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Making	plasma	

•  Large	or	small	
•  Hot	or	cold	
•  Dense	or	tenuous	
•  Pulsed	or	steady	state	
•  Near	or	far	
•  Typical	or	unique	
•  Stable	or	unstable	
•  Controlled	or	not	



A	lazy	(or	smart)	person’s	way	to	make	plasma	

Quark-Gluon	Plasma	 Neutral	Gas	

            3He 
formation 





Methods	to	make	plasma:	1)	heat	

• 			τrecom	>	τplasma	





2)	Electron	impact:	oPen	a	first	step	

e-	+	A	->	e-	+	e-	+	A+	



3)	Another	way	to	ionize:	Compton	scaTering	



4)	Yet	another	way	to	ionize:	high	DC	
fields	



The	next	step:		
from	one	ion	and	one	electron	to	millions	&	billions	

Ions	



Where	the	rubber	meets	the	road:	boundary	condiZons	

Secondary	electron	emission	from	
								ion	impact	on	surfaces	

How many ions must hit the cathode to sustain or build up the ionization? 
How LONG must the glass pipe be?  
What are the natural units of measure for its length? 



Iterate:	Paschen	breakdown	
        Cathode          Gas                       Anode 
1)  1 e- starts          (eαd-1) ions   (eαd) e- 
                                produced              hit 

2) (eαd-1) ions       γ(eαd-1)2 ions     γ(eαd-1)2(eαd) e- 
       hit                   produced                hit 
 
3) ……..  
 
             Look for a singularity: Gain>loss 

Vo
lts

 

1)  Which gas has a lower minimum VB,  
                   O2 or He? 
2) Does the shape ever change? 
 
 
If you are lucky, the answers 
are not what you expect. 



Simple	geometry,	complex	behavior,	lots	of	money	

+																					-	



Irving	Langmuir	

Irving	Langmuir	was	born	on	31	
January	1881	in	Brooklyn,	New	York.	
His	father	was	employed	by	an	
insurance	company	and	that	work	
took	the	family	to	Paris,	Philadelphia	
and	New	York.	APer	graduaZng	from	
a	technical	high	school,	Langmuir		
earned	his	BS	in	metallurgical	engineering	from	Columbia	School	of	Mines	in	
1903.	He	then	went	on	to	Germany,	where	he	earned	his	PhD	from	the	
University	of	Gocngen	in	1906.	APerward	he	spent	three	years	teaching	at	
Stevens	InsZtute	of	Technology	in	New	Jersey,	where	he	was	oPen	frustrated	
both	by	his	limited	salary	and	by	the	fact	that	teaching	demands	kept	him	from	
research.	Dr.	Langmuir	was	happier	aPer	he	moved	to	the	General	Electric		
Research	Laboratory,	where	he	worked	from	1909	unZl	his	reZrement	in	
1950.	Langmuir	combined	physics,	chemistry	and	engineering	in	a	fruigul	
way.	Throughout	the	course	of	his	career,	his	work	showed	itself	to	have	both	
theoreZcal	and	pracZcal	value.	Langmuir	is	considered	a	pioneer	in	the	fields	
of	plasma	physics,	chemistry,	electronics,	and	engineering.		



PaTern	of	light	emission	from	a	glow	discharge	



Why	the	paTern?	
	

Why	the	mulZtude	
of	paTerns?	

	
Why	the	different	

colors?	
	

ConZnuity?	
	



What	to	look	for	with	plasma	diagnosZcs	

•  Ion	species	
•  ParZcle(s)	energies,	temperatures,	densiZes,	flows	
•  Neutral	species	
•  Waves:	propagaZng,	decaying,	amplifying	
•  Modes:	macroscopic,	microscopic	
•  Turbulence	
•  Transport:	parZcles	and	energy	
•  Fusion	events	
•  RadiaZon	
•  PotenZals	



Langmuir	probe(s)	



Langmuir	characterisZc:	ne,	Te	

I = n q v A 



Langmuir	data	
for	n,	T,	φ�

	
What	are	the	
limits	for	
Langmuir	
probes?	



Another	type	of	probe:	capaciZve	



What	capaciZve	probe	data	might	
look	like:	scanning	voltage	

Signal                           FFT 

Torbert 



WHY?	



Where?	In	seemingly	stable	discharges	



New	topic:	Using	microwaves	to	measure	plasma	behavior	

•  CharacterisZc	frequencies	in	ITER	
–  Ion	cyclotron:	100	MHz	
–  Electron	cyclotron:	300	GHz	
–  Electron	plasma:	100	GHz	
–  Ion	collision	rate:	10	Hz	
–  Fusion	rate:	0.1	Hz	

	EM	waves	in	a	cold,	collisionless,	unmagneZzed	plasma	
																											k2c2/ω2	=	n2	=	1-ωpe

2/ω2	

Phase	velocity	=	ω/k	



λpeakT	=	.288	(K	cm)	
	Power			=	ε	A	σ	T4	
															~	5	(T(K)/1000)4	W/cm2	

What T? 

Black	body	radiaZon	



Hare & Plasek 

V 



Spectroscopy:	passive	
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Can provide information on  
ne, Te, Ti, species,… 

Lundberg                     Chiu                                                                                               Park 



Spectroscopy:	AcZve	(LIF)	



RMFo-formed collisionless high-β plasmas: 
Yesterday, today and tomorrow 

• Reduce	neutron	producZon		
• Lessen	technical	complexity		
• Permit	uZlizaZon	of	current	technologies	
• Rapid	prototype	tesZng	and	improvement	
• Provide	some	fusion-reactor	customers	with	what	
they	want	

or		
Towards	small	clean	fusion	reactors	in	our	lifeZme		

U.S. DOE contract DE-AC02-76-CHO-3073 



	
•  Comparison	between	FRC	and	tokamak	
•  ParZcle	orbits	in	the	FRC	
•  TheoreZcal	predicZons	for	RMFo-heated	FRC	
•  RMFo/FRC	experimental	results	at	PPPL	
•  The	path	to	a	van-sized	reactor:	point	design		

–  Lower	neutron	producZon	
–  Prompt	loss	of	charged	fusion	products	(driven)	
–  Steady	state	
–  5	MWThermal	

Outline 
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MFE:  The Tokamak and the FRC 

 

FRC 

• Tokamaks- the mainline magnetic 
confinement program - have been 
extraordinarily successful in 
producing hot dense fusion plasmas.  
• Most of the remaining steps 
necessary to make tokamaks 
“practical” are technological and 
expensive. 
• Experiments show that tokamaks 
only “work” when they are big. 



The Tokamak and the (generic) FRC 
Tokamak 

<β>  << 1  
Toroidal magnets 
Strong Bt at coils 
Strong B on axis 
Current || to B 
Material in middle 
Field lines cover surface 
Bigger 
Burns predominantly D-T 
Extensive database 
MHD stability, understood 

FRC 
<β> ~ 1 
Linear solenoid  
Bt =  0 
B = 0 on minor axis 
Current ⊥ to B 
No material or hole in middle 
Field lines stay lines 
Smaller 
Could burn cleaner fuel 
Weak database 
Kinetic stability, unknown 
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The quickest path? The size-field plane 

Tokamak 

FRCs 
Choices 
1.  Fuel 
2.  Beta 
3.  Configuration 
4.  Heating method 

 
Nature 
1.  τE  
2.  Size 
3.  Stability 
4.  Fusion power 

Compressed  
       Helion 

Comparing MFE reactor concepts 
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Fusion power = n1n2〈σv〉VEf 

Charged fusion products  
                                 vs neutrons 

•  Direct energy conversion/extraction 
•  Plasma heating 
•  No neutron activation of structure 
•  Less shielding 
•  No tritium breeding 
•  Less materials development/testing 

1) D + T    ➟ He4(3.5 MeV) + n(14.1 MeV)  

2) D + D    ➟ a) T(1.01 MeV) + p(3.02 MeV)   50% 

         ➟ b) He3(0.82 MeV) + n(2.45 MeV)  50% 

Aneutronic 

3) D + He3 ➟ He4(3.6 MeV) + p(14.7 MeV)  

4) p + B11  ➟ 3He4 + 8.7 MeV 
 

1a) n + Li6  ➟ a) T(2.07 MeV) + He4(2.1  MeV)   



Reduce	neutron	shielding	requirements		
Reduction in shielding-thickness requirement compared to ITER
•  Lower power density
•  Fewer neutrons/unit power
•  Lower energy neutrons
•  More power/fusion
•  Greater surface-to-volume ratio
•  Passive FCs, vs powered TF coils - no electrical insulation
•  Shorter FC lifetime permitted because of accessibility
•  Higher heat load permitted for Hi-T SC
•  Outboard shielding only

•  Higher duty factor Net effect > 105!!  
20 cm of shielding is sufficient



Fuel:   Chose D-3He (mine the moon) 

• Need to ameliorate T creation and ash    
 build-up problems. 

Reduce D concentration 
Encourage most fusion products to be promptly lost (low B, small R) 
  J. Dawson: FRCs, p-11B burning   
  L. Zakharov: tokamaks, liquid Iithium walls   
   D. Barnes: FRCs, DT burning, heat engine   

• Don’t “waste” pressure on confining certain fusion products. 
• Promote non-Maxwellian ions to decrease n further 
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• Earth-sourced	3He	can	power	100	5-MW	power	plants	for	100	years	

	

Power density @ ne = 8x1020 m-3, 10-22 m3/s,    
               Ti(keV)   Bo(T)   <β> 

PD-T    = 45 MW/m3 (9 MW/m3 in plasma)          10          10       0.06 
PD-He3 = 20 MW/m3 (at 50/50)       70            8       0.6 
Pp-B11  = 2.5 MW/m3                              140          10       0.6 
PD-D    = 20 MW/m3 (at 50/50)     230         15       0.6 
 



Nick	Christofilos	

American 



Field-reversed	configuraZon	genealogy	
•  1958:	Christofilos	invents	ASTRON.	
•  1959:	Kolb	produces	1st	θ-pinch	FRC.	
•  1962:	Blevin	and	Thonemann	describe									 	RMFe	

current	drive.	
•  1963:	Wells	merges	spheromaks.	
•  1973:	Fleischmann	achieves	FRC	by		

	 	e--beam	injecZon.	
•  1979:	Rosenbluth	predicts	FRC	Zlt	instability,	τA.	
•  1980s:	Jones,	Hugrass,	et	al.	extensive 	rotamak	

(RMFe)	experiments	&	theory.	
•  1988:	LANL	θ-pinch	FRC	program	ends.	
•  1989:	Bellan	notes	open-B	energy	loss.	
•  1992-2004:	Hoffman	et	al.,	60	MW	RMFe.	
•  1995:	Rostoker	colliding-beam	p-11B	reactor	
												research	begins.	
•  2001:	RMFo	discovered.	Improved	heaZng,	 		

confinement	&	stability	predicted.		
•  2005:	RMFo	experiments	begin	at	PPPL.	t	>103τA	

Even-parity transverse fields  
open field lines 

Odd parity 
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Parity:	Symmetry	under	mirror	reflecZon	

Odd Even 

42	RMF for heating, current drive, stability… 



1.  Improve	τE	
2.  Maintain	stability	
3.  Cause	ion	heaZng	
4.  Cause	electron	heaZng	
5.  Generate	current	needed	to	sustain	the	FRC	
6.  Provide	a	means	for	direct	energy	extracZon	
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Why	RMFo?		The	physics	

Predicted to  

An odd-parity rotating magnetic field creates  
a rotating electron field on the midplane. 

E (φ)φ

Aʼ

A



1.    τE:	beTer	be	beTer	in	small	FRCs	

•  Smaller	devices	need	lower	transport	coefficients,	but	ash	must	
be	exhausted.	

•  In	tokamaks,	transport	is	generally	faster	than	neoclassical	but	
has	been	seen	to	slow	down	for	hot	parZcles.	

•  Recent	FRC	work	(TriAlpha)	show	near	classical	confinement.	
•  In	the	FRC	q	=	0,	so	classical	transport	is	~	10x	slower	than	

neoclassical.		
•  Reducing	the	free	energy	for	microinstabiliZes	is	important	for	

reducing	transport.	RMFo.	
•  FRC’s	lack	of	Bt	inhibits	toroidal	feedback	of	fluctuaZons.	
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What	is	the	PFRC?	

An experimental and theoretical research program  
to investigate 

 RMFo heating 
 of small FRCs 

with the goal of reaching  
 stable 
 steady-state 
 plasmas 
 with fusion-relevant parameters 
 suitable for burning aneutronic fuels 
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Multi-port 
  Pyrex vessel 

RMFo antenna 

Mirror coil 

Antenna  
  Rogowski  
    loops 

Internal copper  
       flux conservers 

Hydrogen plasma in the PFRC-1 

Main coil 
(Helmholtz)  

Quartz windows 
 viton sealed 

13 



47	 First plasma 

Cryogenic feedthroughs 

 
Lexan vessel and port covers 
 

BN-covered superconducting FCs 

                                     (Myers, Edwards, Berlinger..) 
Diamagnetic loops 

Myers 
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Hamiltonian*	for	ion	inside	FRC	
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Two-dimensional	Hamiltonian	

•  Rescaled	Hamiltonian	

•  Invariant	subspace:	
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PotenZal	wells	and	orbit	shapes	

Three main classes of orbits 
Cyclotron - drift clockwise (unstable), P < 0.25 
Betatron - move counter clockwise (stable), P > 0.25 
Figure 8 - mostly drift clockwise (mostly unstable), P < 0.25 

Landsman, Cohen, Glasser, PoP 2004 
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Bo = 20 kG
BR = 100 G
rs = 10 cm

ωRMF= 0.8 ωci

Ion energy 
reaches fusion 
range in 0.01 
ms with no 

loss of 
confinement!

3.  RMFo ion heating (RMF code) 
Orbit in Poloidal Plane Orbit Viewed Along Z Axis

Axial Position Kinetic Energy

Cohen and Glasser PRL (2000) 51	



3.	Predicted	ion	heaZng:	r	=	10	cm,	κ	=	5,	Be	=	20	kG	

Cohen and Glasser (PRL 2000)

• Ion  heating (Ω = ωR/ωci) 
 Threshold 
 Saturation 

• Heating to temperatures relevant for aneutronic fuels    
 0.1 < |ωR/ωci| < 2 
 BR/Ba < 0.01 

• Gradient in heating efficiency may allow tuning for isotopes 

BR = 128 G 

Cohen, Landsman, Glasser (PoP 2007)52	



4.	Electron	heaZng	(RMF	code)	

E (φ)φ

Aʼ

A

Glasser and Cohen (PoP 2001)

Bo = 20 G,  rs = 10 cm,  ωRMF= 0.5 ωci
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•  Absolute	X-ray	brightness,	IB,	higher	than	if	due	to	e-+	H+	collisions.	
CorrelaZon	of	IB	with	neutral	density.	

•  Te	not	readily	measured	late	in	discharge,	at	low	neutral	pressure:	
May	be	missing	the	highest	average	energy.		

•  Not	seeing	the	truncated	spectra	RMF	predicted!	

4.	Te	from	X-ray	spectroscopy:	Si	PiN	diode	

Time- and space  
integrated <Te> 

A. Roach, A. Stepanov 

P < 10 kW 
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4. Variety of X-ray  spectra (PFRC-1) 
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4.	RMFo	electron	heaZng-	Lsp	(PIC)	code	
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LSP
120 eV
150 eV

PFRC Data showing 150-eV 
electron temperature 

LSP simulation between 120 
and 150 eV Maxwellian, but with 
broader energy tail 
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Welch and Cohen (2010) Roach and Cohen (2007) 

Fully self consistent, fully electromagnetic 



5.	PredicZon:	RMFo	drives	current	

Glasser and Cohen (PoP 2002)

ωRMF

O-point 
linelocation

Current drive is necessary for a steady-state reactor 
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Near Co-rotation 

Welch and Cohen (PRL 2010) 
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2 ms gas puff 10 ms/div 

Density 

End losses 

Ηα light 

Absorbed RF power 

Evidence	for	closed	magneZc	field	lines:	PFRC-2	
Radial losses 

End losses 

Gas puff 

2 ms gas puff 
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Theory:	RMFo	is	a	fusion	physicist’s	panacea	

•  Promotes	betatron	orbits:					good	for	current	drive	
»  																																												steady-state	reactor	

•  Maintains	field	closure:									good	for	confinement	

•  Generates	truncated		
						distribuZons: 	good	for	confinement	

•  Heats	ions:																														 	good	for	fusion	
•  Heat	electrons:																						 	good	for	current	drive	
•  “Shakes”	FRC	up	and	down:		good	for	stability	
•  Localizes	ions	near	midplane:	good	for	stability	

•  Other	uses,	too!	



•  RF	controls	
•  Chamber	design	
•  Energy	extracZon	
•  Fast	ion	loses	
•  Fuelling/fuel	mix	
•  PMI	
•  Nuclear	materials	
•  LifeZme	
•  Reliability	
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PracZcal	reactor	issues	



Reactor:	point	design	
Pfusion = 5 MW 
PD-Dneutrons = 50 kW 
ne = 8 x 1014 cm-3 
Te= 60 keV;    nD = nHe3 
THe3 = 200 keV  
TD   =   90 keV 
PRMFo = 1 MW 
PBrems = 0.42 MW 
Ba = 80 kG 
BR = 500 G 
rs = 25 cm 
κ = 10 
tshielding = 20 cm 
γ/λ  = 110 (RMF 
penetration) 
Ω  = 0.02 

Prompt losses 
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Towards	small	RMFo-heated	D-He3	FRC	reactors	
for a distributed power grid or as mobile power sources	

•    If RMFo works its many wonders, reactor development 
and implementation could progress rapidly.  

•    He3 (fuel) availability will be an important question. 

•    Physics CHALLENGES: near classical τE; stability……. 
• 			Physics	research	remains	a	rich	and	surprising	field.	

• 			DiagnosZcs	are	essenZal	to	judge	and	control	performance.	
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The theory for RMFo-heated FRCs points to small clean fusion reactors, 
capable of rapid testing, improvement and implementation. 

 

Using COTS equipment, experimental tests of some RMFo theory, e.g., 
electron heating, have been very positive. Electron temperatures 8 x higher 
and collisionality 3000 x smaller have been attained in a device 10 x smaller 
and with 0.1% of the heating power than previous FRC/RMF devices.  

 





Why	3He?		
u Far	less	neutron	acZvaZon	of	&	damage	to	structure.	
u 	Less	shielding	required.	
u 	No	triZum	breeding	required.	
u 	Materials	development/tesZng	would	be	far	less	
demanding	than	for	D-T.	
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How low can the neutron  
generation rate be made 
without sacrificing power  
density? 

Santarius 2006 



How	much	Terrestrial	helium-3?		
Inventory		from	T	decay	

	 	 	 	 	US		(Savannah	River,	WaT’s	Bar)	
	
	

From Congressional Research Services’ Helium-3 Shortage: Supply, Demand, and Options for Congress 

Update of Wittenberg, Santarius, Kulcinski 
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Summary	of	Earth’s	PotenZally	Accessible	He-3	Supply	
Approximate	
Current	
Inventory(L)	

Annual	
Produc9on	
Rate	(L/year)	

Current	Form	
(S-separated,	
NS-mixed)	

Loca9on	 Source	 Ref.	

31,000	 8,000-10,000	 S	 Savannah	
River	Site	

Decayed	triZum	of	
nuclear	weapons	
stockpile	

[1]	

100,000	 10,000	 NS,	w/	triZum	 Ontario	
Power	
GeneraZon	

Decayed	triZum	
from	heavy	water	
reactors	

[1]	

125,000	 NS,	w/	4He	 Amarillo,	
Texas	

Natural	helium	gas	
in	earth	

[1]	

200,000	 NS,	w/	4He	or	
natural	gas	

Wyoming	 Natural	helium	gas	
in	earth	

[1]	

1500	 8,000-10,000	
every	8-10	
years	

NS	 NaZonal	
labs;	
Savannah	
River’s	TEF	

Unused	equipment	
and	supplies;	
reZred	triZum	beds	

[1]	

undisclosed	 undisclosed	 NS,	w/	triZum	 Russia,	
India,	South	
Korea	

Decayed	triZum	 [1],[4],[7]	



67	

Blue:    10 5MW reactors 
Purple: 20 5MW reactors          lasts 32 years            
Brown: 30 5MW reactors          lasts 16 years 

Accessible	3He	~	accessible	3H		
	

If	we	started	burning	3He	in	10	years,		
it	would	fuel	10-30	5-MW	reactors.		

S. Newbury 

Small D-3He fueled reactors would not have to worry about T breeding. 



Why	tokamaks	can’t	uZlize	3He	effecZvely	
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1. Needs higher beta, 0.2-0.5 instead of 0.05. 
2. Needs stronger magnets, to 30 T. 
3. Too big – would consume entire 3He inventory less 

than one month into full power operation. 
4. Steady-state heat load on divertor is x5 higher than 

for D-T. (D. Whyte) 
5. Needs 5x shorter τash than D-T. (No demonstrated 

method for eliminating T ash.) 
6. Higher synchrotron radiation losses are bad for τE. 
7. Higher plasma stored energy (at higher B and β) will 

make heat loads from disruptions even higher. 
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Start within this 3He-availability boundary by developing 5-
MW D-3He reactors so we can experiment with them, improve 
them, and even USE them for making power or propelling 
spacecraft. 

Fuel pathway 

THEN investigate He-catalyzed D-D reactors, which 
eliminate the need to mine the moon or breed tritium in 
blankets and, most importantly, allows for far greater 
electricity production. The penalty is a higher neutron load, 
which depends on how much of the 3He produced is burned 
in that reactor. The required plasma confinement time is 
about three times that as for D-3He if no 3He is burned. 

1) D + T    ➟   He4(3.5 MeV) + n(14.1 MeV)  

2) D + D    ➟ a) T(1.01 MeV) + p(3.02 MeV)       50% 

             ➟ b) He3(0.82 MeV) + n(2.45 MeV)   50% 

3) D + He3 ➟ He4(3.6 MeV) + p(14.7 MeV) 
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Parameter Pure D-D D-He3 
rs (cm) 30 25 
kappa 7 7 
Ba (T) 8.7 7 
ωRMF (106 rad/s) 1.4 1.6 
ωRMF/ ωci 0.004 0.005 
ne (1014 cm-3) 7 7 
Te (keV) 20 30 
Ti (keV) 200 125 
Φ (Wb) 0.46 0.22 
τE (s) 39 5 
S*/kappa 3.5 2.9 
γd = vde/vti 0.015 0.02 
RMF penetration 24 73 
CD efficiency (A/W) 19.3 12.9 
3He/D / 3 
Pf (MW) 10.1 7.1 
PBremms (MW) 0.92 1.2 
PSynch (MW) 5.2 2.9 
PRMF (MW) 1 1 
Electrical power out (MW) 2.2 4.1 
Confinement/classical 0.85 0.33 
% power in neutrons 34 0.9 

Two	plant	model:	FRCs	

3He 

D-D 

D-3He 

3He 

T 
 12 
years 



NASA 2010 


