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The effect of primary ion species of differing charge and mass—specifically, deuterium, hydrogen,

and helium—on instabilities and transport is studied in DIII-D plasmas through gyrokinetic

simulations with GYRO [J. Candy and E. Belli, General Atomics Technical Report No. GA-A26818,

2010]. In linear simulations under imposed similarity of the profiles, there is an isomorphism between

the linear growth rates of hydrogen isotopes, but the growth rates are higher for Z> 1 main ions due

to the appearance of the charge in the Poisson equation. On ion scales the most significant effect of

the different electron-to-ion mass ratio appears through collisions stabilizing trapped electron

modes. In nonlinear simulations, significant favorable deviations from pure gyro-Bohm scaling

are found due to electron-to-ion mass ratio effects and collisions. The presence of any non-trace im-

purity species cannot be neglected in a comprehensive simulation of the transport; including carbon

impurity in the simulations caused a dramatic reduction of energy fluxes. The transport in the

analyzed deuterium and helium discharges could be well reproduced in gyrokinetic and gyrofluid

simulations while the significant hydrogen discrepancy is the subject of ongoing investigation.

[doi:10.1063/1.3663844]

I. INTRODUCTION AND MOTIVATION

Although the fundamental aspects of thermal confine-

ment in tokamak core plasmas are reasonably well under-

stood in terms of transport due to drift-wave turbulence, the

more subtle details of isotope scaling are less-well under-

stood. In particular, the experimentally observed favorable

scaling of confinement time with isotope mass remains an

unresolved problem.

The bulk part of the turbulent energy transport in toka-

mak cores usually comes from ion scale fluctuations

(kyqsi� 1) with frequencies comparable to csi/a, where ky is

the binormal wave number, csi ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
is the ion sound

speed, qsi¼ csi/Xci is the ion sound Larmor radius,

Xci¼ZieB/(mic) is the cyclotron frequency, Zi is the ion

charge of species i, a is the minor radius of the plasma. It is

expected that for different main ion species the turbulence

remains similar except that typical lengths and frequencies

are changed according to the charge and mass scalings of the

sound speed and Larmor radius. If this was the case, dimen-

sional considerations suggest that the diffusivities should ex-

hibit gyro-Bohm scaling,

vgBi ¼
:

q2
si

csi

a
¼

ffiffiffiffiffi
Ai

p

Z2
i

q2
s

cs

a
; (1)

where Ai¼mi/m for an ion with the mass mi and the species

subscript i is suppressed for deuterium ions, which is the

nominal primary ion in tokamak plasmas. This implies that

for hydrogen isotopes the energy confinement time sE should

decrease with increasing isotope mass according to

sE � a2=vgB / A
�1=2
i when the temperature is kept constant,

or sE / A
�1=5
i for fixed power P� nTa3/sE. On the contrary,

an abundance of experimental evidence in various confine-

ment modes shows that the energy confinement usually

increases as one moves from hydrogen to deuterium or

deuterium-tritium (DT) plasmas.1–4 However, the mass scal-

ing is found to be varying in a wide range A0�0:85
i ,3 strongly

depending on the operating modes.

There have been several models proposed to explain the

experimentally found deviation from the gyro-Bohm scaling.

The decreasing trend of ion temperature gradient (ITG)

mode growth rates with isotope mass, found in linear simula-

tions with adiabatic electron response, could explain a favor-

able mass scaling of the confinement time, assuming that the

radial correlation length of the fluctuations is independent of

ion Larmor radius, as argued in Ref. 5 by Dong et al.
Bateman6 suggests that the increase in the edge temperatures

with isotope mass might account for favorable isotope scal-

ing. Tokar7 found that by applying an improved mixing

length estimate to dissipative trapped electron (TE) mode

turbulence, a favorable scaling with isotope mass may be

realized. However, this model fails to demonstrate empirical

scaling with other parameters as argued by Waltz.8 In other

work, the role of E�B shear stabilization due to the equilib-

rium (neoclassical) radial electric field was explored by Ernst

et al.9 The model of Ref. 9—based on gyrofluid and gyroki-

netic simulations with trapped electrons and sheared flows

included in an approximate way—predicted a varying iso-

topic mass scaling and was shown to agree closely with D-T

experiments on TFTR. In local nonlinear gyrokinetic simula-

tions for the ITG dominated collisionless GA standard

case,10 Estrada-Mila et al. found practically no deviation

from gyro-Bohm scaling11 for D, T, and DT plasmas. Ulti-

mately, a commonly accepted and robust theoretical expla-

nation of the isotope effect which is consistent with the other

experimentally established parameter scalings is lacking.
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In the present paper, we aim to study the effect of pri-

mary ion species of differing charge and mass—specifically,

deuterium, hydrogen, and helium—on instabilities and trans-

port. To this end, first-principles non-linear gyrokinetic sim-

ulations are carried out with GYRO (Refs. 12 and 13), based

on experimental plasma profiles and magnetic geometry

from a series of DIII-D L-mode discharges.

The paper is organized as follows. We start with the

description of the chosen discharges and data processing in

Sec. II, then linear and nonlinear similarity simulations based

on the deuterium discharge are discussed in Secs. III and IV,

respectively. Finally, in Sec. V, we present the transport

analysis of the different discharges and compare non-linear

GYRO simulations to the experiments. The results are sum-

marized in Sec. IV.

II. OVERVIEW OF TARGET DIII-D L-MODE
DISCHARGES

We chose L-mode phases from three balanced neutral

beam injection (NBI) DIII-D discharges which have different

main ion species: deuterium (129135, 1250–1300 ms),

hydrogen (133778, 1225–1275 ms), and helium (138767,

2700–2750 ms). The balanced injection yields approximately

zero net torque, thereby minimizing the effect of rotation

and rotation shear in these plasmas. We emphasize that these

were not similarity experiments; that is, the plasma profiles

are somewhat different in each of the three discharges as

shown in Fig. 1 However, the discharges are similar in sev-

eral aspects. When viewed from above in these lower single-

null plasmas, the orientation of the magnetic field (B� 2 T)

was clockwise, whereas the plasma current (Ip� 1 MA) was

counter-clockwise in all cases; this is the standard configura-

tion on DIII-D. Electron cyclotron resonance heating

(ECRH) and NBI were the auxiliary heating methods

applied. The dominant impurity in these discharges is car-

bon, and the hydrogen and helium plasmas contained a con-

siderable amount of deuterium minority ions.

The experimental data were collected from the MDSplus

database14 of General Atomics and pre-processed by the

tools ONETWO (Ref. 15) for the deuterium and hydrogen dis-

charges and by TRANSP (Refs. 16 and 17) for the non-standard

helium discharge (as non-hydrogenic main species is not

supported by ONETWO). We note that a TRANSP analysis of the

hydrogen discharge gave results quite similar to the ONETWO

analysis presented here. The rotation profiles used in the

non-linear simulations were calculated using a tool based on

the neoclassical code NEO (Ref. 18), which first calculates the

radial electric field by matching the neoclassical toroidal

rotation of carbon at the outboard-midplane with the meas-

ured values then recomputes the poloidal and toroidal flows

for all species.

III. LINEAR SIMULATIONS UNDER IMPOSED
SIMILARITY

To separate charge and mass effects from the effects due

to differences in the plasma parameter profiles in the three dis-

charges, in the following two sections the GYRO simulations

presented are based on plasma parameter profiles from the

deuterium discharge. We refer to these simulations as similar-
ity studies. The only parameters changed in the simulations

are the ion charge and mass (also, in the helium case the ion

density is scaled for quasineutrality). We move from the sim-

plest model to more and more sophisticated and realistic simu-

lations. In order to understand how turbulent transport is

affected by charge and mass effects, it is instructive to analyze

the underlying instabilities. We performed local linear gyroki-

netic simulations with GYRO where flows and the impurity con-

tent are neglected. The local shape and profile parameters,

FIG. 1. (Color online) Temperature and density profiles for the deuterium (a) and (b), hydrogen (c) and (d), and helium (e) and (f) discharges. For ions, the

density profiles are multiplied by the ion charge.
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following the notation defined in Ref. 19, for r/a¼ 0.55 are

the following: R0/a¼ 2.88, q¼ 1.78, s¼ 0.75, j¼ 1.34,

d¼ 0.107, qs/a¼ 1.03� 10�3, a=Ln ¼ �a d ln ne=drð Þ ¼ 0:68,

a=LTi¼�a d lnTi=drð Þ¼1:89, a=LTe¼�a d lnTe=drð Þ ¼2:69,

and (a/cs)�ei¼ 0.143.

First, we consider a purely adiabatic electron response

and neglect ion-ion collisions; in this case the electron-to-ion

mass ratio and collisional effects cannot play a role. In a

pure plasma with adiabatic electrons, we expect to find only

toroidal ion temperature gradient modes characterized by

typical frequencies xr and growth rates c comparable to the

magnetic drift frequencies khqsi(csi/R), where kh is the poloi-

dal wave number and R is the major radius. Henceforth,

cs¼ csD and qs¼ qsD are understood. The linearized colli-

sionless ion gyrokinetic equation20 for the non-adiabatic part

of the perturbed ion distribution gi can be written as

i

ffiffiffi
2

s

r
axjj
Rq

@gi

@h
þ x

csi=a
� khqsixD

� �
gi

¼ Zieni/e�x2

J0ðziÞ

Ti csi

ffiffiffiffiffiffiffiffiffiffi
2p=s

p� �3

x
csi=a

� khqsix
T
�

� �
; (2)

where xD ¼ �2a=ðRsÞðx2
?=2þ x2

kÞðcos hþ sh sin hÞ,
xT
� ¼ �a= Lnisð Þ 1þ x2 � 3=2ð ÞLni=LTi½ �, s is the electron-

to-ion temperature ratio, q is the safety factor, s is the mag-

netic shear, h is the extended poloidal angle, x¼ v/vi is the

velocity normalized to the thermal speed vi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ti=mi

p
, ni

and Ti are the ion density and temperature, / is the perturbed

potential, x is the mode frequency, J0 is the Bessel function

of the first kind and zi ¼ k?qsi

ffiffiffiffiffiffiffi
2=s

p
.

Noting that Zini¼ ne for a pure plasma, we find that Eq.

(2) depends on the ion mass and charge only through csi and

qsi. The naive expectation is that if we normalize the wave

numbers and frequencies to the species units so that qsi and

csi are calculated for the ion species in question, then we

should find identical c(kyqsi) curves where c is given in csi/a
units and ky is the binormal wave number.

In Fig. 2, ITG growth rates found in similarity studies at

r/a¼ 0.55 are plotted against binormal wave number in both

deuterium units (red curves) and species units (blue curves

with markers for H and He), i.e., the sound speed and Larmor

radius used in the normalization are those for the ion species.

The hydrogen and deuterium plasmas obey our expectation;

that is, their growth rates in species units are identical, (red

solid curve and blue dashed curve), see Fig. 2(a). We note

that qsH ¼ qsHe ¼ qs=
ffiffiffi
2
p

and csH=
ffiffiffi
2
p
¼ cs ¼ csHe

ffiffiffi
2
p

; the

1=
ffiffiffiffiffi
mi
p

dependence of the frequencies (in absolute units) in

hydrogen isotope plasmas is consistent with the findings of

Ref. 5. However, the helium growth rate in species units

(blue dotted curve) in Fig. 2(b) is considerably higher than

that for deuterium, although the wave number corresponding

to its maximum approximately coincides with that for the

other species.

The higher growth rates for helium arise from the

explicit appearance of the charge in the Poisson equation and

can be understood by considering the effect of the helium

charge on the dispersion relation. The latter follows from the

Poisson equation (quasineutrality) applied to the perturbed

electron and ion densities ~ne ¼ Zi ~ni. In Appendix A, it is

illustrated that ITG growth rates in the long wavelength limit

scale roughly as Z
1=2
i in species units, clarifying the scaling

observed in Fig. 2(b).

As a next step, we consider non-adiabatic electron

response in the linear similarity studies, still neglecting colli-

sions. In this case the toroidal ITG growth rates become

somewhat higher as shown in Fig. 3(a). We remark that the

destabilizing effect of non-adiabatic electrons on ITG is well

known. It is more interesting to note that now the isomor-

phism between hydrogen and deuterium growth rates (nor-

malized to species units) is not perfect anymore, the

hydrogen growth rate being slightly higher. Although the dif-

ference is small, with the symmetry-breaking characterized

by the parameter
ffiffiffiffiffiffiffiffiffiffiffiffiffi
me=mi

p
. This observation is consistent

with the frequent observation that, in GK simulations, an

artificially decreased mass-ratio usually increases the linear

growth rates and transport. As the magnetic and diamagnetic

drift frequencies do not depend on mass (for fixed tempera-

ture), there are only two points in the collisionless linear

electrostatic electron GK equation where mass ratio differen-

ces can appear; one is J0 k?qeð Þ, which plays a role only on

spatial scales as small as k? � 1=qe, the other is the parallel

streaming term vk � rge. For trapped electrons (giving the

main contribution to the non-adiabatic electron response),

FIG. 2. (Color online) Growth rates from linear GYRO simulations with adia-

batic electrons for pure deuterium (solid curve), hydrogen (dashed curve),

and helium (dotted curve) plasmas, based on parameters taken from the deu-

terium discharge at r/a¼ 0.55. Only the toroidal ITG mode is unstable in

each case. Curves without markers show results normalized to fixed deute-

rium units, whereas the curves with markers show the results rescaled to the

given species units.

FIG. 3. (Color online) Growth rates from linear GYRO simulations with ki-

netic electrons (but without collisions) for pure deuterium (solid curve),

hydrogen (dashed curve), and helium (dotted curve) plasmas, based on pa-

rameters taken from the deuterium discharge at r/a¼ 0.55. Both ITG mode

(a) and TE mode (b) roots are plotted. Curves without markers show results

normalized to fixed deuterium units, whereas the curves with markers show

the results rescaled to the given species units.
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this term vanishes on orbit average. For this reason, the

mass-ratio effect must come from the nearly adiabatic circu-

lating electrons and therefore is rather small.

With non-adiabatic electrons in the absence of colli-

sions, a new unstable root—a trapped electron mode—

appears; the corresponding growth rates are shown in Fig.

3(b). As the TE and ITG growth rates are of similar magni-

tude, these simulations were performed using the Maxwell
dispersion matrix eigenvalue solver method21 in GYRO, which

is capable of finding sub-dominant eigenmodes. Once again,

the growth rates for deuterium and hydrogen in species units

nearly (but not exactly) coincide. The TE growth rate for he-

lium is not only higher than expected, but exhibits a qualita-

tively different behavior from the two hydrogen isotopes for

higher wave numbers: it decreases with increasing wave

number. We note—without including a corresponding fig-

ure—that the ITG and TE modes do not merge for low wave

numbers; the sign of their real frequencies remains different

as kyqs! 0.

Including electron-ion collisions (see Fig. 4) leads to

two notable differences. First, the difference in the ITG

growth rates between the two hydrogen isotopes becomes

larger due to the dependence of the electron-ion collision fre-

quency �ei on the electron mass (�ei is the same in absolute

units but different in species units). The other more impor-

tant difference is that collisions stabilize the TE modes; for

deuterium and helium, there is no unstable TE mode in the

kyqsi region plotted here. For hydrogen, the collisional stabi-

lization is not as strong: an unstable TE mode appears above

kyqsH � 0.45 (blue dashed line in the lower right corner of

Fig. 4). The weaker collisional stabilization for hydrogen

compared to deuterium is due to the 1=
ffiffiffiffiffiffi
me
p

dependence of

the electron-ion collision frequency, recalling that the hydro-

gen plasma is similar to a deuterium plasma with an artifi-

cially low value of
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
. If TE modes are present—even

sub-dominantly—this effect can contribute to a favorable

deviation from gyro-Bohm scaling for hydrogen isotope

plasmas.

IV. NONLINEAR SIMULATIONS UNDER IMPOSED
SIMILARITY

In this section, we present local (i.e., periodic radial

boundary conditions) nonlinear similarity studies using GYRO

simulations based on the data from the deuterium discharge.

We change only the plasma composition—the main species

and the impurities—from case to case, keeping the profiles

and the geometry fixed. In these simulations, the plasma

rotation is ignored since there is no sensible way to translate

the rotation velocities from deuterium to the other species.

Furthermore, the rotation in these cases is weak (at the

diamagnetic level), whereas the rotation formulation22 is

asymptotically correct (i.e., the rotation terms are the same

order as the other terms retained in the gyrokinetic equation)

only if the toroidal rotation velocity is on the order of the ion

thermal velocity.

The electrostatic nonlinear GYRO simulation for the deute-

rium case used a perpendicular domain size of (Lx/qs, Ly/qs)

¼ (107, 106), with the highest resolved binormal wave number

kyqs¼ 1.36. The kxqs¼ 0.06–2.91 range of radial wave num-

bers was covered. The perpendicular resolution was adopted

to the Larmor radius of the main species, keeping the number

of toroidal modes fixed; the simulations covered 1/9th of the

torus toroidally for deuterium, 1=13th½� 1=ð9
ffiffiffi
2
p
Þ� for hydro-

gen and helium, and 1=7th½� 1=ð9
ffiffiffiffiffiffiffiffi
2=3

p
Þ� for tritium. The

electrons were taken to be drift kinetic with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mD=me

p
¼ 60,

electron-ion collisions were taken into account by an energy-

dependent Lorentz operator, and the standard 128-point veloc-

ity space grid was used (8 energies, 8 pitch angles and two

signs of velocity). To obtain good statistics, the cases were

run above t¼ 1000 a/cs with the integration time step

Dt¼ 0.01 a/cs.

First, we consider the effect of kinetic electron response

and collisions on transport in pure hydrogen isotope plasmas.

In Fig. 5, ion (a)–(d) and electron (e) and (f) energy flux spec-

tra from nonlinear GYRO simulations are shown for adiabatic

electrons (a) and (b) and for kinetic electrons with electron-

ion collisions (c)–(f). The curves represent the distribution of

energy flux over poloidal wave numbers; the khqsi integral of

the curves gives the energy fluxes in gyro-Bohm units

QGBi ¼ neTecsi qsi=að Þ2/ m
1=2
i =Z2

i

h i
. The corresponding flux

values are given in the legends of the plots. The upper figures

(a), (c), and (e) are normalized to fixed (deuterium) units,

while the lower figures are normalized to species units. In

case of purely gyro-Bohm scaling of the fluxes, the species

units curves for different main species should be identical. In

the local limit q� ¼
:½ �qsi=a! 0ð Þ for pure hydrogen plasma

with adiabatic electrons one should expect pure gyro-Bohm

scaling, since the same normalized equations are solved and

there are no mass-ratio effects breaking the similarity. The

small deviations from perfect gyro-Bohm scaling in the adia-

batic electron simulations shown in Fig. 5(b) are partly due to

finite q* effects and partly due to the limited spectral resolu-

tion of the simulations. Including kinetic electron response

and collisions leads to a considerable favorable deviation

from pure gyro-Bohm scaling moving from the hydrogen

[dashed curves in Figs. 5(d) and 5(f)] to the deuterium (solid

curves) case. However, moving from deuterium to tritium

FIG. 4. (Color online) Growth rates from linear GYRO simulations with ki-

netic electrons and electron-ion collisions for pure plasma, based on parame-

ters taken from the deuterium discharge at r/a¼ 0.55. In the deuterium and

the helium plasmas only ITG modes are unstable for these values of kyqs, in

the hydrogen plasma the TE mode is unstable for kyqs> 0.65. Curves with-

out markers show results normalized to fixed deuterium units, whereas the

curves with markers show the results rescaled to the given species units.
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(dashed-dotted curves) we find almost perfect gyro-Bohm

scaling. The main reason for this is that the electron-to-ion

mass ratio effects get saturated with increasing ion mass.

Also, it might be that there are sub-dominant TE modes in the

hydrogen plasma, which are already stabilized by collisions in

the deuterium plasma (similar to what was found in the linear

simulations with collisions in Sec. III), and there is no space

for further improvement in this respect moving from deute-

rium to tritium.

The effect of impurities on transport in hydrogen isotope

plasmas is illustrated in Fig. 6 comparing the electron energy

flux spectra for pure hydrogen and deuterium plasmas (solid

and dashed curves, respectively, in figures (a) and (b)) to that

in hydrogen plasma with deuterium minority (dashed-dotted

curve in figures (a) and (b)) [nD/(nHþ nD)¼ 0.25] and to

plasmas with carbon impurity (c) and (d) (Zeff¼ 2). We

emphasize that the species units figures are normalized to the

sound speed and Larmor radius of the main ion species, even

if impurities are present.

Including carbon reduces energy transport considerably,

the electron channel dropping to roughly 60%–65% com-

pared to the pure plasma cases. Without including a corre-

sponding figure we note that the ion channel is even more

affected; the total ion energy flux is reduced to 50%. The sta-

bilizing effect of carbon impurity can also be seen in linear

simulations (as it was recently reported in Ref. 23, and prior

to this in Ref. 5), however the reduction of linear growth

rates is not as strong as the reduction of the fluxes in nonlin-

ear simulations. We note that interpolation formulas for the

ion heat diffusivity based on nonlinear gyrofluid simulations

with adiabatic electrons, presented in Ref. 24, also show

reduced transport with increasing carbon concentration

above an effective ion charge of Zeff¼ 3.

Introducing deuterium in the hydrogen plasma some-

what decreases the transport if there is no carbon present as

it is shown in Fig. 6(b), comparing the H and HþD cases.

This is counter-intuitive, since one might expect that having

deuterium in a hydrogen plasma brings the transport closer

to that in a deuterium plasma in absolute units, which would

mean increase in the transport. However, if there is carbon

present, the transport is approximately the same with and

without deuterium minority. It is worth pointing out that the

energy transport in absolute units in the deuterium plasma

with carbon impurity is almost the same as that in a hydro-

gen plasma with deuterium and carbon impurities, although

FIG. 5. (Color online) Ion (a)–(d) and electron (e) and (f) energy flux spectra from nonlinear GYRO simulations for hydrogen isotopes based on parameters

taken from the deuterium discharge at r/a¼ 0.65. (a) and (b): with adiabatic electrons; (c)-(f): with kinetic electrons and electron-ion collisions. Figures (a),

(c), and (e) are normalized to deuterium units, figures (b), (d), and (f) are normalized to species units.

FIG. 6. (Color online) Electron energy flux spectra from nonlinear GYRO

simulations for pure and impure hydrogen and deuterium plasmas based on

parameters taken from the deuterium discharge at r/a¼ 0.65. (a) and (b):

without carbon; (c) and (d): with carbon. Deuterium minority is included in

the HþD and HþDþC cases (dashed-dotted curve). Figures (a) and (c)

are normalized to deuterium units, figures (b) and (d) are normalized to spe-

cies units.
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the shape of their energy flux spectra is different. This is a

strong favorable deviation from pure gyro-Bohm scaling

which predicts 1=
ffiffiffi
2
p

times lower transport in the hydrogen

plasma, although it is too weak to explain the experimentally

observed favorable mass scaling in itself.

In Sec. III, we found that species units linear growth

rates of ITG and TE modes are higher in helium than in

hydrogen isotope plasmas. Accordingly, the energy trans-

port in species units is also higher in helium plasmas, as

can be seen by comparing the He (dotted) and D (solid)

curves and corresponding flux values in Figs. 7(b) and 7(d).

For example the electron energy flux in the pure helium

plasma is almost twice as high as in the pure deuterium

plasma. On the ion energy transport channel the effect of

higher growth rates is partly balanced by the lower ion den-

sity, so the species units ion energy flux is only 30% higher

in helium than in deuterium plasma. If there is no deuterium

minority in the helium plasma, including carbon impurity

reduces somewhat the energy fluxes, but not as strongly as

for hydrogen isotopes; see the dotted curves of Figs. 7(d)

and 7(f). On the other hand, if there is deuterium minority

present in the helium plasma, carbon does not reduce the

transport (long dashed curves in figures (d) and (f)). Com-

paring the He (dotted) to the HeþD (dashed) lines of Figs.

7(b) and 7(d), one finds that similarly to hydrogen plasmas,

including deuterium minority—without carbon—does not

increase transport in helium plasmas. While gyro-Bohm

scaling would predict that the transport should be 1=ð2
ffiffiffi
2
p
Þ

times lower for helium than for deuterium in absolute units,

we find that in a realistic ion composition helium plasma

the energy transport is approximately the same as in an

impure deuterium plasma [HeþDþC and DþC curves,

respectively, in Fig. 7(e)].

V. NONLINEAR GYRO SIMULATIONS FOR DIFFERENT
RADII

After the similarity studies using the same plasma pa-

rameter profiles, we now turn to the actual experimental data

for all the three chosen discharges and make an attempt to

reproduce the electron and ion heat transport in these cases

with nonlinear GYRO simulations. The local nonlinear simula-

tions were performed at three radii, r/a¼ 0.45, 0.55, 0.65.

The difference with regard to the settings of the GYRO simula-

tions discussed in the beginning of Sec. IV is that in these

simulations neoclassical flows are included for all species.

The toroidal mode number separation was decreased for the

cases r/a¼ 0.45 and 0.55, in order to keep the central box

size and the wave number resolution approximately the same

as at r/a¼ 0.65.

From experimental energy source and heat exchange

profiles and magnetic geometry, the energy flux profiles are

calculated by the TGYRO (Ref. 25) code in MW/m2. The

fluxes are then converted to deuterium gyro-Bohm units

using the plasma parameter profiles; the conversion means a

division by a radially varying factor proportional to neT5=2
e .

Finally, the neoclassical fluxes calculated by NEO are sub-

tracted to obtain the “experimental” (or “target”) turbulent

energy fluxes.

The experimental electron and ion energy fluxes are

plotted with dashed lines in Fig. 8 for the three discharges.

The upper figures (a) and (b) are normalized to deuterium

gyro-Bohm units, and the lower ones (c) and (d) are in SI

units. The filled markers joined by solid lines represent the

nonlinear GYRO simulations. The triangle markers (red

curves) correspond to the deuterium, the circle markers (blue

curves) to the hydrogen and the square markers (green

curves) to the helium discharge. The local shape and profile

FIG. 7. (Color online) Ion (a) and (b) and electron (c)–(f) energy flux spectra from nonlinear GYRO simulations for pure and impure deuterium and helium plas-

mas based on parameters taken from the deuterium discharge at r/a¼ 0.65. (a)–(d): Without carbon; (e) and (f): with carbon. Deuterium minority is included

in the HeþD and HeþDþC cases (dashed curve) [nD/(nHeþ nD)¼ 0.25]. Figures (a), (c), and (e) are normalized to deuterium units, figures (b), (d), and (f)

are normalized to species units.
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parameters at the reference radii are listed in Table I for the

three discharges.

The SI unit experimental fluxes are roughly constant

over the studied radial range (see the dashed lines in the

lower plots of Fig. 8), which implies that the gyro-Bohm

fluxes increase rapidly towards the edge (dashed lines in the

upper plots) due to the decreasing electron density and tem-

perature. As it is usually observed, gyrokinetic turbulence

simulations fail to reproduce this strongly increasing trend of

gyro-Bohm fluxes. Apart from this known shortcoming of

gyrokinetic models, which affects the GYRO simulations in

the outermost simulation points, the general increasing trend

of the gyro-Bohm fluxes is reproduced by GYRO.

The GYRO simulations can be most easily related to the

results of Sec. IV in gyro-Bohm units, see Figs. 8(a) and

8(b). Consistently with the similarity simulations, we find

that for a given discharge the GYRO predictions for electron

and ion energy fluxes are comparable. Also, GYRO predicts

the gyro-Bohm fluxes in the deuterium and hydrogen dis-

charges to be comparable, being somewhat higher in the deu-

terium plasma. However, we find that the transport in the

helium plasma is predicted to be higher than in the hydrogen

isotope plasmas, although, according to the similarity simu-

lations we should expect similar level of gyro-Bohm fluxes

in the helium and deuterium cases. This shows that the dif-

ferences in the profiles cannot be disregarded.

In the experiments, the gyro-Bohm fluxes are similar for

deuterium and helium, being somewhat higher in the deute-

rium discharge, while they are the highest in the hydrogen

plasma. In particular, the ion energy flux is exceptionally

high for hydrogen compared to the two other discharges. The

conversion factor between gyro-Bohm and SI units fluxes

neT5=2
e is 0.7 times lower in the hydrogen and 2.4 times

higher in the helium than in the deuterium discharge on aver-

age in the studied radial region. Accordingly, while the GYRO

predictions for the hydrogen isotope plasmas are similar in

gyro-Bohm units, the predicted energy flux in MW/m2 is the

lowest for the hydrogen discharge. The experimental energy

fluxes are the lowest in the Helium discharge in gyro-Bohm

units, but in SI units they are the lowest in the deuterium

discharge.

In general, there is a reasonably good agreement

between experiments and GYRO predictions in the helium

plasma and we find quite good agreement in the deuterium

case. But in the hydrogen case the agreement is rather poor;

the high level of experimental fluxes could not be reproduced

in GYRO simulations, especially the ion energy flux, which is

strongly underestimated by GYRO. It is known that energy

fluxes from gyrokinetic simulations are rather sensitive to

changes in the temperature gradients, which is the reason for

the stiffness of temperature profiles in fusion experiments.

Thus, it is sensible to ask whether the discrepancy between

the measured and simulated fluxes in the hydrogen discharge

is due to uncertainties in the profiles. This possibility was

tested by performing predictive TGYRO-TGLF/NEO simulations

for the different cases, to obtain temperature profiles which

would be necessary to reproduce the experimental level of

energy fluxes. Since this is an iterative method requiring a large

number of evaluation of transport fluxes at several radii, we

used TGLF (Refs. 26 and 27) simulations instead of computation-

ally expensive nonlinear GYRO simulations. We note that in

these experimental cases TGLF and nonlinear GYRO simulations

give quite similar predictions for fluxes, therefore we would not

expect significantly different profiles even if GYRO simulations

were used in the predictive TGYRO iteration.

In Fig. 9, the result of the tgyro profile predictions are

compared to the experimental temperature profiles for the

FIG. 8. (Color online) Electron (a) and (c) and ion (b) and (d) energy fluxes

in deuterium gyro-Bohm units (a) and (b) and in MW/m2 (c) and (d). The ex-

perimental (power balance) fluxes are plotted with dashed curves and open

symbols, the full symbols (joined by solid curves) are nonlinear GYRO simu-

lations. Deuterium discharge: triangle markers, hydrogen discharge: circle

markers, helium discharge: square markers.

TABLE I. Local shape and profile parameters at the three reference radii for the deuterium, hydrogen, and helium discharges.

r/a q s j d a/Ln a/LTi a/LTe Ti/Te �ei

D 0.45 1.58 0.48 1.32 0.08 0.80 1.92 2.44 0.77 0.09

0.55 1.78 0.75 1.34 0.11 0.68 1.89 2.69 0.82 0.14

0.65 2.08 1.10 1.36 0.14 0.79 1.94 3.07 0.91 0.23

H 0.45 1.67 0.41 1.34 0.11 0.65 1.89 2.69 0.63 0.27

0.55 1.86 0.65 1.36 0.13 0.48 2.41 3.19 0.68 0.46

0.65 2.12 0.98 1.38 0.17 0.33 2.28 3.56 0.76 0.84

He 0.45 1.60 0.45 1.33 0.08 0.73 1.98 2.26 1.05 0.11

0.55 1.79 0.70 1.35 0.11 0.76 2.40 2.93 1.10 0.17

0.65 2.07 1.06 1.37 0.14 0.72 2.59 3.63 1.18 0.30
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three discharges. For the deuterium and helium discharges,

quite good agreement between the predicted and experimen-

tal profiles is found, thus it can be argued that the energy

transport in these experiments can be explained by neoclassi-

cal transport and drift wave turbulence. However, in the

hydrogen case, to get the experimental level of fluxes from

these models, much steeper temperature profiles are

required; in particular, the central electron and ion tempera-

tures should be three times as high as the experimental val-

ues. (Note that steeper temperature profiles increase the

transport fluxes in two ways; the stronger drive for the

microinstabilities leads to higher fluxes in gyro-Bohm units,

and the conversion factor between gyro-Bohm and SI unit

fluxes is also higher for higher temperatures).

In the hydrogen isotope plasmas carbon impurity has a

stabilizing effect as it was demonstrated in Sec. IV; another

possible source of the discrepancy in the hydrogen case can

be the uncertainty in the carbon concentration. This possibil-

ity was tested in simulations based on the conservative

assumption of zero carbon concentration (corresponding to

the highest turbulent energy transport). Without including

corresponding figures we note that even in this case the pre-

dicted temperature profiles were still much steeper than in

the experiments. Also, the large energy transport in the

hydrogen discharge could not been reproduced even without

collisions or accounting for energetic ions coming from the

neutral beam injection. Finally, the possibility that the

energy source profiles provided by the ONETWO analysis are

erroneous were ruled out by performing similar transport

analysis with TRANSP leading to similar results (see a compar-

ison of the integrated powers in Fig. 10).

We performed several checks of the measured data, espe-

cially in the hydrogen discharge and found no obvious extra-

ordinary property of the discharge or circumstance, that could

account for the “anomalous” behavior. A comparison of the

measured and calculated plasma stored energies in the three

plasmas was one of the checks, with reassuring result. Here,

we list the stored energy values for the three discharges in

units of 0.1 MJ in the format (measured 6 uncertainty, calcu-

lated): deuterium (1.35 6 0.1, 1.44), hydrogen (1.55 6 0.05,

1.51), helium (1.8 6 0.1, 1.88). The hydrogen discharge was

free of macroscopic MHD activity around the analyzed time

slice. We also note that the experimental fluxes were similarly

underestimated by TGLF for an L-mode time slice from a simi-

lar hydrogen discharge (133779).

VI. CONCLUSIONS

In the present article, we study the effect of primary ion

species of differing charge and mass on drift wave instabil-

ities and transport driven by them. We present gyrokinetic

simulations of a wide range of sophistication from local lin-

ear electrostatic simulations with adiabatic electron response

to non-linear simulations including several ion species and

neoclassical flows. These GYRO simulations are based on ex-

perimental plasma profiles and magnetic geometry from a se-

ries of relevant L-mode discharges in the DIII-D tokamak

(with hydrogen, deuterium, and helium as main ion species).

First we show simulations under imposed similarity, so

that the only difference between the simulations is the ion

mass and charge. Since the linearized collisionless ion gyro-

kinetic equation depends on these two parameters only

through the ion sound speed and Larmor radius, the ITG

growth rates normalized to species units for adiabatic

FIG. 9. (Color online) Comparison of ion

and electron temperature profiles from

predictive TGYRO-TGLF/NEO simulations

(solid curves) to experimental profiles

(dashed curves). Deuterium discharge (a)

and (b), helium discharge (c) and (d),

hydrogen discharge (e) and (f).

FIG. 10. (Color online) Comparison of the most important integrated

powers in the hydrogen discharge from the ONETWO (thick lines) and the

TRANSP (thin lines) analyses. Solid/dashed lines: auxiliary heating of elec-

trons/ions, dotted lines: electron-ion heat exchange, long dashed lines:

ohmic heating. The radiated power (not plotted) is less than 15% of the

ohmic power, and the levels of charge exchange and ionization powers are

even lower.
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electron response are the same for hydrogenic ions, however

if Z> 1, as for helium, the appearance of charge in the Poisson

equation leads to higher linear growth rates. Considering the

non-adiabatic electron response leads to the breaking of the

perfect similarity of the growth rates between the ions with

same charge due to the difference in the parallel motion of the

nearly adiabatic circulating electrons. On the other hand, new

unstable modes can appear such as TE mode, where like for

ITG, similarity is found between the growth rates of the

hydrogen isotopes, but for ions with different charge qualita-

tive difference appears in the wave number dependence of the

growth rates for higher wave numbers. By including electron-

ion collisions in the linear simulations, the difference between

the ITG growth rates for hydrogenic ions is further increased,

and the TE mode is strongly stabilized. For the parameters we

studied we found unstable growth rates only for the hydrogen,

as the stabilization [which should be / �ei= csi=að Þ in species

units] is the smallest for this species.

In nonlinear simulations under imposed similarity, when

realistic effects such as collisions and impurities are taken

into account, there can be considerable deviations from per-

fect gyro-Bohm scaling of the transport which is guaranteed

only in the q*! 0 limit for pure plasmas with adiabatic elec-

tron response. With kinetic electrons and collisions, moving

from hydrogen to deuterium a favorable deviation from

gyro-Bohm scaling is found, while moving from deuterium

to tritium the transport exhibits almost perfect gyro-Bohm

scaling due to the saturation of electron-to-ion mass ratio

effects and stabilization of sub-dominant modes. Including

carbon in the simulations leads to a dramatic reduction of the

energy fluxes in the hydrogen isotope plasmas, although the

linear stabilizing effect of carbon is moderate. Deuterium

minority in the hydrogen plasma can also reduce the trans-

port, while naively the opposite trend is expected. Therefore

in any comprehensive transport simulation all non-trace im-

purity species should be taken into account. For helium, the

energy transport in species gyro-Bohm units is considerably

higher than that for deuterium due to the higher linear

growth rates in helium. Carbon has weaker stabilizing effect

in helium than in hydrogen isotope plasmas. Including all

impurities and collisions, the energy transport in a hydrogen

or helium plasma can be approximately the same as in a deu-

terium plasma, which is a strong deviation from gyro-Bohm

scaling (predicting 1=
ffiffiffi
2
p

times lower transport in hydrogen

and 1=ð2
ffiffiffi
2
p
Þ times lower transport in helium plasma). How-

ever, this deviation in the hydrogen case is still not sufficient

to explain any strong favorable mass scaling of the global

energy confinement time.

Finally the similarity of the discharges was relaxed, and

the actual plasma profiles were used. With these nonlinear

GYRO simulations taking neoclassical flows into account, the

experimental energy transport in the helium discharge can be

reasonably well reproduced, while for the deuterium dis-

charge we find even better agreement. The minor differences

can be due to uncertainties in the profiles and plasma compo-

sition which plays an important role in these discharges.

Also, ion and electron temperature profiles calculated by pre-

dictive TGYRO-TGLF/NEO transport simulations are quite simi-

lar to the experimental profiles for these discharges. On the

other hand, the exceptionally high gyro-Bohm energy trans-

port in the hydrogen discharge could not be reproduced by

GYRO. The discrepancy is likely not due to uncertainties in

the profiles as much steeper temperature profiles were neces-

sary in predictive TGYRO-TGLF/NEO simulations to reproduce

the experimentally found high level of fluxes. Further tests

excluded inaccurate plasma composition, the effect of ener-

getic ions or erroneous energy source profiles as possible

sources of the discrepancy. The only notable differences

between the hydrogen and the other two discharges—apart

from the different main species—are that it had the lowest

temperature and the highest ion density. It is not certain if

the discrepancy between gyrokinetic/gyrofluid models and

experiments in this discharge is related to the previously

observed shortfall of gyrokinetic models towards the edge28.

The anomalously large energy transport in the hydrogen dis-

charge is subject of ongoing investigation and is the basis of

future validation work.
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APPENDIX A: CHARGE DEPENDENCE OF LINEAR
GROWTH RATES

As an illustration, we show how Zi= 1 affects the ITG

growth rate through a simplified example. The adiabatic elec-

tron response means that ~ne ¼ ene/=Te, and the perturbed ion

density is given by ~ni ¼ �ene/s=Te þ
Ð

d3vJ0ðziÞgi which

depends on the ion charge and mass through csi and qsi only.

We neglect the finite Larmor radius (FLR) effects J0(zi) ! 1

and the parallel ion compressibility, the first term in Eq. (2).

Furthermore, we use the constant energy resonance approxi-

mation ½x2
? þ 2x2

k ! 4x2=3� and expand in the smallness of

the magnetic drift frequency (often referred as the “non-

resonant expansion”), and considering the strongly ballooning

limit by taking the ion gyrokinetic equation at h¼ 0 we find

that the dispersion relation is of the form,

1

sZi
¼ �x�i

x
þ 3

2

xdi

x
1� x�i

x
1þ Lni

LTi

� �� �
; (A1)

where xdi ¼ �khqsicsi4= 3Rsð Þ and x�i ¼ �khqsicsi= Lnisð Þ.
For pure plasma Lni¼ Lne¼Ln, and equal ion and electron

temperatures s¼ 1 (and LTi¼ LTe¼ LT), in the flat density

Ln/LT ! 1 limit we find that the growth rate of the ITG

mode is
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c � Zix�ixdi
Ln

LT

� �1=2

: (A2)

Equation (A2) implies that the ITG growth rate has an

explicit charge dependence apart from depending on charge

and mass through the magnetic and diamagnetic frequencies

(or ultimately through the sound speed and Larmor radius).

Thus the ITG growth rates in species units are expected to be

higher for ions with Z> 1.
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