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S0 MANY DYNAMOS!




ASTROPHYSICAL DYNAMOS

SYSTEMS WHICH CONTINUOUSLY
CONVERT KINETIC ENERGY OF FLOWING
PLASMA INTO MAGNETIC ENERGY




OUTLINE

1. DYNAMO BASICS (THEORY)

2. ASTROPHYSICAL DYNAMOS
3. REVIEW OF EXPERIMENTS
-LIQUID METAL
-PLASMA DYNAMOS

Philosophy of this talk:
“What | cannot create, | do not understand”
-Feynman




DYNAMOS REGIME:
FROZEN IN FLUX: Rm= poocUL>1

FLOW DOMINATED: Ma= U/Va>1
CONTINUOUS: T>uool?

UNEXPLORED BY PLASMA EXPERIMENTS

BEHAVIOR DEPENDS UPON:.-
Pm=Rm/Re, Re = UL/y,




FUNDAMENTAL TENET OF PLASMA ASTROPHYSICS

(WHEN RM > 1, Ma > 1)
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Ok = VXVXB (M?)

Step 1: Shear flow induces new field.
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STANDARD MODEL STEP 1:
STRONG TOROIDAL FIELD FROM POLOIDAL

The "Q effect”



STANDARD MODEL STEP 2: HELICAL TURBULENCE

REGENERATES POLOIDAL FIELD

The "0t effect”

When the magnetic field
and the fluid motions are
symmetric about an
axis...no stationary
dynamo can exist.

T.G. Cowling(1933)

J¢ — OéB¢

E.N. Parker (1955)




TURBULENCE: FRIEND OR FOE?

" Transport of B is controlled by fturbulent EMF

8:<i7><l~)>

® Closure ansatz: £ = aB — V x B

B 3 - effect is like resistivity (diffuses large scale B)

_ 1~2 — oL _ 1 vl
6 — 3V Tcorr = 3 Nturb = 100 | 3

B - effect driven by helical flow

a =5 (V- V X ) Teory



DYNAMO CLASSIFICATION

SMALL VS LARGE SCALE

SMALL: MAGNETIC FIELD GENERATED AT (OR BELOW)
SCALE OF FLOWS (RELIES ON CHAOTIC STRETCHING)

LARGE: RELIES ON LACK OF REFLEXIONAL ASYMMETRY

SLOW VS FAST DYNAMOS
SLOW REQUIRES RESISTIVE DIFFUSION (MODERATE RM)

FAST DYNAMOS: INDEPENDENT OF RESISTIVITY (VERY
LARGE RM)

ASTROPHYSICS: LARGE-SCALE, FAST DYNAMOS
(RM>>1, TURBULENT GENERATION OF NET FLUX)




SMALL SCALE DYNAMOS EASY FOR PM>>1;

LARGE SCALE NOT SO EASY

- Kinetic energy Pm>>1
Rm>>Re>> 1

R k-3 Magnetic energy grows fast

§ fluctuation dynamo
forcing

| | :
k() k\, ~ R€3/4k0 kn ~ Pml/zk\, k

Pm = 1: 1t 1s well established numerically that non-helical fluctuation
dynamo exists provided Rm > Rm, ~ 100

[Meneguzzi, Frisch & Pouquet 1981, Kulsrud and Anderson (1992)



PM >> 1: CHAOTIC STRETCHING

GIVES FAST DYNAMO

/y ) |VV‘ ) ZRel/Q ................................................................................................................
S tretCh/She ar
—_— =

.........

[see Schekochihin ef al. 2004, ApJ 612, 276; Schekochihin & Cowley, astro-ph/0507686
for an account of theory and simulations]
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SMALL-SCALE DYNAMOS MORE CHALLENGING

FOR LOW PM

Pm<<1
Re>>Rm>>1

Kinetic energy

§ Dynamo

forcing

* No scale separation between
field and flow
 Magnetic field sees rough tlow

| | |
ko k ~ Rm3/ 4k0 k

M V

~ Re34k, k
Pm << 1: higher threshold Rm > Rm_ ~ 200

Boldyrev 2008, Iskakov 2007, Schekochihin 2007



NUMERICAL AND THEORETICAL STUDIES SHOW

CATASTROPHIC X QUENCHING AT LARGE RM

normalized « effect
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PLANETARY DYNAMOS

Glatzmaier and Roberts, (1995).

Rm~500-1000, Re=10, Liquid Metal
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1590 (gufmil)

Jackson, Jonkers and Walker, Four centuries of geomagnetic
secular variation, Phil. Trans. R. Soc. Lond. A 358 957 (2006).




THE GEODYNAMO

MODEL
1. ROTATING CONVECTION GIVES

HELICAL VORTICES

X2 pYNAMO

2. SIMULATIONS CAP
SELF-EXCITATION

PROBLEMS

1. NOT YET RESOLVING VISCOUS SCALES
2. FEW OBSERVABLES




THE SUN'S DYNAMO
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Rm-~108, Re=10", 1,=10" yrs



+ weak large scale field

LONGITUDINALLY AVERAGED MAGNETIC FIELD
-10G -5G 0G 7 +10G

90N

30N

EQ

30S

0R7s 1980 1985 1990 1995 2000 2005 2010
DATE

NASA/NSSTC/Hathaway 2005/10



DIFFERENTIAL POLOIDAL
ROTATION FLOW

NN
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N Pole

Thompson et

3295 0.6R
OB T3 1.2

angular momentum transport open issue &



INTERFACE OR FLUX TRANSPORT MODELS

OF SOLAR CYCLE

................................................................................................................................................................

magnetic buoyancy

(d) (@) / g \ S M
; g N

................................................................................................................................................................

Dikpati & Gilman 2006



THE SOLAR DYNAMO
SOME ISSUES
1. 22 YR CYCLE SET BY
(A) POLOIDAL ADVECTION OF FLUX OR
(B) DYNAMO WAVES OR
(O TURBULENT TRANSPORT OF MAGNETIC FIELD
(RESISTIVITY, MAGNETIC PUMPING, MAGNETIC

BUOYANCY

2. . X QUENCHING AND DOMINANCE OF SMALL-SCALE

DYNAMO
3. IMPOSSIBLE TO RESOLVE WITH GLOBAL MODELS




GALACTIC MAGNETIC FIELDS: LARGE-SCALE

FIELD + SMALL-SCALE DYNAMO

Faraday rotation along 38000 lines of sight
In the Milky Way (NVSS survey)
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SMALL SCALE DYNAMO TWICE AS STRONG AS

LARGE SCALE DYNAMO IN SPIRAL GALAXIES

o lotal field o Ordered field__
N=28 N=22 |

0 10 20 30 40 0 - 6 8 10 12
B, [nG] B (Gl

Average: 4 +3 UG

Average: |6 £15 pG B.i/Bra 0.4 +0.2
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THERE IS SELFFREGULATION OF MAGNETIC, INTERNAL,

TURBULENT FLOW, AND COSMIC RAY ENERGY DENSITY

27

Magnetic Field and Pressure  turbulent flow energy Energetic Particles
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Ann Mao



X Q MODEL FOR THE GALACTIC MAGNETIC FIELD

WITH SUPERNOVAE DRIVEN TURBULENCE

differential
rotation

A Accretion Disk
Radial Qucdrupo%\

o = ([ Al F—
P - e -

. Plune-on /
helical Snockes \
turbulence :

> %
8B¢ ds) 823¢ e
—_— p— ’]“—BT, —|— ’[7T xten oroidal Flux Expands
at d’]/' aZQ Q ota into Poloi ane
OB, %, B4 0° B,
= —=
ot gz T 5

Courtesy of Stirling Colgate



GALACTIC DYNAMOS

MODEL
1. TURBULENCE DRIVEN BY SUPERNOVAE

2. CONSISTENT WITH O-0) MODEL WITH LARGE
TURBULENT RESISTIVITY

CHALLENGES
1. FLUX REMOVAL ABOVE DISK

2. X QUENCHING AND DOMINANCE OF SMALL-SCALE
DYNAMO




EXPERIMENTS?

...In magnetohydrodynamics one
should not believe the product of a long
and complicated piece of mathematics
if it is unsupported by observation.

Enrico Fermi



DYNAMO EXPERIMENTS REQUIRE:

FROZEN IN FLUX: Rm= pocUL>1
FLOW DOMINATED: pU2%»B2/ug

NEW REGIME FOR PLASMA EXPERIMENTS-
ASTROPHYSICAL APPLICATIONS

HYDRODYNAMICS:
Re = UL/, Pm=Rm/Re




Plasmas are Challenging
-difficult to stir
-some confinement required with weak B

Use Liquid Metals
-confinement is free
-easy to stir

-BUT power scaling is challenging: Pmech ~ Rm3 / L

[Rm=100, Pmech=100 kW] — just barely at threshold
-Re = 107 (Pm=10-, turbulent)



The Madison Dynamo
Experiment
a=0.5m,V=10 m/s
P=150kW, Rmmax=100

33



STRETCH-TWIST-FOLD DYNAMO IN SPHERE




LIQUID METAL DYNAMOS ARE TURBULENT

For liquid metals
Re~10° Rm

Re~2000

35



NUMERICAL SIMULATIONS SHOW TURBULENCE

SUPPRESSES LARGE SCALE DYNAMO

450

turbulent small
scale dynamo

400

350

3001 [aminar transverse

| dlpole dynamo

200
no dynamo
150

100

mean-flow

critical magnetic Reynolds number

50

| ] ] ]
0 500 1000 1500 2000 2500
Reynolds number

Reuter, Jenko, and Forest, (2011).
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LARGE SCALE DYNAMO SUPPRESSION:

TURBULENT RESISTIVITY GOVERNS ONSET

Definitions

Rm=VL/n Rmp=u0l/n —

Mean-Field Electrodynamics predicts
(confirmed by measurements)

nr =n(1+ Rmr/3)

Self-Excitation Requirement

Rm > Rmy¢rit(1 + Rmp/3)

37



TURBULENT EMF DIRECTLY MEASURED

(V>)=24m/s o,=0.7m/s

.
,¢

% (B,>=111 Gauss o, = 30 Gauss

[Gauss]
o
o

m- O
CHE 13mV/m c, =4.3mV/m
AR T W@M Lol
160.00 . _2 V T WWW jww =

‘ - 120.00
g v — 80.006

— 40.008

gturb _ <V X b>

o
&)

15 20

t|me [s]

Rahbarnia 2012.



THE TURBULENT EMF OPPOSES THE LOCAL CURRENT,
EQUIVALENT TO INCREASED RESISTIVITY (3 EFFECT)




Poloidal Field

Hall-Effect
Detector Probe

Poloidal Field

CQE

NM TECH DYNAMO EXP: DEMONSTRATION OF
OMEGA EFFECT IN QUIET FLOW (NO BETA EFFECT!)

cm.(ﬂ_

Outer Cylinder

S. Colgate

B, and B, vs radii
Qq = 68.0Hz, Q= 17.4 Hz

0 5 10 15 20 25 30 35
Radius (cm)



2001: RIGA SINGLE SCALE DYNAMO

I 2200
Hall sensor
1 TRotation rate ... S 1 2000
.1 1800
0.5 % 1 1600 £
“1 1400 =
— ] o)
T oL 1200 2
= 1 1000 ¢
.___-'0_27 ........................ ) 025 = 1 800 =
05 for .l E {600 2
E 175§ o
WWWWWWWMWU {400
1 _:;' 0p | Huxgate 4775 @ 1 200
: 120 1130 140 150 1 1 O
0 100 200 300 400
t[s]
* Turbulence played no role in self-excitation

* backreaction changed pitch of flow to
saturate




KARLSRUHE MULTI-SCALE DYNAMO

B, [Gauss] B, [Gauss]
120 -
- =1 160 ;
100-5—probe at - i S
80-Z (z=-135mm, _|~ 1402 Probe at
E x=y=0) | - B (z=-35mm,
60-= 3 x=y=0)
1 1203
403 * =
202 | 1003 [
o_é 4 Probe at _ 5
= = (z=+65mm,| 80-= j
-20-3 x=y=0) : [
40 z ST 9 60 é 1
IE N 403
-80-3 Probe at f
g (z=-35mm, | ™ 203
-100-3 x=y=0) = i
-120 gl”l PATRPR RN e puersnpaneaeneagpem O—Eﬁl‘{”ll LR AR AR R B AN
0 100 200 300 400 O 100 200 300 400
t[s] t[s]

* again, turbulence played no role in self-excitation
* backreaction on flow pitch of flow to saturate

Muller and Stieglitz (2001).




THE VON KARMAN DYNAMO (CADARACHE)

Two Vortex Impeller
Driven Flow

R—

Rimpeller =0.155 m
Rvessel = 0.289 m
160 L liquid sodium
300 kW mechanical power
T° between 120°C and 150°C (with 200kW cooling)
Rmmax = 90
Re > 106

Fe Impellers!!!

43
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A. Monchaux et al (2007)




SYMMETRIC FIELD! NOT EXPECTED; REQUIRES

ALPHA EFFECT ATTRIBUTED TO IRON BLADES

Magnetic field reconstruction

Zw| Config 1 : 2P (+) N 7 75
Tf'.ff'..,‘,';
TS M 50




SELF-EXCITED VKS DYNAMOS HAVE

DIVERSE DYNAMICAL BEHAVIOR

B0

Monchaux (2009).




NEXT STEP: PLASMA DYNAMO EXPERIMENTS

= Rm > 1000

= Vary Pm: laminar/turbulent, small scale
= Rapidly Rotating

" Compressibility, stratification, buoyancy

= Plasma Effects beyond MHD: neutrals, Kinetic
effects, Hall MHD

—Study confinement and stirring in an
unmagnetized plasma




PLASMA PARAMETERS DETERMINE

VISCOSITY AND CONDUCTIVITY

Dynamo experiments require:

. “Z4Ukm/sLm
Re:UL/n:7. @ >100 Dense
Rm = puogoUL = 1.6’; >>1 Hot

Ukm/s .
Ma = \/1opU/B = 0.46 B >1 Unmagnetized



NEXT STEP: PLASMA DYNAMO EXPERIMENTS

cylinder: disk systems spherical

Te=7.5¢eV, Ti=0.3 eV, L=0.4 m, Te=20eV, Ti~I-2eV,L=1.5m,
n=10"m3,Umnax = 6 (12) km/s n=4x10'"m3, Umax = 12 km/s

achieved: Rm=60, Re=20 Rm=800, Re=750

plasma:




PLASMA HYDRODYNAMICS

Re=300 Navier-Stokes in spherical geometry
\\ o T | RoVo
| 0 =V*v —Re[(v-V)v+ Vp| Re =
\ v

nduction equation

L ) RV
N\ B = V°B + RmV x (v x B) Riii = —2

AN B ']

:Rm”=30§ Rm‘,r:=5648 ":
_4 ...... I e I TR

Stirring E b

. . .
)
T T o ’ ' '
= - - . ‘
A}
. o . [
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VELOCITY FIELD CONTROLLED BY RE

107 200
E 100 150 200 250 300
? e B Re
107 ‘ ‘ ‘ -
| | | Khalzoy, et al, Optimized boundary driven flows for
10— dynamos in a sphere, PHYSICS OF PLASMAS 19, 112106 (2012)
107 10° 10’ 10° 10°

Re



R=1.5m
Pcath=350 kW
Pech=100 kW
pulse = 10+ sec

Cooper et al, The Madison plasma dynamo experiment: A facility for
§ studying laboratory plasma astrophysics, Phys. Plasmas 21 013505 (2014)




Permanent magnets confine plasma

B [G]

2691
1222
555
252
114

/

Cusp field cross-section

Cusp loss width: w, ~ 4\/,06,07; — (.08 cm

Ceramic limiter tiles show cusp width



3000 4 KG SMCO MAGNETS
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LONG PULSE, HOT, DENSE, HIGH FRACTIONAL

IONIZATION PLASMAS

80_| | | | | | | | | | | | | | |_ .

- _Pisc - o?
§60__" disch - -
< 40 L D
O B kbt R 7 X
O 200 0SS 0  TrErmrmrmamw — —
oLl I i -

— N WO B O
loniz. fract.

© ©O OO0 ooco N M O ©

Discharge Time (s)
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MAGNETIZED CATHODES STIR FROM

PL’AS_/V\A EDGE




TOROIDAL AND POLOIDAL FLOWS NOW

OBSERVED IN PLASMA

Re=30
!
Argon plasma flows, 6 = 45N
12 17717 IIIIHH|HTTHHI|IWHIIH IRERRRRRRE
[ |®**°*V probe z
— |**®V,probe ]
10
8
= = =]
0 E- =)
£ 6 ) : —
,é‘ e -
§ qarr L ] § La8, cathode
> 1 ') | B Magnet - north faces plasma
=® i — B Magnet - south faces plasma
2 — — ~ Mach probe radial chord
- e ¥ oe"® . =
1 .‘0'.:0 —_
i T =
O s T s ey e b () It | e, ) o e .= ) e, (o’ (o . o
— 1 —
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2 ilLllllllIlllLlllllI111111111lllllLLlllllllJlllllllLlllllll —f.]°
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MACH PROBE ARRAY MEASURES COUNTER-

~ ROTATING FLOWS

MEEEREE SR 'I'TT_I'T'I_'_TTW_I TELLIL TTT"["I B % R P R

" 45N

S | 40S =
~ 60S

Velocity [km/s]
()] o
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I
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[-U
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" Re ]
- Rm

600 —
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400
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200 —
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NEXT STEP: 12 CATHODES TO SEARCH FOR A

09
07
(). §

DYNAMO TR

/

Rm=300

—

45°N

[l North pole faces plasma
B South pole faces plasma

B LaB_ cathode
@ Molybdenum anode

Von Karman type dynamo
Re=150, Rm=400

Parameter Argon Helium
n. (1/cm3) 3X10! 1X10%2
T (eV) 10 10
power (kW) 100 140
Vedge (KM/S) 5 6
Beop (G) 8 5

ANSITION

Dynamo growth rate

600 300

0 200 400
Rm

Steady state flows with
DC LaBé bias set v (0)

45°S

59 ‘% 4 Optimized boundary driven flows for dynamos in a sphere, Phys. Plasmas 19 112106 (2012).




SMALL SCALE, TURBULENT, FAST DYNAMO 15

POSSIBLE (AT HIGH PM)

Time=1.0 Re«100 Rm«0
Vool Vior Bpol Btor

1 04
!0.5 !02

10 0
'-os i-o 2
=1 -04

Kinetic energy Magnetic energy
0 - 0

Y m=0 - Mm=0

______________________________________________________ VNP A =1 m=1
! m=2 || ! m=2 ||

: : : = . =

5000 10 : 40 S il il - "=

; 2 r r\ ---—' I]J ' |d]i P ‘J m=4 ; -2 m=4 |
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-3 ¥ ’ l M I 3 '&Mﬁ
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-4 e -4 : : : .
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SUMMARY

1. FAST, LARGE SCALE DYNAMOS EXIST IN NATURE

1. LARGE SCALE, FAST DYNAMO REMAINS A THEORETICAL
CHALLENGE

2. LIQUID METAL EXPERIMENTS SELF-EXCITE UNDER SPECIAL
CONDITIONS

1. MARGINALLY ABOVE THRESHOLD

2. REQUIRE BAFFLES, IRON BLADES

3. SHOW COMPLEX NONLINEAR DYNAMICS

4. TRIVIAL SATURATION MECHANISMS
3. LIQUID METAL EXPERIMENTS EXHIBIT TURBULENT RESISTIVITY
4. PLASMA DYNAMOS EXPERIMENTS NOW OPERATIONAL

1. OPERATING NOW AT HIGH RM, VARIABLE PM

2. FLOW OPTIMIZATION UNDERWAY







