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1.	Introduc8on	

•  There	are	residual	gas	(H2,	H2O,	CO)	in	the	
vacuum	chamber	

•  ScaHering	of	the	electron	beam	with	the	
residual	gas	could	cause	ioniza8on	of	the	gas	
molecules	

•  Posi8vely	charged	ions	could	be	trapped	by	
the	electric	poten8al	of	the	electron	beam		



Introduc8on	

•  Trapped	ion	around	the	e-beam	could	cause	
emiHance	growth,	halo	forma8on,	and	coherent	
coupled-bunch	instabili8es	

•  Clearing	gap	is	usually	arranged	to	prevent	ion	
accumula8on	

•  For	a	single	bunch	train	with	clearing	gap,	fast	ion	
instability	could	take	place	and	cause	beam	size	
growth	at	the	train	tail	

•  Mi8ga8on	methods	by	feedback	system	and	
nonlinear	op8cs	for	tune	spread	are	usually	used	



2.	Ioniza8on	
•  ScaHering	of	the	electron	beam	with	the	residual	gas	
(H2,	H2O,	CO)	in	vacuum	chamber	could	cause	
ioniza8on	of	the	gas	molecules	

	

	
•  ScaHering	rate	is	propor8onal	to	the	density	of	the	
residual	gas	

	

	



Density	of	Residual	Gas	

n = P / kT



Ion	Species	in	the	Vacuum	

λi =σ iNeni λi :  line density of ions from Ne  electrons
σ i :  scattering cross section

A	



Ioniza8on	Cross	Sec8on	



3.	Ion	Trapping	for	Symmetric	Bunch	PaHern	

•  Ions	were	born	with	zero	velocity,	and	they	stay	in	
the	same	azimuth	loca8on	s	

•  They	see	the	periodic	focusing	e-fields	of	the	
passing-by	electron	bunches		

	
	

	

 

Equation of motion for the ions:    Y1 = MY
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Stability criteria:    Tr(M ) ≤ 2

or ion trapping when   A ≥  Ax,y
trap =

rpNbLsep

2σ x,y(σ x +σ y )

Lsep



Examples	of	Ion	Trapping	Condi8ons		

ion trapping when   A ≥  Ax,y
trap =

rpNbLsep

2σ x,y(σ x +σ y )

(Raubenheimer,	PAC96)	



Comments	in	ICFA	Beam	Dynamics	NewsleHer	
	

“The	serious	impact	of	ions	had	even	led	some	of	the	storage	rings		
to	switch	the	stored	beam	from	electrons	to	positrons,	such	as		
DCI,	ACO,	APS,	HERA	and	KEK-PF.”	

	(No.	69,,	pg	227)	
	

“With	a	lower	beam	emiHance	achieved	as	a	general	trend	in		
modern	storage	rings	to	further	raise	the	ring	performance	in	
terms	of	luminosity	and	brilliance,	the	trapping	of	ions	that	
suffered	by		many	rings	in	the	past	seems	to	have	become	much	less	
of	an	issue	because	the	cri8cal	mass,	which	represents	the	lightest	
	ion	that	can	be	trapped,	becomes	significantly	higher	than	known		
trapped	species	.”	



JLEIC Baseline e-p Parameters 

(Y.	Zhang,	this	workshop)	

CM energy GeV 21.9  
(low) 

44.7  
(medium) 

63.3  
(high) 

p e p e p e 
Beam energy GeV 40 3 100 5 100 10 
Collision frequency MHz 476 476 476/4=119 
Particles per bunch 1010 0.98 3.7 0.98 3.7 3.9 3.7 
Beam current A  0.75 2.8 0.75 2.8 0.75 0.71 
Polarization % 80 80 80 80 80 75 
Bunch length, RMS cm 3 1 1 1 2.2 1 
Norm. emitt., horiz./vert. µm  0.3/0.3 24/24 0.5/0.1 54/10.8 0.9/0.18 432/86.4 
Horizontal & vertical β* cm 8/8 13.5/13.5 6/1.2 5.1/1 10.5/2.1 4/0.8 
Vert. beam-beam param. 0.015 0.092 0.015 0.068 0.008 0.034 
Laslett tune-shift 0.06 7x10-4 0.055 6x10-4 0.056 7x10-5 

Detector space, up/down m 3.6/7 3.2/3 3.6/7 3.2/3  3.6/7 3.2/3 
Hourglass(HG) reduction 1  0.87 0.75 
Luminosity/IP, w/HG, 1033 cm-2s-1 2.5 21.4 5.9 

For	the	electron	ring,	we	consider	Ee=3,	5,	10	GeV	
For	the	ion	ring,	we	consider	Ep=100	GeV	(middle	column)	



Parameters	for	the	JLEIC	Electron	Ring	

(Courtesy	to	Fanglei	Lin)	



Condi8on	for	Stable	Ion	Mo8on	(JLEIC	e-Ring	Example)	

C = 2181.39 [m],   Nb = 3.7 ×1010,   βx = 11.95 [m],  βy = 13.15 [m]

E	[GeV]	 3	 5	 10	

3464	 3464	 866	

0.63	 0.63	 2.52	

2.0	 5.5	 22.2	

0.4	 1.1	 4.44	

30	 18	 4.5	

0.5	 0.2	 0.2	

1.1	 0.4	 0.4	

nb
Lsep  [m]
ε x  [m-rad]

ε y  [m-rad]

Ax
trap

Ay
trap

For	symmetric	bunch	paHern,	all	ions	(A	from	2	to	44	for	H2	to	CO2)	will	be	trapped	

ω i  [MHz] (CO)	



Distribu8on	of	the	Trapped	Ions	
Mo8on	of	trapped	ions	under	E-field	of	the	electrons:	

Ini8al	ion	distribu8on:	

Final	ion	distribu8on:	 rms:   

σ i =σ e 2

(Wang	et	al.,	PRSTAB	14,	084401)	



Observa8on	of	Harmful	Effects	from	Trapped	Ions	

•  Incoherent	effects	
§  EmiHance	growth	
§  Betatron	tune	shiis	
§  Halo	forma8on	

(Takao,	EPAC02)	

Ver8cal	beam	size	vs.	I	at	Spring-8	

Varia8on	of	beta-y	tune	in	Indus-2	

(Jena	and	Ghodke,	J.	Phys.	85,	1193)	



Ion	Trapping	Condi8on	along	Beamline	

PETRAIII	Example:	
	
•  Beta	func8on	varies	along	the	beamline,		
				cri8cal	mass	also	varies	along	the	beamline	

Uniform	filling	by	40	bunches	 Uniform	filling	by	960	bunches	

ion trapping when   A ≥  Ax,y
trap =

rpNbLsep

2σ x,y(σ x +σ y )



4.	Ion	Clearing	by	Clearing	Gap	

(Chao,	SLAC-PUB-9574)	
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Example	of	Stability	Condi8on	with	Clearing	Gap	

Stability criteria:    
   Tr(M ) ≤ 2

Unstable	Ion	numbers	predicted	by	theory	Stable	ion	masses	predicted	by	theory	

Number	of	bunches	in	the	ring	
out	of	960	even	spaces	

(PETRAIII	Example,	Ivanyan	et	al.,	DESY	M	09-01))	

Gap=	
14%	xC	



Stability	Condi8on	for	JLEIC	e-Ring	(E=3	GeV)	
•  Ion	Trapping	with	Clearing	Gap	 One	cell	

Ion trapped when   Tr Mcell( ) < 2

x-trapped	Ions,		A	vs.	n	 y-trapped	Ions,		A	vs.	n	

(Preliminary	results,	need	further	studies)	

(h=3464)	



5.	Fast	Beam-Ion	Instability	

•  Mechanism	

•  Ions	are	generated	by	the	head	of	the	bunch	and	keep	
					accumula8ng	un8l	they	are	cleared		by	the	bunch	train	gap	

•  The	ions	slices	will	be	dipole	kicked	by	the	previous	electron		
					slices	and	act	back	on	the	dipole	mo8on	of	the	trailing	electron		
					slices,	serving	as	a	transverse	wakefield	similar	to	the	RF	HOM		
					wakes	



Observa8on	of	the	Fast	Beam-Ion	Instability	

•  Observa8on	at	NSLS2	
Iave=46	mA	
1000	bunches	
	



Equa8ons	for	the	Fast	Beam-Ion	Instability	

(Raubenheimer	and	Zimmermann,	PRE	52)	



Growth	Time	for	JLEIC	e-Beam	

PEPII	HER		 JLEIC	e-Ring	

E	[GeV]	 9	 3																						5																		10	
Nb	 3x1010	 3.7x1010	
nb	 1658	 3464														3464																	866	
Lsep	 1.26	 	0.63																0.63																2.52	

15	 13.15	
1.06	 0.15															0.26																	0.51	
0.17	 		0.07															0.12																		0.24	
6.8		 	0.01																0.11																	13.9	

βy  [m]
σ x  [mm]

σ y  [mm]
τ inst  [µs]

Typical	feedback	system:		 τ damp ≈1 [ms] 

yb (t)∝ e
t τ inst −t τ damp

For	
A=28	



Limita8on	of	the	Theory	

•  Assumes	linear	force	between	beam	and	ions	
	
•  Ignores	Landau	damping	by	laoce	and	beam-beam	
induced	tune	spread	

•  Ion	frequency	is	treated	as	constant,	but	it	would	vary	
along	the	beamline	

•  Smooth	approxima8on	of	the	ion	oscilla8on,	not	beam-gap	
periods.	

•  Ioniza8on	could	also	be	generated	by	synchrotron	
radia8on	



Various	Time	Constant	for	FBII	

•  Simple	linear	model		

•  Including	frequency	spread	(e-folding	8me)	

•  Large	amplitude	

( y <σ y )

 ( y ≫σ y )



Example	of	Various	Time	Constant	for	FBII	

The	8me	constant	could	
be	differ	by	orders	of		
magnitude!	



Early	Observa8on	of	FBII	at	ASL	

TFB	on	 TFB	off	



Recent	Observa8on	of	FBII	at	CESR-TA	

(ChaHerjee,	PRSTAB,	2015)	

•  Three	pressures	of	Kr	of	10,	17	and	25	nTorr	were	established	
•  Solid==Feedback	on,		Lightly	Shaded==feedback	off	



PEPII	Observa8ons	
•  Originally	envisioned	gap:	10%	(about	120	buckets)	
•  In	real	opera8on,	abort-kicker	gap:	18	buckets	(about	100ns)	
•  With	16	bucket	gap,	instability	takes	place---unstable	when	colliding,	
and	stable	otherwise	

The	previously	concerned	effect	
could	be	shiied	due	to	the	combined	
ac8on	of	the	transverse	bunch-by-bunch	
feedback	and	the	Landau	damping	from		
the	beam-beam	interac8on	

Fast	ion	instability	

(Wienands,	EPAC08)	





Ion	Effect	at	SUPERKEKB	(predicted)	
(D.	Zhou,	2013	SUPERKEK	Review)	



Ion	Effect	at	SUPERKEKB	
(D.	Zhou,	2013	SUPERKEK	Review)	



Ion	Effect	at	SUPERKEKB	(measured)	
(Ohmi,	IPAC2017)	

•  Unsolved	phenomena	remain	



6.	Mi8ga8on	Method	

•  good	vacuum	
•  uneven	bunch	filling	
•  Clearing	electrode	for	ion	stripping	
•  ion	shaking	
•  Chroma8city	
•  Feedback	system	for	fast	ion	instabiilty	



Examples	of	Mi8ga8on	

•  ASL	Experiment	

σ y  vs.  ξ

Mi8ga8on	by		
chroma8city	

Mi8ga8on	by		
Mul8-train	with	gap	

(Zimmermann,	SLAC-PUB-7736)	



7.	Summary	
•  For	JLEIC	e-ring,	all	ions	will	be	trapped	if	with	even	bunch	
filling	

•  A	clearing	gap	can	help,	and	PEPII	HER	experience	tells	that	
the	gap	can	be	much	shorter	than	previously	envisaged	

•  The	fast	beam-ion	instability	for	JLEIC	can	have	very	fast	
growth	8me.	For	low	energy,	this	instability	could	be	of	
serious	concern.	Much	more	careful	studies	are	required.	

•  However,	from	PEPII	experience,		the	beam-beam	effect	
can	serve	as	Landau	damping	for	the	instability.	We	need	
to	study	the	combined	effects	in	order	to	get	any	
conclusive	predic8on	
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