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• Beam	experiences	mainly	EM	force inside	a	collider.
• Beam	generate	self	EM	field.
• For	the	force	that	produced	by	self	EM	field,	call	Space-Charge	effect
• For	the	force	that	produced	by	other	beam’s	EM	field,	call	beam-beam	
effect
• Beam-beam	effect	is	2D for	relativistic	beams.

beam-beam	effectSpace-Charge	effect



• Beam-Beam	Force	Derivation

• Beam-Beam	Effect

• Beam-Beam	Tune	Shift

• Hour-Glass	Effect

• Conclusion



Let’s	consider	a	long	round	Gaussian	Proton	beam:
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Beam-Beam	Force	Derivation

Transverse	charge	distribution	of	beam	

The	beam	charge	is	uniform	longitudinally,
with	total	charge	(Ne)		



Assume	Long	Beam	!	
E	field:
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Assume	Long	Beam	!	
B	field:
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• It	acts	as	a	focusing/defocusing	force,
depends	on	the	species	of	the	beams.
• In	small	r,	the	beam-beam	force is	linear
in	the	direction	of	+-�̂�.
• Beam-beam	effect	for	Gaussian	beam
just	like	a	small	quadrupole	error	!
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• Consider	beam	A,	B	(P+ ,	e- )is	short	round Gaussian	beam
• It	beam	A	act	as	a	lens to	beam	B,	vice	versa.	
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We	can	define	a	disruption	parameter		 𝐷 =
𝜎m
𝑓
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(*graph	cited	from	“Beam-Beam	Effects	in	Particle	Colliders”,	Mauro	Pivi,	US	Particle	Accelerator	School,	2011	)	

• Collision	of	two	long	beam	
• Both	beam	experiences	a	focusing	force
• Beams	envelope	are	oscillating when	they	met



Beam-Beam	Tune	Shift
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For	D	<	1
Beam–beam	effect	like	a	angular	kick,	
therefore	the	one	turn	mapping	𝑀a:
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However,	in	general,	beam-beam	effect	can	also	
being	treated	as	a	perturbative	tune	shift	in	one	turn:		
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∵ 				𝑇𝑟 𝑀a = 𝑇𝑟(𝑀v)
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In	order	for	the	beam	to	be	stable :	

𝑇𝑟 𝑀a ≤ 2

−2 ≤ 2cos 2𝜋𝑄h − 4𝜋𝜉h sin 2𝜋𝑄h ≤ 2

0 ≤ 2cos) 𝜋𝑄h − 4𝜋𝜉h sin𝜋𝑄h𝑐𝑜𝑠 𝜋𝑄h ≤ 2

−1
2𝜋 tan	𝜋𝑄h ≤ 𝜉h ≤

1
2𝜋 cot	𝜋𝑄h



In	general,	the	two	beam	centroids can	have	a	offset
The	angular	kick	matrix for	the	beam	centroids:
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Hour-Glass	Effect

• Let’s	consider	a	“long”	beam
• Due	to	the	longitudinal	beam	size,
IP	will	happen	in	a	series	of	different	𝛽∗(s)

• Without	beam-beam	effect
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Consider	a	short	electron	beam	collide
with	a	long	Proton	beam
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Where	𝜆 𝑠 is	the	normalized	proton	density	distribution
that	the	electrons	met.	𝑑𝑁v(𝑠) = 𝑁v𝜆 𝑠 𝑑𝑠
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Only the	center	part	of	proton	beam	collide	in	
minimum	𝛽.	Luminosity	was	reduced!
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Therefore	luminosity	formula	will	change	to	this	form

As	luminosity formula	defined	as:
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However,	Hour-Glass	effect	start	to	be	important	when 𝜎m ≥ 𝛽∗



Conclusion

• Beam-Beam	effect	is	a	2D	force
• For	a	Gaussian	beam,	it	is	like	a	quadrupole	error.	
• For	a	short	beam,	it	act	as	focusing/defocusing thin	lens	
• Beam-beam	effect	creates	a	extra	tune	shift
• Beam	radius will	be	also	affected,	which	can	cause	luminosity	change.
• The Longitudinal beam	size causes	Hour-glass	effect ,
which	can	also	cause	luminosity	change.
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