:
2

VxVXE- e E=dri-J*
C &

e TORIC v.5 uses a Maxwellian plasma dielectric tensor

dmi
e=I+—oc=1+x
w
e Two TORIC v.5’s versions:
— TORIC-HHFW: High Harmonic Fast Wave regime

m Full hot-plasma dielectric tensor employed
m The %2 value in the argument of the Bessel functions is obtained by

solving the local dispersion relation for FWs
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TORIC v.5 code

e The TORIC v.5 code solves the wave equation for the electric field E:
2

w w
VxVxE- e E=dri—J*
C C
e TORIC v.5 uses a Maxwellian plasma dielectric tensor

dmi
e=I+—oc=1+x
w
e Two TORIC v.5’s versions:
— TORIC-HHFW: High Harmonic Fast Wave regime
m Full hot-plasma dielectric tensor employed

m The %2 value in the argument of the Bessel functions is obtained by
solving the local dispersion relation for FWs

— TORIC: IC minority regime

m FLR corrections only up to the w = 2w,
m Non-Maxw. extension completed and tested but not shown here
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Standard “Maxwellian” procedure to run TORIC v.5

471

e=1+ oc=I1+x

W
Susceptibility tensor x[fo(x; v)], is a functional of fo, which, in
general, is non-Maxwellian
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Standard “Maxwellian” procedure to run TORIC v.5

A
EEI+4£ZT:I+X

Susceptibility tensor x[fo(x; v)], is a functional of fy, which, in

general, is non-Maxwellian

INPUT:

e Density & Temp.
for each species

e Magnetic
equilibrium
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Standard “Maxwellian” procedure to run TORIC v.5

A
e=1+ %a =I+x

Susceptibility tensor x[fo(x; v)], is a functional of fo, which, in

general, is non-Maxwellian

INPUT:

e Density & Temp. ¢ X (f = fuaxw. )<= Analytical expression @
for each species e Thermal species => NSTX-U data

* Magnetic o Non-thermal species (fast ions) = NUBEAM
equilibrium
2
Trr = = (effective temperature)
3 Nr1
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Standard “Maxwellian” procedure to run TORIC v.5

471

e=I+ o=1+x

W
Susceptibility tensor x[fo(x; v)], is a functional of fo, which, in
general, is non-Maxwellian

INPUT:

e Density & Temp. ¢ X (f = fuaxw. )<= Analytical expression @
for each species e Thermal species =—> NSTX-U data
¢ Non-thermal species (fast ions) = NUBEAM

E .
Tpr= - (effective temperature)
3 npr

[Fast ions energy ]

e Magnetic
equilibrium
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Standard “Maxwellian” procedure to run TORIC v.5

471

e=I+ o=1+x

W
Susceptibility tensor x[fo(x; v)], is a functional of fy, which, in
general, is non-Maxwellian

INPUT:

e Density & Temp. ¢ X (f = fuaxw. )<= Analytical expression @
for each species e Thermal species =—> NSTX-U data
¢ Non-thermal species (fast ions) = NUBEAM

E
Tor= -
/”/?nm

[Fast ions energy ]

e Magnetic
equilibrium

(effective temperature)

[Fast ions density }
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Standard “Maxwellian” procedure to run TORIC v.5

471

e=1+ oc=I1+x

W
Susceptibility tensor x[fo(x; v)], is a functional of fy, which, in
general, is non-Maxwellian

INPUT:
e Density & Temp.

. Wave
for each species
) solver
e Magnetic
equilibrium
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Standard “Maxwellian” procedure to run TORIC v.5

e=1+

471
w

oc=I1+x

Susceptibility tensor x[fo(x; v)], is a functional of fy, which, in

general, is non-Maxwellian

INPUT:
e Density & Temp.
for each species
e Magnetic
equilibrium

Wave
solver

-

OUTPUT:

e Wave electric
field

e Pow. density
profiles for each
species

e Total absorbed
pow. for each
species
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@ Non-Maxwellian extension of TORIC v.5 in HHFW heating regime
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The susceptibility for a hot plasma with an arbitrary distribution
function (Eq. 48 in Stix’s book page 255)

Local coordinate frame (X, y, z) with z = bandk - y = 0 (Stix)

bs [° oo 1 1
Xs = @/ QWULdUJ_/ dv”ii—l (— of ﬁ) +
0

w oo V) 811” vy Ovy

w2, [t +oo v, U
ps 2mv . d / d = T,
+ » /0 mvydvg N | n;oo w— kHUII Qe
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The susceptibility for a hot plasma with an arbitrary distribution
function (Eq. 48 in Stix’s book page 255)
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The susceptibility for a hot plasma with an arbitrary distribution
function (Eq. 48 in Stix’s book page 255)

Local coordinate frame (X, y, z) with z = bandk - y = 0 (Stix)
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Numerical evaluation of x needed for arbitrary distribution
function: y is pre-computed |

e The “best” approach for a complete extension of the code is to
implement directly the general expression for x (previous slide)
Fimd(w — wp)

— Plemelj’s formula —

1
w—wo=£i0 7gw wo

¢ Integrals in the expression for )x are computed numerous times in
TORIC-HHFW so an efficient evaluation is essential

e Precomputation of yx:

— A set of Ny, files is constructed, each containing the principal values
and residues of x for a single species on a uniform (v, B/Buin, N1 )
mesh, for a specified flux surface v;

— The distribution, f(v),v1), is specified in functional form at the
minimum field strength point B(6) = Buin ON ¥,

— An interpolator returns the components of y
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@ Non-Maxwellian extension of TORIC v.5 in HHFW heating regime
o Test I: Numerical vs. analytical Maxwellian full hot dielectric tensor
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Good agreement between numerical and analytical evaluation of
the full hot dielectric tensor

NU” N’lu_
Parameters: ® | 100 50
f =30 x 105 Hz; ngens = 5 x 10" cm—3, ® | 200 | 100
Ny =10, B=05T,T; = 20 keV o [ 324 | 150

Nharmonics =10 650 300
lon species: Deuterium

Black curve: analytical solution
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@ Non-Maxwellian extension of TORIC v.5 in HHFW heating regime

e Test Il: TORIC wave solution: numerical vs. analytical Maxw. case

@DNSTX-U N. Bertelli| Progress of non-Maxw. extension of TORIC v.5 | April 18,2016

|13



NSTX case

Main parameters:

TRANSP Run ID: 134909B01
Plasma species: electron, D, D-NBI
Br=053T

I, = 868 kA

T.(0) = 1.09 keV

ne(0) = 2.47 x 103 cm=3

Tp(0) = 1.1 keV

Tp_np1(0) = 21.37 keV
np_n~gi1(0) = 2.01 x 102 cm~3

TORIC resolution: nymeq = 31, Nem = 200

n(x10'3) cm=3

T (keV)

I

T

2.5
—TIp-np1/10

e
0.5

0 02 04
ppol

0.6

0.8
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Excellent agreement between numerical and analytical
evaluation of HHFW fields in the midplane

Re(E,)
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Excellent agreement between numerical and analytical

evaluation of the 2D HHFW fields

TORIC resolution: nyoq = 31, Nem = 200

Resolution used for x: NvH = 100 and NvL = 50

Maxw. analytical: Re(E_) Maxw. numerical: Re(E_)
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Excellent agreement between numerical and analytical
evaluation of the 2D HHFW fields

TORIC resolution: nyoq = 31, Nem = 200
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Excellent agreement between numerical and analytical
evaluation of the 2D HHFW fields

TORIC resolution: nyoq = 31, Nem = 200
Resolution used for x: N”H = 100 and NvL =50

Maxw. analytical: Re(£))) Maxw. numerical: Re(E))

~10.46.
V/m/MW
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20 40 60 80 100 120 140 20 40 60 80 100 120 140
R [cm] R [cm]
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Excellent agreement in terms of absorbed power

TORIC resolution: nyoq = 31, Nem = 200
Resolution used for y: Nvu =100 and N,, = 50

Absorbed fraction

Maxw. analytical

Maxw. numerical

D

D-NBI

Electrons
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Excellent agreement in terms of absorbed power

TORIC resolution: nyoq = 31, Nem = 200
Resolution used for y: Nvu =100 and N,, = 50

Absorbed fraction

Maxw. analytical

Maxw. numerical

D

0.22 %

D-NBI

Electrons
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TORIC resolution: nyoq = 31, Nem = 200
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Excellent agreement in terms of absorbed power

TORIC resolution: nyoq = 31, Nem = 200
Resolution used for y: Nvu =100 and N,, = 50

Absorbed fraction

Maxw. analytical

Maxw. numerical

D 0.22 % 0.22 %
D-NBI 73.88 %
Electrons
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Excellent agreement in terms of absorbed power

TORIC resolution: nyoq = 31, Nem = 200
Resolution used for y: Nvu =100 and N,, = 50

Absorbed fraction

Maxw. analytical

Maxw. numerical

D 0.22 % 0.22 %
D-NBI 73.88 % 73.58 %
Electrons
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Excellent agreement in terms of absorbed power

TORIC resolution: nyoq = 31, Nem = 200
Resolution used for y: Nvu =100 and N,, = 50
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@ Non-Maxwellian extension of TORIC v.5 in HHFW heating regime

@ P2F code: from a particles list to a continuum distribution function
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P2F code: from a particles list to a distribution function

P2F code was developed by D. L. Green (ORNL)

P2F takes a particle list and creates a 4D (R, z; v, v, ) distribution
function for use in a continuum code like TORIC

At present it has essentially three modes:

— The first really is a straight up 4D histogram giving a noisy distribution
— The second uses Gaussian shape particles in velocity space to give
smooth velocity space distributions at each point in space
— The third is to distribute each particle along its orbit according to the
percentage of bounce time giving even better statistics
Tested P2F code starting with a particles list representing a
Maxwellian:
— Excellent agreement between the input kinetic profiles and the

corresponding ones obtained from the distribution generated by P2F
code

» P2F test
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@ Non-Maxwellian extension of TORIC v.5 in HHFW heating regime

e Test I: TORIC wave solution: particle list + P2F for a Maxw. case
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:
1. generate particle list representing a Maxwellian
2. run P2F to obtain a distribution function, f
3. pre-compute x with f above
4. run TORIC with pre-computed x
5. compare TORIC run with standard TORIC
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure: ne(p=0) =2.5x 10" em™?
ne(p=1)=2.5x 102 cm™3

To(p=0) =1 keV; To(p = 1) = 0.1 keV
nri(p = 0) = 2.0 x 10*2 em™3

npi(p =1) = 2.0 x 10** em™3

Tpi(p = 1) = 20 keV; Te(p = 1) = 5 keV
Parabolic profiles for ne, Te, and npy

Tri(p) = (Trr,0 — TF1,1) (1 - 92)5 + Tr1,1

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

Standard TORIC

=
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o
&)

Fast ions power density [W/cms]
=Y

% 02 04 06 08 1
Ppol
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

Standard TORIC

2k particles

=
&)

0.5

Fast ions power density [W/cms]
=Y

% 02 04
Ppol

06 08 1
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

Standard TORIC

2k particles

=
&)

5k particles

0.5

Fast ions power density [W/cms]
=Y

% 02 04
Ppol

06 08 1

@DNSTX»U N. Bertelli| Progress of non-Maxw. extension of TORIC v.5 | April 18,2016



TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

=
&)

0.5

Fast ions power density [W/cms]
=Y

% 02 04
Ppol

06 08 1

Standard TORIC
2k particles

5k particles

10K particles
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

=
&)

0.5

Fast ions power density [W/cms]
=Y

% 02 04
Ppol

06 08 1

Standard TORIC
2k particles

5k particles

10K particles
100k particles
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

=
&)

Fast ions power density [W/cms]
=Y

0.5 ]

0 L AP

0 02 04 06 1
Ppol

Standard TORIC
2k particles

5k particles

10K particles
100k particles
1M particles
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TORIC + non-Maxw. + P2F code: test on Maxwellian case

Procedure:

generate particle list representing a Maxwellian
run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

aopr0D=

Standard TORIC
2k particles

=
&)

5k particles
10K particles

100k particles
1M particles

o
4]

Fast ions power density [W/cms]
=Y

Total power differs by less
2 _ than 1% among 10k, 100k,
Ppol and 1M cases

% 0.2
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Outline

@ Initial applications
e Bi-Maxwellian distribution
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Bi-Maxwellian distribution

foo),vi) = 2m) 732 (v, v, ) expl—(v) /ven,))* — (VL /ven, 1))

with Uth,|| = A /QCHT(I/))/NY,D, Vth, 1 = v/ QCLT(U))/MD, with constants CH and C' |
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Bi-Maxwellian distribution

foo),vi) = 2m) 732 (v, v, ) expl—(v) /ven,))* — (VL /ven, 1))

with Uth,|| = A /QCHT(I/))/NY,D, Vth, 1 = v/ QCLT(U))/MD, with constants CH and C' |

® ForCy =1landC) = {.5,1.,3.,5.}, Pb_ngI, varied by less than 1%

— for small CH’ the absorption profile tends to be localized to the resonant layers
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Bi-Maxwellian distribution

foo),vi) = 2m) 732 (v, v, ) expl—(v) /ven,))* — (VL /ven, 1))

with Uth,|| = A /QCHT(I/))/NY,D, Vth, 1 = v/ QCLT(U))/MD, with constants CH and C' |

® ForCy =1landC) = {.5,1.,3.,5.}, Pb_ngI, varied by less than 1%

— for small CH’ the absorption profile tends to be localized to the resonant layers

CL=1,0 =50

CL=1,C,=05 CcL=1,C5=1

100.0
I 75.00

50.00
{ 25.00

0,000
W/em®* /MW

Z [cm]

70 90 110130 70 90 110130 70 90 110130
R [cm] R [cm] R [cm]
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Bi-Maxwellian distribution

foo),vi) = 2m) 732 (v, v, ) expl—(v) /ven,))* — (VL /ven, 1))

with 'Uth,H = 4 /QCHT(I/))/NID, Vth, 1 = v/ QCLT(IZ))/M,D, with constants CH and CL

® ForCy =1landC) = {.5,1.,3.,5.}, Pb_ngI, varied by less than 1%

— for small CH’ the absorption profile tends to be localized to the resonant layers

CL=1,C,=05 CcL=1,C5=1 CL=1,0 =50

100.0
I 75.00
50.00
25.00
l 0.000

W/em®* /MW

70 90 110130 70 90 110130 70 90 110130
R [cm] R [cm] R [cm]

® ForCy=1landC ={5,1.,3.,5.}, the corresponding Pp_np1 = {70.06, 73.56, 62.84, 48.48}
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Outline

@ Initial applications

@ Slowing-down distribution
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Slowing-down distribution

AL forv < um,
fD(U”;UJ_) = {v? 1+(v/ve)3 m - /QED—NBI/mD
0 for v > vy
Z2n;
A=3/[rin(14+0673)], §= 2=, ve=3VT(me/mD)Zeavdy, Zot = ions
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Slowing-down distribution

A

A1 forv< um,
fo(y),ve) = {52 L+(v/ve)? ™ om = /2Ep_xp1/mp

for v > v

2.
A=3/[drin(1+673)], 5=, ve=3a(me/mp)Zervly,  Zoft = Dions ot

m Ne

For Zeg = 2 and Ep_ngB1 = 30,60, 90,120 keV = Pp_nB1 = {77.84%, 75.85%, 70.97%, 64.71%}

— Similar behavior when varied C'; in the bi-Maxwellian case

— Fast ions absorption should decrease with something like Tf;i/linb (?)
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Slowing-down distribution

A

A1 forv< um,
fo(y),ve) = {gs L+(v/ve)? ™ om = /2Ep_xp1/mp

for v > v

2.
A=3/[drin(1+673)], 5=, ve=3a(me/mp)Zervly,  Zoft = Dions ot

m Ne

For Zeg = 2 and Ep_ngB1 = 30,60, 90,120 keV = Pp_nB1 = {77.84%, 75.85%, 70.97%, 64.71%}

— Similar behavior when varied C'; in the bi-Maxwellian case

. ) . - —3/2
— ?
Fast ions absorption should decrease with something like T} /.0 (?)
Ep_NB1I = 30 KeV Ep_NBI = 60 KeV Ep_nNB1 = 90 KeV Ep_nNB1 = 120 KeV
- 1000 60
I7s.nn
50.00
=25.nn
0.000

W/em?* /MW

70 90 110130 70 90 110130 70 90 110130 70 90 110130
R [cm] R [cm] R [cm] R [cm]
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Outline

@ Initial applications

e from a NUBEAM particles list (preliminary & still in progress)
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NUBEAM particles list (tests in progress)

NSTX shot 117929

Pyurw = 2.9 MW

Pxpr =2 MW

Ip = 300 kA

TAE & GAE suppressed @
particles number = 3344
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NUBEAM particles list (tests in progress)

Procedure: NSTX shot 117929
1. get NUBEAM particle list ﬁHHFV_V 2:'3'\?\/ MW
2. run P2F to obtain a distribution function, f INBI ?;)0 KA
. v Wi P =
3. pre compute.x with f above TAE & GAE suppressed @
4. run TORIC with pre-computed x ticl mber = 3344
5. compare TORIC run with standard TORIC particles nu er=
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NUBEAM particles list (tests in progress)

Procedure: NSTX shot 117929
1. get NUBEAM particle list ?HHFV_V 2:,3\?\/ MW
2. run P2F to obtain a distribution function, f INBI ?I)O KA
- - i ? P =
3. pre compute.anh f above TAE & GAE suppressed o
4. run TORIC with pre-computed x ticl ber = 3344
5. compare TORIC run with standard TORIC particles number =

R~09m,Z~0m

R 08 ¢
= 90 keV Nt
© o 0.6 p<
= <
b 04
. =

- 0.2

) s

e 0

- 2
vy [x 105 mis]
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NUBEAM particles list (tests in progress)

Procedure:

get NUBEAM particle list

run P2F to obtain a distribution function, f
pre-compute x with f above

run TORIC with pre-computed x

compare TORIC run with standard TORIC

RO

R~09m,Z~0m

90 keV 0.6 ><

v [x10% m/s]

-1 0 1 2
V)| [x 108 m/s]

NSTX shot 117929

Pyurw = 2.9 MW

Pxpr =2 MW

Ip = 300 kA

TAE & GAE suppressed @
particles number = 3344

Abs. fraction | f Maxw. | f non-Maxw.

Electrons 50.85 % 79.40 %

D-NBI 49.13 % 20.57 %
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NUBEAM particles list (tests in progress)

Procedure: NSTX shot 117929
1. get NUBEAM particle list ?HHFV_V 2:,3\?\/ MW
2. run P2F to obtain a distribution function, f INBI ?I)O KA
- - i ? P =
3. pre compute.anh f above TAE & GAE suppressed o
4. run TORIC with pre-computed x ticl ber = 3344
5. compare TORIC run with standard TORIC particles number =

R~09m,Z~0m

90 keV 0.6 ¢ Abs. fraction | f Maxw. | f non-Maxw.

P Electrons | 50.85 % 79.40 %

02 D-NBI 49.13 % 20.57 %

v [x10% m/s]

-1 0 1 2
V)| [x 108 m/s]

o Need to start a case adding low Pyprw and then increase it
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Conclusions

® A generalization of the full wave TORIC v.5 code in the high harmonic and minority
heating regimes has been implemented to include species with arbitrary velocity
distribution functions

® Implementation of the full hot dielectric tensor reproduces the analytic Maxwellian case

® Non-Maxwellian extension of TORIC in HHFW regime reproduces previous simulations
with both a specified functional form of the distribution functions and a particle list

e For a bi-Maxwellian distribution, the fast ions absorbed power is insensitive to variations
in T, but varies with changes in T,
® For slowing down distribution, the fast ions absorbed power varies with changes in
EnB1
— Pp_nBi1 decreases with increasing ENB1
® First attempts to apply TORIC generalization with a NUBEAM particle list

— preliminary results with arbitrary distribution functions appears significantly different than
Maxw. case results
— still additional tests/checks needed
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Future steps

For HHFW regime:
® Add options to read a distribution function from CQL3D Fokker-Planck code for HHFW
heating regime
— Use the distribution function from CQL3D to include, for instance, finite orbit effects
— Possible comparison with FIDA data as done previously by D. Liu & R. Harvey
e Further NSTX/NSTX-U applications/tests using a NUBEAM particle list and comparison
with slowing down distribution function
e Attempts to apply this extension in a self-consistent way with the NUBEAM module

— Need first some tests to the kick-operator implemented in NUBEAM
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Future steps

For HHFW regime:
® Add options to read a distribution function from CQL3D Fokker-Planck code for HHFW
heating regime
— Use the distribution function from CQL3D to include, for instance, finite orbit effects
— Possible comparison with FIDA data as done previously by D. Liu & R. Harvey
e Further NSTX/NSTX-U applications/tests using a NUBEAM particle list and comparison
with slowing down distribution function
e Attempts to apply this extension in a self-consistent way with the NUBEAM module

— Need first some tests to the kick-operator implemented in NUBEAM

For IC minority regime (in collaboration with J. Lee, J. Wright, and P. Bonoli )

e the quasilinear diffusion coefficients has been recently derived and implemented in
TORIC v.5 (work done by Jungpyo Lee from MIT)
— Necessary to couple TORIC v.5 and CQL3D
— Able to iterate the extension of TORIC v.5 with the quasilinear coefficients routine and

CQL3D
— Tests underway on the evaluation of the quasilinear diffusion coefficients
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TORIC code: additional info

Spectral ansatz E(r,t) = 3, E™" ()¢ (mftno=wt)

m — poloidal mode number; n — toroidal mode number

For each toroidal component one has to solve a (formally infinite) system of
coupled ordinary differential equations for the physical components of
E™" (1), written in the local field-aligned orthogonal basis vectors.

The Spectral Ansatz transforms the 6-integral of the constitutive relation
into a convolution over poloidal modes.

Due to the toroidal axisymmetry, the wave equations are solved separately
for each toroidal Fourier component.

A spectral decomposition defines an accurate representation of the “local”
parallel wave-vector k" = (mV0 +nV¢) - b

The ¢ variation is represented by Hermite cubic finite elements

Principal author M. Brambilla (IPP Garching, Germany)
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The susceptibility for a hot plasma with a Maxwellian distribu-
tion function can be evaluated analitically

0,2 2 oo
A -2
Xs = (o) + =) e ()
[ wh) v, w n_z_:oo .
where
I A, —in(I, — I) Ay biobp,
Y, = | @, -1)A, (";In + 2N, — 2/\I;L> A, (1, - 1)B,
"5 B L - 1)B LB,
1 1 N
A, = Z0(Cn), Bn=—014020(¢n)), Zo((n) = plasma dispersion func.
kv ol

W — NWe N = kﬂ’th

Cn kH'Uth ’ QQE
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P2F code: test on Maxwellian case

input profiles

Nrz(r, )

profiles from P2F

fD(r, z)

profiles on midplane

G g
B E P L
—_ 10 - : :
[ - 152 -
g - ot '—
—_ - -
- 10—
= - H
7 - :
[ o 05— /
Q 3 z
N AR AR AR AR RRARRLE
04 0.6 08 10 12 14 0.4 06 08 1.0 12 14 5 10 15 20 25 30
Trz(r, 2) 1T, 2)
; srvvbvecbrooe e en b b
) - 0= -
X o t -
— s 16— -
st - = =
> = - -
""m - 2 -
hae - B -
(0] = 07 -
£ - E -
(0] - 6 -
= e —— e ————— AT e
04 06 08 1.0 12 14 04 06 08 1.0 12 14 5 10 15 20 25 30
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NSTX shot 117929 from Fredrickson et al. NF 2015

NSTX 117927 & 117929

150 NSTX 1179278 117020 — 1.4 TITTITTTYTITYITTTTTTITTTTTY—TTYT
7 ' ! ! "a) TAE (no RF) & L b 3
1 | Henim 1St Crd ot um Vw3
=100 i w-wrw J«m it : gm- R ""f' \‘ ]
c ) | ] - BT 3
S 50F "'.ﬁw *!Jll‘ 1 g E b !“‘lt ‘ i "h Pg?‘mp E
8 1 & 2 3
£ M i e 1 F o i D) GAS 0P E)

(o] a L il ol o s did i |......num aibass d 14 TYTrTTYTTT TTT T T T IT YTy T T T T I TrTy T T

1:,0.,.,,..... § & . h
g b)TAEWRF)] 3 - . ]
5100- p DN ] g 10k I 1
& G ) 1 8 L (T | 3
3 50~ - B 3 5 | ]
g %‘m ctrn=1 ] § b) GAE (with RF) ]
w K ki 0.6h ATUTTITE FUURTTTVI EYRETITTIPORRTTRNPTPTSIIOTe
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Time s Time (s)
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Finite elements to use to compute the resonant integrals

® We need to evaluate integrals of the form

Ik :/d’UC(v) .
UV — Vg

® Since I} is a smooth function of vy, , evaluate on a uniform mesh vy, = kAw, and interpolate

® Express smooth integrand C'(v) in terms of (linear) finite elements C'(v) = 3=, ¢;T; , with T

centered at v;

Then
Ik_z/dvv—vk ZCJ j— k—ZCJJrkK

where the kernel is given by

. ‘2 .
In (gﬂ) —jln <j2]_1> . gl >1,

K /1d 1 [
R V— = —
J . v jfv +1n4, j = =*£1,

i, j=0.
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Beyond Maxwellian

FLR non-Maxwellian susceptibility in a local coordinate (Stix) frame
(X,¥,2), withz = b, k - y = 0, to second order in kv, /w.

2
wo o [1 A A
Xow = —= [* (A10+A_10)— - (A11+A_11)+ = (A1 + A72,1)}
w 2 2 2
.wi.s 1 A
Xey = —Xyz =i [5 (A10—A_10) —A(A11—A_11)+ 3 (A2,1 — A72,1)]
w
2
w 1ky A
Xoz = AXex = —Xyz = —= (**) [(BI,O +B_1,0) = A(Bi,1 + B-1,1) + = (B2,1 + 3—2,1)}
w 2 w 2
Wi 1 3X A
Xyy = 5 2X\Ap,1 + 3 (A1,0+A_1,0) — - (A1p+A_11)+ 5 (A2,1 +A_2 1)
.L")IQ)S ki 1
Xyz = Xy =il (T) [Bo,o ~ABoa - - (Bio+B_1,0) —A(Bi1+B_11)
A
- *(32,1+372,1)}
4
20.15 +oo +oo v
Xzz = 5~ |(1=M)Bo,o +/ douy / dviv; —fo(v),vi)
kyjwl -0 0 w
2
A w w— w w + w, 1 /kywv 2
+ o2 <Bi,o+2 s “B_1,0 >\27<#>
2 w kyw? ’ kw2 ’ 2 we
(RS 1L
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Beyond Maxwellian (2)

Evaluations of the FLR susceptibility requires computation of two
functions A, ; By, ; ,forn = —-2...2, j =0, 1, which are v, moments of

resonant integrals of fo(¥, 52—, v, v.)

(82} Lo e [ ot
o N — v TV Av ] 4(V), V1
BnJ’ oo ” U” w — k:”U” — NWe Jo J H

with

1 kjwi af, kv
Lkyw dfy v k) vl
H, = L%ty B UL
o(vy,v1) 2w vyt " fo(vu,w)wgL
[e%¢) —+o00
and w? = / dU”/ 27TULdUif0(U||,UL)
—00 0
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Alcator C-Mod case

Main parameters:

Plasma species: electron, D,
and minority H (4%)

Br=5T

I, = 1047 kA

q(0) =0.885

q at plasma edge = 4.439

T.(0) = 2.764 keV
ne(0) = 1.778 x 10* cm~3
Tou(0) = 2.212 keV

TORIC resolution:
Nmod = 259, Nelm = 480

ne(x1014) cm=3

02 04 06 08
ppol
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Excellent agreement between numerical and analytical evalua-
tion of the electric field

TORIC resolution: ny0q = 255, Nelm = 480
Maxw. analytical: Re(E_) Maxw. numerical: Re(E_)

1.937e+04 1.988e+04
i i
I:\ 1260404 I:\ 113e+04

V/m/MW V/m/MW

z [em]
z [em]

80 90

60 70
R [cm]
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Excellent agreement between numerical and analytical evalua-
tion of the electric field

TORIC resolution: ny0q = 255, Nelm = 480

Maxw. analytical: Re(E}.) Maxw. numerical: Re(E}.)
- I - R
VimiMw vimiMw
E o E 0

60 70
R [cm]
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Excellent agreement between numerical and analytical evalua-
tion of the electric field

TORIC resolution: ny0q = 255, Nelm = 480

Maxw. analytical: Re(E)) Maxw. numerical: Re(E))
V/m) MW V/m/ MW

z [em]
z [em]

40 50 80 90

60 70
R [cm]
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Excellent agreement in terms of absorbed power

TORIC resolution: ny0q = 255, Nelm = 480

Absorbed fraction

Maxw. analytical

Maxw. numerical

2nd Harmonic D 10.18 10.28
Fundamental H 69.95 68.81
Electrons - FW 11.35 11.91
Electrons -IBW 8.53 9.00
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Bi-Maxwellian distribution

v,V ) = 2m) 7372 (v, VA ~Lexp[—(v /v 2 (v /v 2
fu(vy,v1) = 2m) 7 = (ven, vy, 1) pl— (v /ven,))* — (v /ven,1)°]
with vy, | = /20 T(¥)/mi, vin, 1. = /2C L T(4)/mu, with constants C); and C'|

® ForCy=1landC = {.5,1.,3.,5.}, Py, varied by less than 2%

® ForC), =1landC) ={.5,1.,3.,5.}, the corresponding Py = {61.27%, 70.50%, 90.46%, 94.18%}
— for small CH , the absorption profile is localized to the resonant layer
— for large CH , the absorption profile is significantly broadened radially

CL =1,C, =05 CL=1C =1 C, =1,C =50

W/em* /MW

2 feml
2 (em)

L)

* e
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