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Motivation

• Why	Beam	Cooling?
qReduce	beam	emittance,	reduce	momentum	spread

qImprove	beam	quality	(higher	luminosity,	higher	brightness)
qAccumulate	the	beam	density	through	the	weak	particle	source

12/7/16 3



Introduction:	Electron	Cooling	(Non-
magnetized)

• Electron	cooling	as	a	method	increase	luminosity	for	pp	and	pp-bar	
collision	was	invented	by	Gersh Budker in	1966.
• In	beam	moving	frame,	cold	electrons	interact	with	hot	ions	through	
Coulomb	Scattering	to	exchange	the	heat	away.
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Non-magnetized	Electron	Cooling:	Energy	loss

• In	moving	frame,	the	energy	gained	by	electron	is	equal	to	the	energy	
lost	by	ion.

12/7/16 5



Non-magnetized	Electron	Cooling:	friction	
force
• Coulomb	Scattering:	one	electron	sit	at	impact	parameter	b	interact	
with	a	moving	ion.

• Friction	force:	
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Non-magnetized	Electron	Cooling:	cooling	
rate
• For	an	exponential	decrease	of	the	ion	velocity,	we	have	

• The	cooling	time	variable	associates	cooling	rate	(in	moving	frame)	as

• In	lab	frame,	the	cooling	time	variable	as
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Introduction:	Electron	Cooling	(Magnetized)

• Electrons	experiences	a	longitudinal	magnet	field,	it	reduces	
cooling	time	at	relative	low	ion	velocity.
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Introduction:	Electron	Cooling	(Magnetized)

• The	electrons	rotate	around	their	axis	at	cyclotron	frequency	𝑓" (or	
angular	frequency	𝜔")	with	a	radius	equal	to	𝑟".	We	define	a	threshold	
impact	parameter	𝑏&	 as	𝑏& = 𝑣*/𝜔",	which	distinguish	between	two	
impact	parameter	region:

q𝑏,*- < 𝑏 < 𝑏&,	Inner	impact,	fast	collision	region,	the	case	becomes	
non-magnetized	electron	cooling.

q𝑏& < 𝑏 < 𝑏,/0,	outer	impact,	adiabatic	region,	Coulomb	Logarithm	
applies	as	𝐿2/3 = 𝑙𝑛 𝜆3/𝑟7 ,	𝜆3 is	Debye	length,	𝑟7 is	Larmor radius	as	
𝑟7 =

,89:
; <

.
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Introduction:	Electron	Cooling	(Magnetized)

• In	adiabatic	region,	for	low	ion	velocity,	there	is	no	energy	transfer	
with	electrons’	transverse	motion,	the	exchange	in	energy	mainly	
happens	with	electrons’	longitudinal	direction,	since	the	electron	
longitudinal	velocity	spread	is	very	small,	the	magnetization	will	
significantly	enhance	the	cooling	force	in	case	of	low	velocity	ions.
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Introduction:	Electron	Cooling	(Magnetized)

• Magnetic	effect	dominates	mainly	when	relative	ion	velocity	is	small.
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Experimental	data	(Magnetized	electron	
cooling)
• The	measurement	of	Longitudinal	friction	force	vs.	Co-moving	
velocity for	protons	at	injection	energy	48	MeV in	CELSIUS.
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Experimental	data	(Magnetized	electron	
cooling)
• Current	dependence:	the	friction	force	was	measured	for	various	
current	of	electron	beams.
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Experimental	data	(Magnetized	electron	
cooling)
• Alignment	between	beams:	the	dependence	of	the	effective	velocity	
on	the	alignment	angle	between	ion	and	electron	beam.

12/7/16 14



Experimental	data	(Magnetized	electron	
cooling)
• Different	regimes	of	magnetization:	 The	dependence	of	
Magnetization	on	longitudinal	friction	force.
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Experimental	data	(Magnetized	electron	
cooling)
• If	the	maximum	impact	parameter	in	the	magnetized	collisions	is	not	
large	compared	to	the	Larmor circle	one	may	encounter	a	strong	
nonlogarithmic dependence	on	both	the	magnetic	field	and	the	
transverse	velocity	of	the	electrons.

12/7/16 16



Magnetized	electron	cooling:	Comparison	
with	theory
• Fitting	with	a	single-particle	expression:	For	a	low	electron	current,	
it goes	through	the	measured	data	points.	 For	a	high	electron	
current,	the	experimental	data	are	significantly	lower	than	the	curve	
utilizing	the	effective	velocity	determined	from	the	low	current	data.
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Conclusion

• Present	low-energy	electron	coolers	can	be	used	for	a	detailed	study	
of	the	friction	force.

• The	parameters	of	a	low-energy	cooler	can	be	chosen	in	a	manner	to	
reproduce	regimes	expected	in	future	high-energy	operation.

• Electron	cooling is	suitable	for	cooling	the	intense,	relatively	cool,	low	
energy	ion	beams.
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Thank	You!
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Backup	Slides	1	:Electron	Cooling	(Magnetized)I

•
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Backup	Slides	2	:Electron	Cooling	(Magnetized)II
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Backup	Slides	3:	Friction	Force	measurement	I
• Define	rms velocity	spread	as	effective	velocity,	for	relative	velocities	
higher	than	the	effective	velocity,	the	cooling	force	has	a	nonlinear	
dependence.	

qIn	linear	region,	 the	phase	shift	 between	the	rf system	and	the	ion	
beam	causes	by	competition	of	the	weak	rf voltage	and	the	
longitudinal	friction	force.	

qIn	raw	measurements,	the	relative	phase	shift	∆𝜙 vs	the	frequency	
change	∆𝑓(10-Hz	steps	of	1129	kHz) for	the	protons	at	48	MeV,	
which	are	converted	to	the	plots	of	the	drag	force	𝐹∥	 vs	𝑣∥ ,	using	
equations	above,	and	parameters	in	Tables	I	and	II.
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Backup	Slides	4:	Friction	Force	measurement	II
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High	precision	measurements	are	done	by:
qMeasure	the	phase	difference	accurate	with	the	phase	
discriminator.
qChanging	rf frequency	instead	of	the	electron	voltage	step	
to	vary	the	relative	velocity.


