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Neutrals influx

Charge exchange damping or

friction

Predator prey model:

predator: zonal flow
prey: turbulence

Increase the flow shear threshold

Non-trivial:

Why we study neutrals in fusion devices?
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(Carreras et al., PoP 3, 4106 (1996) )

1. E-M effect = Ambipolar diffusion (classic in Astrophys). v/
2. Entrainment of neutral particles.



Reminder

Drift-Rossby Waves and Zonal Flow

(Simplest possible model)
(Chen et al., PoP, 28, 032306 (2021) )

* Evolution of zonal flow is from the competition btw the 107 0
| B?
Reynolds and Maxwell Stress: o + — = const ¥ é
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1: increase the zonal flow ., Y. regulates Mag. And

By: suppress the zonal flow —Zel'dovich Theorem

Reynolds stress competition

What if we add neutrals? Neutrals will enter this competition and have a production
on zonal flow.




Multi-Fluid Model

* Equation of motion of three species on B-plane (rel. to planetary system):

lgnore coupling btw e-i

0
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Strength of _

In high coupling regime,

lon has force balance:

* |lon and neutral field equation:

0 1 ,

pi E"‘“i‘v w=—-Vp*+—@B-V)B+py, (0, — ;) = 2p,Q X w5+ 1, Vuy JXDB+ drag = ()
Ho

So the neutrals will also feel

0
D (E +u, - V) u, = — Vpi + pu, (0 —uy) —2p,Q Xu, + p, Viu, the J X B force.



Electromagnetism: Ambipolar Diffusion

JxB force acts on ions Ohm’s Law:
m.,Lr
E=nJ-uXB—-—(u,—u),
Ambipolar Diffusion e
Magnetic diffusion: 4y = n+1,_,,
Damps the pert. magnetic field F JxB due to the ion-neutral COupling:
JxB
The Maxwell Stress decreases U grag = Uj — U, =
aApP;iPn
Increase zonal flow and damps drift-wave
turbulence B field frozen into the neutrals, but now the

magnetic diffusion is ambipolar diffusion 77, .

Key question:

How does the ambipolar diffusion (non-linear B-diffusivity from neutral effect) affect the
zonal flow? What's the effect on magnetic perturbation B.



Linear Modes of Coupled System

* In the linear theory, we obtain scalar equations:

vorteity | (& + ) V) &= = pil 3(6) + Bouor + By 5+ apn, (8- &) + V2L
: i N o
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* We obtain a critical dimensionless parameter:
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}/:
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Important Time Scales

* We consider rates:

* A simplified coupling parameter:

* Dynamics of neutrals and ions:
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Deriving Mag. Potential Equation

* The induction equation, and consider strong coupling regime: ap; > 1/z,,,,

JxB-drag balance on ion: —J X B = fd’i
2ui ra
oB 2 u=u, Arag
—t=V><(ui><B) nV?B. 1+ pilp,
oB X B
_:Vx(uan)+Vx(J ><B)+nV2B, 0w =u .JXB
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°* The magnetic potential equation becomes
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Results — Two-Fluid Rossby-Alfven Wave

By solving the linear equations for ions, neutrals, and magnetic
potential, we have

e Strong coupling regime y>>1(1/7,,;, < ap; K 0,4 <K @,;):

pi Bk Bj

(w — wp + ivk?) (@ + iﬂefsz) = Nefrk =N+

Pior + ir]efsz HoCPiPr

In strong collision regime, the ions and neutrals are
strongly coupled and behave like single MHD fluid.

* Weak coupling regime y<<1 (ap; < 1/7,4;, K @0, K @)):

(w; — wp + vk + iop )@, — wp + iVk* + iap;) = — a’p,p,

lons and neutrals evolve separately but have a weak
mutual drag on each other.
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How to Determine Maxwell Stress?

* Zeldovich Theorem:

Magnetic diffusion

n damps the pert. enhance

magnetic field B

suppress

Bg/n Is a regulator in the competition btw Reynolds
and Maxwell stress competition.

Evolution of zonal flow —p

Reynolds and Maxwel
Stress competition

(Chen et al., PoP, 28, 032306 (2021) )

+4+++++++

looooo0oo000®oOd

Mean diffusivity # damps while Bg increase the Maxwell stress (FxFy) And hence Bg/r]

regulates the growth of zonal flow.

What is the effect of neutrals on the Zel'dovich Theorem?

Chang-Chun Samantha Chen
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TTF April 7th 2022



Modified Zel’dovich Theorem

* Without neutrals, magnetic

Change in Scaling

stress is proportional to Bgln :

Maxwell
Stress Intensity

* Now, consider the neutral-ion drag effect:

No Neutrals
1= N T lam  Rm — Rm + Rt
D2 D2 D2
Rmt = Rm+ Rm. = <B > | <B > <B > Ambipolar
’ o Bj Npoopipn B diffusion
i IxB effect
nV-B vs V X( X B)

apiPn
* In the limit where ambipolar diffusion dominated (Rm << Rm_, ) we have:
(B%) (B _(i’)z,

Rm,, ~ Rm,,, =

nkoapipn  Bg n .
2
Maxwell Stress <’E“2> _ (172) by o BO
intensity: LekoPi™y™ A A2

The magnetic stress effect on zonal flow generation with neutrals is less sensitive to B, .
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Conclusions

We study Non-trivial neutral effect on DW-ZF turbulence: Ambipolar diffusion

We derive the key parameter y for
the Drift-Alfven + Neutral effect: V=

((xpi)a)esz 1
. T .
@ + inefsz eddy a)..;

Cl

We study the Drift-Alfvén wave with neutrals and found—
In strong coupling regime: one MHD fluid.
In weak coupling regime: two fluid.

Modified Zel’dovich Theorem. We derive the key parameter that regulates Maxwell and

Reynolds stress competition: (Fz) X Bg/n (original)

(FZ) o« By/AY?* (ambipolar effect)

Future Works

Calculate B evolution for arbitrary y = Pouquet + neutrals (clarify asymptotic regime).

Study the physics of neutral entrainment.
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