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q  Storage	rings	

q  Beam	temperature	

q  Beam	hea1ng	
	
q  Beam	cooling	techniques:	

–  Stochas1c	cooling	
–  Electron	cooling	
–  Laser	cooling	

	
q  The	An1proton	Decelerator	
	
q  ELENA	
	
q  Electrosta1c	transfer	lines	
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Storage	rings	

q Leptons:	
	

q Electrons,	Positrons,	(Muons)	
q Colliders	
q Synchrotron	radia1on	facili1es	
q SR	benefit	(cooling,	synchrotron	light)	and	
nuisance	(energy	limita1on)	

q Radiated	power:	

25/06/2018	 3	Javier	Resta	Lopez	

P / E4

⇢2
<latexit sha1_base64="ZIy1HH8XVhyb17hIyLoYvY4zEaU=">AAACMXicbZDLSsNAFIYn9VbrLepSF4NFcFWSUtBlUQSXFewFmrRMJpN26CQTZiZCCdn4NG7Vp+lO3PoO4qTNwrYeOPDzn3PgP58XMyqVZc2M0sbm1vZOebeyt39weGQen3QkTwQmbcwZFz0PScJoRNqKKkZ6sSAo9BjpepO7fN59JkJSHj2paUzcEI0iGlCMlLaG5nkLOrHgseLQCQTC6f2gkaWOGPNBPRuaVatmzQuuC7sQVVBUa2j+OD7HSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvZYRCIt10/kUGL7Xjw4AL3ZGCc/fvRYpCKaehpzdDpMZydZab/85yR3HO5FKAVOqEY+KvpFLBjZvSKE4UifAiVJAwqPnk+KBPBcGKTbVAWFD9F8RjpMEpDbmigdmreNZFp16zrZr92Kg2bwt0ZXAGLsAVsME1aIIH0AJtgMELeAVv4N34MGbGp/G1WC0Zxc0pWCrj+xcA8qr8</latexit><latexit sha1_base64="ZIy1HH8XVhyb17hIyLoYvY4zEaU=">AAACMXicbZDLSsNAFIYn9VbrLepSF4NFcFWSUtBlUQSXFewFmrRMJpN26CQTZiZCCdn4NG7Vp+lO3PoO4qTNwrYeOPDzn3PgP58XMyqVZc2M0sbm1vZOebeyt39weGQen3QkTwQmbcwZFz0PScJoRNqKKkZ6sSAo9BjpepO7fN59JkJSHj2paUzcEI0iGlCMlLaG5nkLOrHgseLQCQTC6f2gkaWOGPNBPRuaVatmzQuuC7sQVVBUa2j+OD7HSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvZYRCIt10/kUGL7Xjw4AL3ZGCc/fvRYpCKaehpzdDpMZydZab/85yR3HO5FKAVOqEY+KvpFLBjZvSKE4UifAiVJAwqPnk+KBPBcGKTbVAWFD9F8RjpMEpDbmigdmreNZFp16zrZr92Kg2bwt0ZXAGLsAVsME1aIIH0AJtgMELeAVv4N34MGbGp/G1WC0Zxc0pWCrj+xcA8qr8</latexit><latexit sha1_base64="ZIy1HH8XVhyb17hIyLoYvY4zEaU=">AAACMXicbZDLSsNAFIYn9VbrLepSF4NFcFWSUtBlUQSXFewFmrRMJpN26CQTZiZCCdn4NG7Vp+lO3PoO4qTNwrYeOPDzn3PgP58XMyqVZc2M0sbm1vZOebeyt39weGQen3QkTwQmbcwZFz0PScJoRNqKKkZ6sSAo9BjpepO7fN59JkJSHj2paUzcEI0iGlCMlLaG5nkLOrHgseLQCQTC6f2gkaWOGPNBPRuaVatmzQuuC7sQVVBUa2j+OD7HSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvZYRCIt10/kUGL7Xjw4AL3ZGCc/fvRYpCKaehpzdDpMZydZab/85yR3HO5FKAVOqEY+KvpFLBjZvSKE4UifAiVJAwqPnk+KBPBcGKTbVAWFD9F8RjpMEpDbmigdmreNZFp16zrZr92Kg2bwt0ZXAGLsAVsME1aIIH0AJtgMELeAVv4N34MGbGp/G1WC0Zxc0pWCrj+xcA8qr8</latexit><latexit sha1_base64="ZIy1HH8XVhyb17hIyLoYvY4zEaU=">AAACMXicbZDLSsNAFIYn9VbrLepSF4NFcFWSUtBlUQSXFewFmrRMJpN26CQTZiZCCdn4NG7Vp+lO3PoO4qTNwrYeOPDzn3PgP58XMyqVZc2M0sbm1vZOebeyt39weGQen3QkTwQmbcwZFz0PScJoRNqKKkZ6sSAo9BjpepO7fN59JkJSHj2paUzcEI0iGlCMlLaG5nkLOrHgseLQCQTC6f2gkaWOGPNBPRuaVatmzQuuC7sQVVBUa2j+OD7HSUgihRmSsm9bsXJTJBTFjGQVJ5EkRniCRqSvZYRCIt10/kUGL7Xjw4AL3ZGCc/fvRYpCKaehpzdDpMZydZab/85yR3HO5FKAVOqEY+KvpFLBjZvSKE4UifAiVJAwqPnk+KBPBcGKTbVAWFD9F8RjpMEpDbmigdmreNZFp16zrZr92Kg2bwt0ZXAGLsAVsME1aIIH0AJtgMELeAVv4N34MGbGp/G1WC0Zxc0pWCrj+xcA8qr8</latexit>



Storage	rings	

q Hadrons:	
	

q Protons,	Ions,	RIBs,	An1protons	
q Colliders	
q  Internal	experiments	
q Prepara1on	of	secondary	beams	
q Cooling	provides	flexibility	for	various	methods	of	
manipula1on	

q Goal:	good	beam	quality,	high	beam	life1me,	high	
luminosity	
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Beam	temperature	

q  Thermal	par1cle	mo1on	(temperature	is	conserved)	

	

q  Thermal	mo1on	is	superimposed	the	average	mo1on	aZer	
accelera1on	

	
q  Many	processes	can	heat	up	the	beam:	mismatch,	space	

charge,	IBS,	residual	gas,	internal	targets,	external	noise,	etc.	
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Beam Temperature 

In a standard accelerator the beam temperature is not reduced 

(thermal motion is superimposed the average motion after acceleration) 

but:    many processes can heat up the beam 

at rest (source)          low energy                 high energy 

temperature 
longitudinal 

 transverse 

Thermal particle motion (temperature is conserved) at	rest	(source)	 at	low	energy	 at	high	energy	
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Beam	temperature	

q  Longitudinal	beam	temperature	

q  Transverse	beam		temperature	

q  Par1cle	beams	can	be	anisotropic:	

q  Do	not	confuse	beam	energy	with	beam	temperature!	
					(e.g.	a	beam	of	energy	100	GeV	can	have	a	temperature	of	1	eV)		
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Beam Temperature Definition
Longitudinal beam temperature

Transverse beam temperature

Particle beams can be anisotropic:
e.g. due to laser cooling or the distribution of the electron beam   

Don‘t confuse: beam energy  l beam temperature
(e.g. a beam of energy 100 GeV can have a temperature of 1 eV)

Distribution function
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Beam	hea3ng		
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q  Hea3ng	processes:			
	

q  Interac1on	with	the	rest	gas:	
–  Nuclear	sca_ering		
–  Single	Coulomb	sca_ering		
–  Mul1ple	Coulomb	Sca_ering	(MCS)	

q  IntraBeam	Sca8ering	(IBS):	mul1ple	small-angle	Coulomb	sca_erings	of	
charged	par1cles	within	the	accelerator	beam	itself.		

	
q  Space	charge,	tune	resonances	(op1cs	nonlineari1es),	impedances,	etc.	
	
	

par1cle	loss	if	high	sca_ering	angle		
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Rest	gas	sca8ering	

	

	
	

q  Emi_ance	growth	caused	mainly	by	Mul1ple	Coulomb	Sca_ering	
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REVIEW OF REST GAS INTERACTION AT VERY LOW ENERGIES 
APPLIED TO THE EXTRA LOW ENERGY ANTIPROTON RING ELENA 

C. Carli, T. Rijoff, CERN, Geneva, Switzerland 
O. Karamyshev, C.P. Welsch, Cockcroft Institute and The University of Liverpool, UK 

Abstract 
The Extremely Low ENergy Antiproton ring (ELENA) 

is a small synchrotron equipped with an electron cooler, 
which shall be constructed at CERN to decelerate 
antiprotons to energies as low as 100 keV. Scattering of 
beam particles on rest gas molecules may have a 
detrimental effect at such low energies and leads to 
stringent vacuum requirements. Within this contribution 
scattering of the stored beam on rest gas molecules is 
discussed for very low beam energies. It is important to 
carefully distinguish between antiprotons scattered out of 
the acceptance and lost, and those remaining inside the 
aperture to avoid overestimation of emittance blow-up. 
Furthermore, many antiprotons do not interact at all 
during the time they are stored in ELENA and hence this 
is not a multiple scattering process. 

INTRODUCTION 
ELENA is a small synchrotron constructed at present at 

CERN [1-6] with a particularly low energy range aiming 
at decelerating antiprotons down to 100 keV. H- ions and 
protons will be injected as well at 100 keV from an 
external source for efficient commissioning. Rest gas 
effects are very significant at such low energies and 
motivate the nominal pressure as low as 3 10-12 Torr, 
which can be reached only by a fully bakeable vacuum 
system and NEG coated chambers wherever possible.  
This design pressure at room temperature corresponds to 
a molecule density of n = 9.6⋅1010 m−3 . 

This report reviews rest gas effects such as nuclear 
interactions and scattering on rest gas molecules leading 
to beam loss and emittance blow-up similar to a study [7] 
done for the Antiproton Decelerator, but with particular 
attention to the low energy and pressure found at ELENA.  
Accumulation of ions in the potential of the antiproton 
beam leading as well to scattering and other adverse 
effects will be briefly mentioned. Throughout this paper, 
the pessimistic assumption that the rest gas consists only  

 
Figure. 1: Trajectories of particles interacting with a rest 
gas molecule. Particles may come very close to the 
nucleus and undergo nuclear interactions (red), be 
scattered out of the acceptance of the accelerator (orange) 
or be deflected and stay within the acceptance (blue). 

of N2 molecules is made. In reality, a significant fraction 
of the rest gas molecules will be H2 affecting the 
circulating beam less with some contribution from heavier 
molecules leading to larger loss and blow-up rates. 
Effects will be estimated for the two plateaus, where 
electron cooling is applied: first at a momentum of 
35 MeV/c corresponding to a relativistic β = 0.037 and 
then at the final energy 100 keV or β = 0.0146 

INTERACTION WITH REST GAS 
MOLECULES 

Nuclear Interaction 
Some beam particles, described by red trajectories in 

Fig. 1 will undergo nuclear interactions leading to beam 
loss.  However, the relevant cross sections are sufficiently 
small to neglect the loss rates caused. This can be 
concluded without detailed computations of cross sections 
and loss rates as many experiments decelerate the beam 
from the AD using degrader foils. The number of 
encounters with nuclei during this deceleration process 
over a bit more than the ELENA energy range is orders of 
magnitudes larger than during a typical machine cycle 
and still leads to few nuclear interactions. 

Total Cross Section 
A particle not entering the electron shell of a neutral 

molecule is not scattered and, thus, does not interact at all. 
With the approximate formula Scatter for the atom radius, 
the total cross section for a Nitrogen atom becomes 

, where 
Z = 7  is the atomic number. The interaction rates at the 
two plateaus with cooling become 2nβcσ tot with c the 
velocity of light; the factor two is added to take into 
account the fact that the molecule consists out of two 
atoms. This yields interaction rates of 0.062 s-1 and 
0.024 s-1 for the two plateaus with cooling expected to last 
about 10 s. This means that typically a circulating particle 
experiences about one interaction with a rest gas molecule 
on the intermediate plateau and significantly less than one 
interaction along the low energy plateau. Furthermore, 
scattering on rest gas molecules is not a multiple 
scattering phenomenon, but rather a single scattering one 
for the case considered. 

Scattering of a Beam Particle 
When a beam particle enters the electron shell of a rest 

gas atom, it is deflected by the electric field inside. For 
close encounters between a beam particle and a nucleus of 
a rest gas molecule, the large deflection angle is given by 

σ tot = ra2 π = 0.79 ⋅10−21 Z 2/3m2 = 2.9 ⋅10−20 m2

Proceedings of IPAC2014, Dresden, Germany TUPRI028
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5 Heating processes

In this section the effects on the long term beam dynamics from important sources of beam heating
are analysed: the interaction of the beam particles with the molecules of the residual gas and the
IBS. Additional sources originated by nonlinearities of the machine optics, such as tune resonances,
are not considered here.

5.1 Rest gas scattering

The emittance growth due to rest gas scattering is usually considered to be caused mainly by Multi-
ple Coulomb Scattering (MCS). Following ref. [23], the rms transverse emittance (1s ) growth rate
due to MCS on residual gas is given by:

d✏rms

dt
= 2phb?inmsln
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with me the electron rest mass, re the classical electron radius, c the speed of light, a the fine
structure constant, b = v/c the relativistic velocity factor of the beam and p the beam momentum.
Here hb?i= 1/2(hbxi+ hbyi) represents the average betatron function over the ring, and nms is the
multiple scattering density given by the following expression:

nms = Â
i

ni
Z2ln

�
280/

�
a(AZ)1/3��

ln(280/a)
, (5.2)

with ni the density of each (i) gas component in the vacuum pipe.
In eq. (5.1), notice that the rate of emittance blow-up due to scattering on the residual gas is

independent of the beam intensity and the initial emittance. However, it is strongly momentum
dependent (µ 1/p2), and increases rapidly at lower momenta.

In BETACOOL, growth rates due to the scattering of antiprotons or ions on the residual gas
are calculated by the same methods as for a thin internal target such as a gas jet, applying MCS.
The residual gas model is composed of gas cell targets which are distributed along the whole
circumference of the ring. Then, BETACOOL applies a Monte-Carlo method to simulate the MCS
process on those cell targets and the beam distribution evolution. The rest gas heating rates are
integrated over the whole lattice structure and lattice functions are used from each optical element.

To evaluate the rest gas scattering effects in ELENA, first we have performed BETACOOL
simulations assuming only the heating effect of the rest gas and no cooling process. These simu-
lations have been performed considering 1000 model particles and 10 random seeds. The vacuum
pressure has been set to the nominal value 3⇥ 10�12 Torr for a pessimistic case where the rest
gas consists of 100% N2 molecules. Figures. 4 and 5 compare the emittance growth results from
BETACOOL simulations and analytical calculations using the expression (5.1) for the case of the
two cooling plateaus. The results are summarised in table 4. The BETACOOL values are in good
agreement with the analytical formula.

Nevertheless, it is necessary to mention that the ELENA cycle will last approximately 20 s,
and during this time the interaction rate with residual gas molecules has been computed to be
approximately one interaction with a rest gas molecule on the intermediate plateau (first cooling),
and significantly less than one interaction along the low energy plateau (second cooling) [24].
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Rela1vis1c	velocity	factor:	

Average	betatron	func1on:	

Mul1ple	sca_ering	density:	
N.	Madsen,	CERN/PS/DI	Note	99-06,	(1999)		
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q  Mul1ple	small-angle	Coulomb	sca_erings	of	charged	par1cles	within	the	beam	itself	

q  Exchange	of	energy	between	the	transverse	and	longitudinal	degrees	of	freedom,	leading	to	
the	growth	of	the	beam	phase	dimensions	

	

q  Emi8ance	growth	rates:	

where N  is the number of particles in the beam, 
and Nb  is the number of particles per bunch;
C  is the circumference of the ring, σ s  the bunch length, and
σ p  the momentum spread

� =

(
N/C for coasting beams

Nb/(2
p
⇡�s) for bunched beams
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Beam	cooling	

q  Beam	cooling	means	reduc1on	of	beam	
temperature	

	
q  In	this	context,	temperature	is	equivalent	to	
terms	as	phase	space	volume,	emi_ance	and	
momentum	spread	

	
q  Beam	cooling	techniques	are	non-Liouvillean,	i.e.	
violate	the	assump1on	of	conserva1ve	forces	

25/06/2018	 10	Javier	Resta	Lopez	



Benefits	of	beam	cooling	

q  Improved	beam	quality	
q  Precision	experiments	
q  Luminosity	increase	(in	colliders)	
q  Increase	life1me	

q  Compensa1on	of	hea1ng	
q  Experiments	with	internal	target	
q  Colliding	beams		
q  Other	sca_ering	effects,	e.g.	IBS	

q  Intensity	increase	by	accumula1on	
q  Weak	beams	from	the	source	can	be	enhanced	
q  Secondary	beams	(an1protons,	rare	isotopes)	

25/06/2018	 11	Javier	Resta	Lopez	
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q  First	cooling	method	which	was	successfully	used	for	beam		
						prepara1on	 S.	van	der	Meer,	D.	Möhl,	L.	Thorndahl	et	al.	

Betatron	phase	advance	(pick-up	to	kicker):	
(n+1/2)π	

q  Basic	principle:		
Measurement	of	devia1on	from	ideal	orbit	is	
used	for	correc1on	kick	(feedback)	

Javier	Resta	Lopez	
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q  Single	par1cle	considera1on:	
q  One	par1cle	passing	with	maximal	posi1on	at	pick-up	
q  Requirement:	par1cle	crossing	the	reference	orbit	at	kicker	with	maximal	angle	

Closed	orbit	of	the	ring	
(trajectory	of	the	ideal	par1cle)	

Trajectory	of	not	ideal	par1cle	

�X 0
= gXs

g � normalized gain

[0 < g < 1]

<latexit sha1_base64="nh89ahb0PTAx1hl2vCNVN5yvAxs="></latexit><latexit sha1_base64="nh89ahb0PTAx1hl2vCNVN5yvAxs="></latexit><latexit sha1_base64="nh89ahb0PTAx1hl2vCNVN5yvAxs="></latexit><latexit sha1_base64="nh89ahb0PTAx1hl2vCNVN5yvAxs="></latexit>
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q  Coas1ng	beam:	
q  The	coas1ng	beam	is	sampled.	The	number	of	samples	and	its	1me	length		

														is	defined	by	frequency	range	[f1	;	f2]	of	SC.		Bandwidth	W=f2-f1	
	

Mean	value	of	sample:		Pick-up	detects	the	
value	of	this	displacement	and	forms	the	signal.			Samples	

Javier	Resta	Lopez	
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q  Sample	of	par1cles	passing	the	kicker	gets	correc1on	of	the	mean	posi1on	
q  The	individual	par1cle	coordinate	is	reduced	by	the	mean	value	of	the	

ensemble.	AZer	one	turn	one	has	not	fully	achieved	cooling		

Javier	Resta	Lopez	
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q  Mixing:	
q  All	par1cles	migrate	from	one	sample	to	another	one.	This	par1cle	migra1on	is	

called	“mixing”.																	

q  Because	of	mixing	the	new	mean	value	of	sample	is	formed.		
					At	the	next	turn	the	pick-up	detects	this	value	and	then	the	kicker	corrects	it	again	

Javier	Resta	Lopez	
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ion	

e-	

 
!
B

vi 

ve 

q  Cold	electrons	interac1ng	with	hot	ions		
	
q  Momentum	transfer	by	Coulomb	

collisions	
	
q  Cooling	force	results	from	energy	loss	in	

the	co-moving	gas	of	free	electrons	
Equilibrium:		

kBTi = kBTe     or      mivi
2 = meve

2

vi = ve
me

mi

q  Consolidated 
technique, 
first proposed 
by G. Budker in 1966 

Javier	Resta	Lopez	
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q  Fric1on	force	

M. Steck (GSI)  CAS 2015,  Warsaw

Characteristics of the 
Electron Cooling Force

cooling force F 
for small relative velocity: v vrel
for large relative velocity: v vrel

-2

increases with charge: v Q2

|F| v vrel |F| v 1/vrel2

maximum of cooling  force 
at effective electron temperature M. Steck (GSI)  CAS 2015,  Warsaw

Characteristics of the 
Electron Cooling Force

cooling force F 
for small relative velocity: v vrel
for large relative velocity: v vrel

-2

increases with charge: v Q2

|F| v vrel |F| v 1/vrel2

maximum of cooling  force 
at effective electron temperature

Maximum	of	cooling		force	at	effec1ve	
electron	temperature	

Increases	with	charge	Q2	

M.	Steck	(GSI)	et	al.	

Javier	Resta	Lopez	
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q  	Fric1on	force.	Different	models,	e.g.	
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angle in the vacuum chamber is sufficient for an overlap with the laser beam without a
disturbance of the ion beam by the laser mirrors, as described in Ref. [25].

La
se

r

ion bunch c0

storage ring or
synchrotron

emitted
photons

dipole
et

Figure 3.5: Sketch of the interaction section of the laser beam and the circulating
ions. The ion bunches travel on the reference orbit in the synchrotron.
On one straight section the ions are merged with the anti-parallel laser
beam. The interaction section in the SIS100 slightly di�ers and is ex-
plained in more detail in Ref. [25].

The force of the laser ion interaction for relativistic ion beams depends on the spon-
taneous emission rate and the transfered momentum of each scattered photon. The
transfered momentum is a combination of the momenta of the incoming and outgoing
photons as illustrated in fig. 3.1. Each resonant interaction changes the momentum of
the ion by

�~pPF =�~pPF
absor b ��~pPF

emit (3.6)

in the PF. The momenta of the incoming photon �~pPF
absor b and the emitted photon �~pPF

emit
are given by

�~pPF
absor b =

2⇡~h
�PF
·
0
@

0

0

�1

1
A

; �~pPF
emit =

2⇡~h
�PF
·
0
@
p

1� U2

cos(⇥)p
1� U2

sin(⇥)
U

1
A (3.7)

22 3 Doppler Laser Cooling

3 Doppler Laser Cooling
Doppler laser cooling is a technique to cool an ion ensemble to very low temperatures
[20]. It was originally successfully used in ion traps and later applied to stored ions
in circular accelerators [21]. In this chapter the principle of Doppler laser cooling is
explained. Section 3.1 starts with a description of the photon ion interaction in particle
traps and Sect. 3.2 describes the transfer of the cooling process from a trap to a circular
accelerator and the main differences.

3.1 Principle of Doppler Laser Cooling

g

e

g

e

v0

k
k

v0+ k
mion

v0+      -k
mion

k
mion

g

e

Figure 3.1: Single resonant ion-photon interaction: The ion absorbs an incoming
photon and the electron (red) is moved from the ground state (g) into
the excited state (e). The excited state is not stable and the ion deexcites
by a spontaneous emission in a random direction.

The principle of Doppler laser cooling of a stationary ensemble relies on the resonant
interaction of laser light with an atomic transition of the ions. The resonant interaction
is illustrated in fig. 3.1. The atomic transition can absorb a photon if the resonance
condition is fulfilled. The condition requires the photon energy to be equal to the energy
gap of the atomic transition

Ee � Eg = ~hkt c0

=
~hc

0

2⇡

�t
, (3.1)

where Eg and Ee are the energies of the ground and excited state, ~h the Planck constant
and �t , kt the wavelength and the absolute value of the wave number of the resonant
laser photons.
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Resonant	ion-photon	interac1on	

Directed	excita1on	and	isotropic	
emission	result	in	a	transfer	of	
momentum	
	
Fric1on	force:		
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Figure 3.2: Illustration of the Doppler laser cooling process in a particle trap in one
dimension. Laser beams point from all directions towards the ion en-
semble. The energy of the photons is slightly below the energy gap of
the atomic transition. In the particle rest frame the two laser beams are
Doppler shifted. The photons, coming from the right hand side, match
to the transition, and the ion is decelerated. The two forces from the
laser beams are plotted in red and the sum of both produce an approxi-
mately linear friction force (black).

The absorption of a photon pushes the ion into the excited state and transfers the
momentum of the photon to the ion. After the lifetime of the excited state ⌧se the ion
deexcites by emitting a photon spontaneously. The spontaneous emissions are not re-
stricted to a particular direction but are isotropically distributed. After many absorptions
and spontaneous emissions, the mean momentum change of the spontaneous emissions
cancels (
⌦
~h~k0
↵
= 0). The remaining momentum change of the absorbed photons points

always in the direction of the laser beam and gives a net momentum transfer to the
ions.

For the cooling process the ion is described by a two level system with the ground
state and one excited state. The scattering rate ktrap under influence of a continuous
laser intensity I is (see Ref. [37])

ktrap =
1

2⌧se

S
1+ S + 4 · (kt � kPF

L )2 ·⌧2

se/c
2

0

, (3.2)

18 3 Doppler Laser Cooling

Co-propaga1ng	laser		

Counter-propaga1ng		laser		

For	certain	type	of	ions	only,		
e.g.	7Li1+,	9Be1+,	24Mg1+,	12C3+	

Javier	Resta	Lopez	



Doppler	Laser	cooling	

	
	

25/06/2018	 21	

q  Example:	C3+	laser	cooling	in	ESR	at	GSI		
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Technique 2: Scanning the laser frequency 
Scanning	the	laser	frequency	

M.	Bussmann	et	al.	

Javier	Resta	Lopez	
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GBAR	

ELENA	

2.7	GeV		

(2.7	GeV	–	5.3	MeV)	

AD	

From	PS:	
1.5x1013	
protons/bunch,	
26	GeV	

Javier	Resta	Lopez	
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q Main	parameters	
	
•  Circumference 	 	182	m	
•  Produc1on	beam	 	1.5*1013	protons	at	26	GeV	
•  Injected	beam 	 	5*107	pbars/cycle	
•  Beam	momenta	max-min 	3.57	–	0.1	GeV/c	
•  Momenta	for	beam	cooling:	

–  Stochas1c 	 	3.57	and	2.0	GeV/c	
–  Electron 	 	0.3	and	0.1	GeV/c	

•  Acceptances:	
–  Transverse 	 	200	pi	mm	mrad	
–  Longitudinal 	 	±30	10-3	

•  Ejected	beam	at	100	MeV/c	or	5.3	MeV:	
–  Intensity 	 	~3	107	
–  Transverse	emi_ances 	5	pi	mm	mrad	(dense	core	~1	pi	mm	mrad)	
–  Momentum	spread 	1*10-4	
–  Bunch	Length 	~200	ns	

•  Vacuum	pressure,	average 	4*10-10	Torr	
•  Cycle	length 	 	100	s	

Javier	Resta	Lopez	
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q 	Ring	Op1cs		

Fig. 1: AD layout.
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Fig. 2: Basic AD deceleration cycle.

Estimated characteristics of the ejected bunch are:
107 p ’s in one pulse of 0.2-0.5 µs length, with a repeti-
tion cycle of about 1 minute.

3  AD LATTICE
Detailed study 4  has led to the conclusion that suitable
location for the electron cooling device is in a long
straight section opposite to the injection section. The
central quadrupole has to be removed. To reduce the
strength of quadrupoles required for matching, it is

proposed to add an additional quadrupole at the upstream
and downstream end of the cooling insertion.

Phase advances between the pick-ups and kickers of
the stochastic cooling have been adjusted by modifying
the strength of other AD quadrupoles outside the cooling
insertion. Further study to compensate the tune shift
given by the solenoid of the electron cooler, calculations
of the dynamical aperture are under way. The AD lattice
functions is shown in Fig. 3. During study sessions made
in the AC during 1996, it was found that orbit correction
is necessary 4  to reach low momenta.
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Fig. 3: The lattice functions of the AD where β βH V
1 2 1 2/ /,  and D

are shown on half a ring starting in the middle of the
injection section.Javier	Resta	Lopez	

4	arcs:	chroma1city	correc1on,	
dispersion	suppression	
	
4	dispersion	free	straight	
sec1ons:	s-cooling,	e-cooling,	
RF,	diagnos1cs	

S.	Baird	et	al.,	Proc.	of	PAC1997	
P.	Beloshitsky	et	al,	Proc.	of	PAC2001	
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q Decelera1on	cycle	 Fig. 1: AD layout.
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Fig. 2: Basic AD deceleration cycle.

Estimated characteristics of the ejected bunch are:
107 p ’s in one pulse of 0.2-0.5 µs length, with a repeti-
tion cycle of about 1 minute.

3  AD LATTICE
Detailed study 4  has led to the conclusion that suitable
location for the electron cooling device is in a long
straight section opposite to the injection section. The
central quadrupole has to be removed. To reduce the
strength of quadrupoles required for matching, it is

proposed to add an additional quadrupole at the upstream
and downstream end of the cooling insertion.

Phase advances between the pick-ups and kickers of
the stochastic cooling have been adjusted by modifying
the strength of other AD quadrupoles outside the cooling
insertion. Further study to compensate the tune shift
given by the solenoid of the electron cooler, calculations
of the dynamical aperture are under way. The AD lattice
functions is shown in Fig. 3. During study sessions made
in the AC during 1996, it was found that orbit correction
is necessary 4  to reach low momenta.
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q  ELENA	will	bring	a	10	to	100-fold	increase	in	the	experiments’	efficiency,	
as	well	as	the	possibility	to	accommodate	an	extra	experimental	area	to	
inves1gate	gravita1on	with	an1hydrogen	(GBAR)	

	

q  Currently	under	commissioning	

Breakthrough: First antiproton beam in ELENA 
On 2 August, the first 5.3 MeV antiproton beam coming from CERN’s Antiproton 
Decelerator (AD) circulated in the Extra Low ENergy Antiproton (ELENA) decelerating ring 
(Figure 1).  

ELENA is a new small synchrotron currently being commissioned at CERN, which will 
further decelerate antiprotons from the Antiproton Decelerator (AD) from 5.3 MeV to 
energies as low as 100 keV and provide high quality beams for antimatter experiments.  

 

Figure 1 ELENA ring at CERN. 

The first antiproton beam in ELENA is a great breakthrough, since it opens the possibility to 
carry out unique antimatter experiments, such as antigravity tests in the GBAR experiment.  

The QUASAR group at Liverpool University is making beam physics studies in the 
framework of the ELENA collaboration and also participating actively in machine 
commissioning  (Figure 2).   

 

Figure 2 James Hunt and Bianca Veglia, PhD students from The University of Liverpool, participate in the 
ELENA commissioning activities. 

Further information:  

https://home.cern/about/updates/2017/08/first-antiprotons-elena 

18th	Nov.	2016:	First	H-	beam	in	ELENA	
	
2nd	August	2017:	First	5.3	MeV	pbar	beam	in	ELENA	
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q Main	parameters	
	

Javier	Resta	Lopez	

The ELENA deceleration cycle is schematically shown in Fig. 1.
There are two cooling plateaus: the first cooling plateau lasts ap-
proximately 8 s at 35 MeV/c momentum, and the second one is
applied for 2 s at 13.7 MeV/c. In both cases the cooling is applied to
a coasting beam. A third cooling at 13.7 MeV/c will be applied to
bunched beams prior to extraction.

The ELENA optics layout, matched using the accelerator design
code MAD-X [10], is depicted in Fig. 2 and is described in detail in
[2,11]. In Table 1 we display some relevant nominal parameters.

3. Beam distribution at injection

Beam profile measurements in the AD in the past [12] have
shown non-Gaussian transverse beam distributions with compact
core and extended tails, generated during the beam cooling process
(stochastic cooling and e-cooling). Fig. 3 shows an example of beam
distribution measurements performed by scraping in the AD at
100 MeV/c momentum. A scraper blade, located in a position with
zero dispersion, has been moved into the beam in small steps to
measure the remaining beam current. This allows us to obtain cu-
mulative distribution functions. The differentiation of these cumu-
lative functions corresponds to the density of the beam distribution.
Actually, the measurement in Fig. 3 represents half of the beam
distribution. For this set of measurements approximate physical rms
emittances of ϵ = 0.2x to 0.5 mm were inferred for the horizontal
phase space, and ϵ = 0.15y to 0.3 mm for the vertical phase space.

In recent years, such a core-tail beam structure in the AD has
been confirmed using Gas Electron Multiplier (GEM) based beam
profile monitors [13,14].

For the beam dynamics simulations in ELENA we use measured
parameters in the AD as a reference to generate an input dis-
tribution of macro-particles to be injected into the ELENA ring. For
it, a Python script is used to create an input core-tail distribution
based in the sum of two Gaussian functions in phase space centred
at zero mean values:

( )π π( ′) = ( − ) ϵ − ( ′)
ϵ + ϵ − ( ′)

ϵ
⎧⎨⎩

⎡
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2
exp ,

2
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2
exp ,

2
,

c c t t

where ϵc stands for the core emittance and ϵt for the emittance of
the Gaussian phase space representing the tails; N is the total
number of macro-particles, and the parameter w represents a re-
lative weight. The term ( ′)I x x, is the so-called Courant-Snyder
invariant,

γ α β( ′) = + ′ + ′ ( )I x x x xx x, 2 , 2x x x
2 2

with βx, αx and γ α β≡ ( + )1 /x x x
2 the Courant-Snyder parameters.

Here, the emittance can be given in terms of the standard de-
viation σc,t for the betatronic beam width for the core and the tail,
respectively, and the optics parameter β σ βϵ =: /x xc,t c,t

2 .
A similar distribution ( ′)g y y, is assumed for the vertical phase

space, with the corresponding optics parameters βy, αy and γy.
A Gaussian longitudinal phase space is considered for injection

from AD to ELENA. Fig. 4 shows a typical longitudinal profile
measurement using tomography techniques in the AD [15]. In this
sample the following parameters were measured: rms bunch
length σ =τ 125 ns; rms kinetic energy spread σ = 4 keVE ; and re-
lative rms momentum spread σ σ= ( ) = × −p E/ 1/2 / 0.38 10p E 0

3 (with
the nominal energy E0¼5.3 MeV at the end of the AD cycle).

Fig. 5 depicts the initial distribution of macroparticles at in-
jection used for the particle tracking simulations in ELENA, based
on the above assumptions. The following conservative values have
been taken into account:

" For the transverse phase space, based on Eq. (1), we use the
following emittance values: (ϵ ) = μ0.5 mc inj , and the tail is
extended to σ× ( ) ≈3 10 mmt inj , for both vertical and horizontal
planes. For simplicity, here the same number of macroparticles
in the core and in the tail is assumed, i.e. w¼0.5.

" For the longitudinal phase space, the ELENA bunch must be
scaled by a factor 0.8 from the AD bunch. For example, scaling
from the bunch in Fig. 4 one finds σ( ) ≈τ 100inj ns rms bunch
length (in units of time) and σ( ) ≈ × −p/ 0.3 10p inj

3 for the relative
rms momentum spread.

4. Beam dynamics simulations

After injection from the AD to ELENA, the beam is decelerated
for 5 s from a momentum of 100 MeV/c down to an intermediate

Fig. 1. Basic ELENA deceleration cycle.

Fig. 2. ELENA ring optics.

Table 1
ELENA nominal machine and beam parameters.

Circumference (m) 30.4
Nominal (dynamic) vacuum pressure (Torr) × −3 10 12

Machine tunes Qx/Qy 2.3/1.3
Repetition rate (s) ≈100

Kinetic energy range (MeV) 5.3–0.1
Momentum range (MeV/c) 100–13.7
Beam intensity (number of p̄) ∼(1–3)×107

Transverse acceptance (μm) 75
Ejected emittance (rms) ϵx y, (π mmmrad) ∼1
Ejected relative momentum spread (rms) σ p/p (%) ∼0.05

Number of ejected bunches 4
Ejected bunch length (m) 1.3

J. Resta-López et al. / Nuclear Instruments and Methods in Physics Research A 834 (2016) 123–131124
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q Ring	op1cs	
	

The ELENA deceleration cycle is schematically shown in Fig. 1.
There are two cooling plateaus: the first cooling plateau lasts ap-
proximately 8 s at 35 MeV/c momentum, and the second one is
applied for 2 s at 13.7 MeV/c. In both cases the cooling is applied to
a coasting beam. A third cooling at 13.7 MeV/c will be applied to
bunched beams prior to extraction.

The ELENA optics layout, matched using the accelerator design
code MAD-X [10], is depicted in Fig. 2 and is described in detail in
[2,11]. In Table 1 we display some relevant nominal parameters.

3. Beam distribution at injection

Beam profile measurements in the AD in the past [12] have
shown non-Gaussian transverse beam distributions with compact
core and extended tails, generated during the beam cooling process
(stochastic cooling and e-cooling). Fig. 3 shows an example of beam
distribution measurements performed by scraping in the AD at
100 MeV/c momentum. A scraper blade, located in a position with
zero dispersion, has been moved into the beam in small steps to
measure the remaining beam current. This allows us to obtain cu-
mulative distribution functions. The differentiation of these cumu-
lative functions corresponds to the density of the beam distribution.
Actually, the measurement in Fig. 3 represents half of the beam
distribution. For this set of measurements approximate physical rms
emittances of ϵ = 0.2x to 0.5 mm were inferred for the horizontal
phase space, and ϵ = 0.15y to 0.3 mm for the vertical phase space.

In recent years, such a core-tail beam structure in the AD has
been confirmed using Gas Electron Multiplier (GEM) based beam
profile monitors [13,14].

For the beam dynamics simulations in ELENA we use measured
parameters in the AD as a reference to generate an input dis-
tribution of macro-particles to be injected into the ELENA ring. For
it, a Python script is used to create an input core-tail distribution
based in the sum of two Gaussian functions in phase space centred
at zero mean values:

( )π π( ′) = ( − ) ϵ − ( ′)
ϵ + ϵ − ( ′)

ϵ
⎧⎨⎩
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where ϵc stands for the core emittance and ϵt for the emittance of
the Gaussian phase space representing the tails; N is the total
number of macro-particles, and the parameter w represents a re-
lative weight. The term ( ′)I x x, is the so-called Courant-Snyder
invariant,

γ α β( ′) = + ′ + ′ ( )I x x x xx x, 2 , 2x x x
2 2

with βx, αx and γ α β≡ ( + )1 /x x x
2 the Courant-Snyder parameters.

Here, the emittance can be given in terms of the standard de-
viation σc,t for the betatronic beam width for the core and the tail,
respectively, and the optics parameter β σ βϵ =: /x xc,t c,t

2 .
A similar distribution ( ′)g y y, is assumed for the vertical phase

space, with the corresponding optics parameters βy, αy and γy.
A Gaussian longitudinal phase space is considered for injection

from AD to ELENA. Fig. 4 shows a typical longitudinal profile
measurement using tomography techniques in the AD [15]. In this
sample the following parameters were measured: rms bunch
length σ =τ 125 ns; rms kinetic energy spread σ = 4 keVE ; and re-
lative rms momentum spread σ σ= ( ) = × −p E/ 1/2 / 0.38 10p E 0

3 (with
the nominal energy E0¼5.3 MeV at the end of the AD cycle).

Fig. 5 depicts the initial distribution of macroparticles at in-
jection used for the particle tracking simulations in ELENA, based
on the above assumptions. The following conservative values have
been taken into account:

" For the transverse phase space, based on Eq. (1), we use the
following emittance values: (ϵ ) = μ0.5 mc inj , and the tail is
extended to σ× ( ) ≈3 10 mmt inj , for both vertical and horizontal
planes. For simplicity, here the same number of macroparticles
in the core and in the tail is assumed, i.e. w¼0.5.

" For the longitudinal phase space, the ELENA bunch must be
scaled by a factor 0.8 from the AD bunch. For example, scaling
from the bunch in Fig. 4 one finds σ( ) ≈τ 100inj ns rms bunch
length (in units of time) and σ( ) ≈ × −p/ 0.3 10p inj

3 for the relative
rms momentum spread.

4. Beam dynamics simulations

After injection from the AD to ELENA, the beam is decelerated
for 5 s from a momentum of 100 MeV/c down to an intermediate

Fig. 1. Basic ELENA deceleration cycle.

Fig. 2. ELENA ring optics.

Table 1
ELENA nominal machine and beam parameters.

Circumference (m) 30.4
Nominal (dynamic) vacuum pressure (Torr) × −3 10 12

Machine tunes Qx/Qy 2.3/1.3
Repetition rate (s) ≈100

Kinetic energy range (MeV) 5.3–0.1
Momentum range (MeV/c) 100–13.7
Beam intensity (number of p̄) ∼(1–3)×107

Transverse acceptance (μm) 75
Ejected emittance (rms) ϵx y, (π mmmrad) ∼1
Ejected relative momentum spread (rms) σ p/p (%) ∼0.05

Number of ejected bunches 4
Ejected bunch length (m) 1.3

J. Resta-López et al. / Nuclear Instruments and Methods in Physics Research A 834 (2016) 123–131124
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Good	tunability	in	the	range	2	<	Qx	<	2.5	and	1	<	Qy	<	1.5			

Hexagonal	layce	
	
Periodicity	of	two:	

•  e-cooling	sec1on	+	2	
standard	sec1ons	

•  Injec1on	sec1on	+	2	
standard	sec1ons	

	
3	families	of	quadrupoles	(each	
of	4	members)	
	
2	skew	quadrupoles	
	
2	families	of	sextupoles	(each	
of	two	members)	
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q Decelera1on	cycle	

The ELENA deceleration cycle is schematically shown in Fig. 1.
There are two cooling plateaus: the first cooling plateau lasts ap-
proximately 8 s at 35 MeV/c momentum, and the second one is
applied for 2 s at 13.7 MeV/c. In both cases the cooling is applied to
a coasting beam. A third cooling at 13.7 MeV/c will be applied to
bunched beams prior to extraction.

The ELENA optics layout, matched using the accelerator design
code MAD-X [10], is depicted in Fig. 2 and is described in detail in
[2,11]. In Table 1 we display some relevant nominal parameters.

3. Beam distribution at injection

Beam profile measurements in the AD in the past [12] have
shown non-Gaussian transverse beam distributions with compact
core and extended tails, generated during the beam cooling process
(stochastic cooling and e-cooling). Fig. 3 shows an example of beam
distribution measurements performed by scraping in the AD at
100 MeV/c momentum. A scraper blade, located in a position with
zero dispersion, has been moved into the beam in small steps to
measure the remaining beam current. This allows us to obtain cu-
mulative distribution functions. The differentiation of these cumu-
lative functions corresponds to the density of the beam distribution.
Actually, the measurement in Fig. 3 represents half of the beam
distribution. For this set of measurements approximate physical rms
emittances of ϵ = 0.2x to 0.5 mm were inferred for the horizontal
phase space, and ϵ = 0.15y to 0.3 mm for the vertical phase space.

In recent years, such a core-tail beam structure in the AD has
been confirmed using Gas Electron Multiplier (GEM) based beam
profile monitors [13,14].

For the beam dynamics simulations in ELENA we use measured
parameters in the AD as a reference to generate an input dis-
tribution of macro-particles to be injected into the ELENA ring. For
it, a Python script is used to create an input core-tail distribution
based in the sum of two Gaussian functions in phase space centred
at zero mean values:

( )π π( ′) = ( − ) ϵ − ( ′)
ϵ + ϵ − ( ′)
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where ϵc stands for the core emittance and ϵt for the emittance of
the Gaussian phase space representing the tails; N is the total
number of macro-particles, and the parameter w represents a re-
lative weight. The term ( ′)I x x, is the so-called Courant-Snyder
invariant,

γ α β( ′) = + ′ + ′ ( )I x x x xx x, 2 , 2x x x
2 2

with βx, αx and γ α β≡ ( + )1 /x x x
2 the Courant-Snyder parameters.

Here, the emittance can be given in terms of the standard de-
viation σc,t for the betatronic beam width for the core and the tail,
respectively, and the optics parameter β σ βϵ =: /x xc,t c,t

2 .
A similar distribution ( ′)g y y, is assumed for the vertical phase

space, with the corresponding optics parameters βy, αy and γy.
A Gaussian longitudinal phase space is considered for injection

from AD to ELENA. Fig. 4 shows a typical longitudinal profile
measurement using tomography techniques in the AD [15]. In this
sample the following parameters were measured: rms bunch
length σ =τ 125 ns; rms kinetic energy spread σ = 4 keVE ; and re-
lative rms momentum spread σ σ= ( ) = × −p E/ 1/2 / 0.38 10p E 0

3 (with
the nominal energy E0¼5.3 MeV at the end of the AD cycle).

Fig. 5 depicts the initial distribution of macroparticles at in-
jection used for the particle tracking simulations in ELENA, based
on the above assumptions. The following conservative values have
been taken into account:

" For the transverse phase space, based on Eq. (1), we use the
following emittance values: (ϵ ) = μ0.5 mc inj , and the tail is
extended to σ× ( ) ≈3 10 mmt inj , for both vertical and horizontal
planes. For simplicity, here the same number of macroparticles
in the core and in the tail is assumed, i.e. w¼0.5.

" For the longitudinal phase space, the ELENA bunch must be
scaled by a factor 0.8 from the AD bunch. For example, scaling
from the bunch in Fig. 4 one finds σ( ) ≈τ 100inj ns rms bunch
length (in units of time) and σ( ) ≈ × −p/ 0.3 10p inj

3 for the relative
rms momentum spread.

4. Beam dynamics simulations

After injection from the AD to ELENA, the beam is decelerated
for 5 s from a momentum of 100 MeV/c down to an intermediate

Fig. 1. Basic ELENA deceleration cycle.

Fig. 2. ELENA ring optics.

Table 1
ELENA nominal machine and beam parameters.

Circumference (m) 30.4
Nominal (dynamic) vacuum pressure (Torr) × −3 10 12

Machine tunes Qx/Qy 2.3/1.3
Repetition rate (s) ≈100

Kinetic energy range (MeV) 5.3–0.1
Momentum range (MeV/c) 100–13.7
Beam intensity (number of p̄) ∼(1–3)×107

Transverse acceptance (μm) 75
Ejected emittance (rms) ϵx y, (π mmmrad) ∼1
Ejected relative momentum spread (rms) σ p/p (%) ∼0.05

Number of ejected bunches 4
Ejected bunch length (m) 1.3

J. Resta-López et al. / Nuclear Instruments and Methods in Physics Research A 834 (2016) 123–131124

Javier	Resta	Lopez	



ELENA	e-cooler	

25/06/2018	 30	

q Parameters	0RPHQWXP �0H9�F� �� ����

ȕ ����� �����

(OHFWURQ EHDP HQHUJ\ �H9� ��� ��

(OHFWURQ FXUUHQW �P$� � �

%JXQ �*� ����

%GULIW �*� ���

([SDQVLRQ IDFWRU ��

&DWKRGH UDGLXV �PP� �

(OHFWURQ EHDP UDGLXV �PP� ��

)ODQJH�WR�IODQJH OHQJWK �PP� ����

'ULIW VROHQRLG OHQJWK �PP� ����

0RPHQWXP �0H9�F� �� ����

ȕ ����� �����

(OHFWURQ EHDP HQHUJ\ �H9� ��� ��

(OHFWURQ FXUUHQW �P$� � �

%JXQ �*� ����

%GULIW �*� ���

([SDQVLRQ IDFWRU ��

&DWKRGH UDGLXV �PP� �

(OHFWURQ EHDP UDGLXV �PP� ��

)ODQJH�WR�IODQJH OHQJWK �PP� ����

'ULIW VROHQRLG OHQJWK �PP� ����

Gerard	Tranquille,	Proc.	of	IPAC2018	
See	talk	by	Gerard	Tranquille,	this	School	

Javier	Resta	Lopez	



ELENA	e-cooler		

25/06/2018	 31	

See	talk	by	Gerard	Tranquille,	this	School	

Javier	Resta	Lopez	



ELENA	e-cooler	simula3ons		

25/06/2018	 32	

q E-cooling	at	100	keV	

Beam	profile	evolu1on	
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Emittance Measurement of Cooled Beams  
 

J. Resta-Lopez, J. R. Hunt, B. Veglia, C. P. Welsch 
 

Cockcroft Institute and the University of Liverpool 

	

	

SCRAPER PARAMETERS: 
 
Horizontal and Vertical 
Material: Aluminium 
Thickness: 1 mm 
Window: 66 mm x 66 mm 
Frequency of acquisition: 40 mm/s 
Position Accuracy: 0.1 mm 
 
Detectors: 
2xScintillators 
4xMCPs 

Abstract	

Non-zero dispersion 
Without momentum spread: With momentum spread: 
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Precise emittance measurements are essential to guarantee optimum beam control and performance in all kind of accelerator machines. Amongst 
them, ultra-low energy antiproton and ion facilities, where beam cooling is essential, are not an exception. In these machines, the emittance 
reconstruction techniques have to face several challenges, e.g. asymmetric beams, long beam profile tails, diffusion and space charge effects. In 
addition, likely in a strongly cooled beam there will appear a high correlation between momentum offset and transverse emittance. In this contribution, 
we investigate effective reconstruction algorithms based in scraping techniques in presence of the above effects. Simulation results are presented for 
the case of the Extra Low ENergy Antiproton storage ring (ELENA), which is currently being commissioned at CERN.  

	

	

ELENA	Scraper	

	

	

General Case Algorithm 

Cumulative 
Distribution 
Function, F+ 

Probability 
Density 
Function, f+ 

•  Take two separate scraper measurements from opposite sides of the beam, and combine 
analysis of each to eliminate uncertainties due to momentum offset. 

•  This method does not require knowledge of the beam profile, however the momentum spread 
must be estimated. 

dF (xs)

dxs

	

	

Simulations 

Non-Gaussian beams 

11

are assumed: ✏

x,y

= 1 µm and �

�

= 5 ⇥ 10�4. Then
the transverse emittance and momentum spread growths
due to IBS have been calculated as a function of time. To
evaluate the IBS e↵ects here we use the so-called Mar-
tini model [19], which is an extended version of Piwin-
ski’s model [20], taking into account lattice derivatives.
The computation process can basically be summarised
as follows: rms emittances and momentum spread are
computed from the input macro-particle distribution; the
growth rates are calculated at each element of the lattice
along the ring, assuming Gaussian beams with these rms
parameters; and, finally, random IBS kicks are then ap-
plied to the full macro-particle distribution based on the
calculated growth rates.

Figure 13 shows both transverse emittance and relative
momentum spread growth in time due to IBS. It can
give an estimate of the emittance growth from the end of
the cooling process, where equilibrium has been achieved
between cooling and IBS and the starting of the scraping
process. Obviously, di↵usion will become more important
for lower scraper velocity, and therefore longer time steps.
For example, to keep �✏

x

< 10% the time lapse should
be less than 300 ms.

The evaluation of the IBS impact during the scraper
measurement is more complicate and require to take into
account the intensity reduction during scraping. Actu-
ally, the situation will become more favourable during the
measurement progression, since the scraper will reduce
the beam intensity in subsequent steps and IBS emittance
growth rates will decrease according to 1/⌧

x,y,p

/ N , as
indicated in Eq. (28), where N = N0 ·F±(xs

) is the num-
ber of remaining antiprotons in the beam.
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FIG. 13. Emittance and momentum spread increase due to
IBS as a function of time in the ELENA ring for a coasting
beam with 13.7 MeV momentum, assuming an initial equi-
librium emittance of 1 µm and relative momentum spread
5⇥ 10�4.

TABLE IV. Gas jet parameters for ionisation, considering a
gas jet made of N+

2 .

Parameters USR ELENA
Beam particle p̄ p̄
Beam kinetic energy, E

k

[keV] 300-20 5300-100
Cross section (N+

2 ), �cs [(m�10)2] 1.5-3.0 0.5-3.0
Gas jet thickness, dgas [mm] 0.5 0.5
Pressure [Torr] 10�11 3⇥ 10�12

Residual gas density [m�3] 2.5⇥ 1011 7.5⇥ 1010

Jet gas density, ⇢gas 2.5⇥ 1016 2.5⇥ 1016

Reaction rate per mA,
R [ionisation/s] ⇠ 1.5⇥ 1019 ⇠ 1.5⇥ 1019

V. ALTERNATIVE TECHNIQUES

For a future upgrade of the beam diagnostics systems
of ELENA, non-invasive techniques to measure emittance
and beam profiles are being consider, such as Ionization
Beam Profile Monitors (IPM) [24]. The QUASAR group
is currently investigating and developing a beam Gas Jet
Monitor for beam profile measurement. This monitor is
based in a supersonic neutral gas jet target, whose ge-
ometry is shaped by means of suitable collimators, in the
form of a thin screen, angled at 45 degrees with respect
to the incoming beam. Proof-of-principle measurements
have been recently completed at the Cockcroft Institute
[25, 26]. This device has been designed to be operated
as IPM and also as Beam Induced Fluorescence monitor
(BIF).
This supersonic gas jet monitor, initially developed

for the Ultra-low energy Storage Ring (USR) [27] at
the Facility for Low-energy Antiproton and Ion Research
(FLAIR) [28], has proved to be very versatile and could
be adapted to other machines for any type of beam in a
wide range of energies.
A Gas Jet Monitor is currently being adapted and op-

timised for low energy storage rings. Table IV compares
some relevant parameters for the ionisation mode oper-
ation of the monitor for both USR and ELENA, taking
into account the ionisation rate:

R = �cs(Ek

)⇢gasdgas
I

q

, (29)

where �cs(Ek

) is the cross section between the particle
beam and the gas jet target (it depends on the beam
energy E

k

), ⇢gas the gas jet density, dgas the gas thickness
crossed by the beam, I beam current and q the charge of
the beam particle.

VI. CONCLUSIONS AND PROSPECTS

We have developed algorithms for reconstructing the
transverse emittances of beams in the dispersive region of
a storage ring. The algorithms can reconstruct the emit-
tance of a Gaussian beam using a single scraper scan, and

Diffusion effects, e.g. due to IBS 

	

	

Challenges 

BETACOOL simulations: 
Electron cooling of a pbar  beam in ELENA at 100 keV  (including IBS and rest gas scattering) 
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Emittance reconstruction: 
Before cooling at 100 keV After cooling at 100 keV 

http://www.cockcroft.ac.uk  
http://www.quasar-group.org 

javier.resta.lopez@cockcroft.ac.uk 

This work is supported by  the STFC Cockcroft Institute core Grant No. ST/G008248/1 

εx (in)=2.911 mm mrad 
εx (out)=2.916 mm mrad 

εx (in)=0.67 mm mrad 
εx (out)=0.712 mm mrad 

Including:	
•  e-beam	with	space	charge	
•  IBS		
•  Rest	gas	sca_ering	(3x10-12	Torr)	

Javier	Resta	Lopez	
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q  Electrosta1c	or	magne1c	beamline?	
	
q  A	low	veloci1es	electric	fields	may	be	more	efficient	
	
q  100	keV	is	s1ll	in	the	reachable	range	for	electrosta1c	elements	
	
q  Advantages	of	electrosta1c:	
	

q  No	hysteresis	
q  Be_er	stability.	Easy	field	shaping	
q  Low	power	consump1on	
q  Cheap	power	supplies	
q  Good	magne1c	shielding	possibili1es	
	

q  Disadvantages:	
	

q  Safety	with	high-voltage	
q  Interlocking	against	sparks	

Javier	Resta	Lopez	
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BEAM DYNAMICS STUDIES OF THE ELENA ELECTROSTATIC

TRANSFER LINES

M.A. Fraser∗, W. Bartmann, R. Ostojic, CERN, Geneva, Switzerland
D. Barna, University of Tokyo, Tokyo, Japan

Abstract

The low-energy ELENA ring at the Antiproton Decelera-
tor (AD) facility at CERN will lower the kinetic energy of
antiproton beams from 5.3 MeV to 100 keV, significantly
increasing the antiproton trapping efficiency at the experi-
ments. The antiprotons from ELENA will be distributed to
two experimental areas housing several different experiments
through a system of electrostatic transfer lines totalling 90 m
in length. A significant optimisation of the electrostatic op-
tical elements (deflectors, quadrupoles, and correctors) has
been carried out to improve the beam quality delivered to
the experiments and facilitate installation of the beam lines
into the AD hall. A general overview of the beam optics is
presented, including end-to-end particle tracking and error
studies from the extraction point in the ELENA ring to the
experiments.

INTRODUCTION

The installation of the ELENA synchrotron [1] at CERN’s
AD facility will lower the kinetic energy of antiproton beams
to 100 keV. A network of transfer lines has been designed
to distribute the low energy antiproton beam to eight differ-
ent experiments. The system is presently undergoing the
first stage of installation in the AD hall. The layout of the
transfer lines is shown in Fig. 1 and the relevant ELENA
beam parameters for discussion in this paper are collected
in Table 1. The transfer lines exploit electrostatic optical
elements and are built up in a modular way from a series of
standardised blocks: electrostatic quadrupole doublets with
integrated correctors, beam position monitors, fast electric
deflectors and electrostatic deflectors. After an initial opti-
misation of the orientation of the ELENA ring the transfer
lines have been integrated and the geometry of the lines
fixed in the AD hall. The fast deflectors located at each
branch permit different bunches within the same bunch train
extracted from ELENA to be distributed simultaneously to
up to four experiments.

DESIGN OVERVIEW

The initial beam line design [2] was carried out using elec-
trostatic beam line elements represented as transfer matrices
and implemented in MADX [3]. The transfer matrices were
computed by tracking test particles in the field maps gen-
erated using the finite element electromagnetic field solver
COMSOL [4,5]. The higher-order (non-linear) field compo-
nents were carefully optimised in each device as described
elsewhere in these proceedings [6]. The design evolved in

∗ mfraser@cern.ch

several iterations, evaluating each time the effects of changes
in the layout, or in the design of the optical elements, on
the beam quality. The final validation of the transfer line
design was achieved with end-to-end particle tracking in
the field maps of all elements from the ELENA ring to the
experiment, in the presence of errors and imperfections.

ELENA 

LNR 

LNE50 

LNE51 
GBAR 

BASE 

AD 

LNI 

LNS 
LNE00 

LNE07 

ASACUSA 1 

LNE06 

ASACUSA 2 

LNE01 

ALPHA 

LNE03 

LNE04 

ATRAP 1 

ATRAP 2 

AEGIS 

LNE02 

LNE05 

Ion source 

Ion switch 
Fast kicker: injecIon 
Fast kicker: extracIon 

Fast kicker + staIc deflector 
StaIc deflector 
MagneIc dipole 

Figure 1: Layout of the ELENA transfer line network.

Table 1: ELENA Beam Parameters

Parameter Injection Extraction

Kinetic energy, W [MeV] 5.3 0.1
Reduced velocity, β 0.1064 0.0146
Magnetic rigidity [Gm] 3329 457
Electric rigidity [kV] 10570 200
No. of bunches 1 1 - 4
Emit. (95%) H / V [mm mrad] < 15 / 15 6 / 4

Momentum spread (95%) 1×10−3 2.5×10−3

Intensity [p̄] 3.0×107 1.8×107

Bunch length [m] ∼12.7 1.3

The basic layout of the lines is determined by a FODO
focusing structure with a cell length of 3.1 m and a phase
advance of 90 deg per cell. The quadrupoles are housed in
the same doublet assembly in order to standardise produc-
tion; in the FODO sections only one of the quadrupoles in
the assembly is powered, whereas in the matching sections
both are powered.

Each doublet assembly contains separated horizontal and
vertical correctors between the quadrupoles, giving two cor-
rectors per plane in each cell and good control over the beam
trajectory. This is particularly important in areas where stray
field from experimental equipment will play a role in beam
tuning.

M.	A.	Fraser	et	al.,	Proc.	of	IPAC2015	

Javier	Resta	Lopez	
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Purposes
� Create a new simulation 

approach for validation of 
antimatter machines and 
experiments

� Use realistic descriptions of 
each element based on finite 
element simulations or 
experimental measurements

� Include intrabeam effects
� Simplify the tuning procedure

ELENA
� Extra Low ENergy Antiproton 

ring
� Lower energy beams, 100 keV, 

for better trapping efficiency 

Transfer lines
� All optical elements are 

electrostatic 
� Includes horizontal and 

vertical bends

G4beamline modification
� Software based on GEANT4 toolkit
� Different strengths for magnetic and electrostatic quadrupoles:

� Our modified code allows us to use electrostatic or magnetic 
quadrupoles

Bending elements
� Fast and slow deflectors
� Developing the most realistic 

models

Quadrupoles validation
� Output from both 

electrostatic and magnetic 
versions of FODO cell 

Transfer line to ALPHA experiment

Beam quality
� Beam distributions at the end 

of ALPHA branch
� Can optimize lines based on 

desirable beam properties

Line parameters
� Detailed information on 

Twiss parameters and other 
characteristics of beamlines

Tuning tool
� MATLAB based GUI
� Manual and automated 

tuning
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q  Fast	deflectors	

  

Electrostatic Bending

E E

R

F=q E=ma=m
v

2

R
→ R=

2

E

Ekin

q

Bending radius depends only on the E
kin
/q of the particle.

Independent of mass.

Learn from other devices with similar E
kin

/q

Visited the ELISA storage ring @ University of Aarhus.

Purposes
� Create a new simulation 

approach for validation of 
antimatter machines and 
experiments
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q  Fast	deflector	+	bend	

V.	Rodin	

Realistic 3D implementation of electrostatic elements for low energy machines 3

magnetic and electrostatic field gradients, GM and GE respectively, were calcu-
lated from k, in G4Beamline input units (Tm�1, MVm�1) using:

GM =
kp

c⇥ 10�9
, GE =

GMv

106
, (1)

where p is the momentum of the particles in the beam, c is the speed of light in
vacuum and v is the velocity of the beam particles.

The longitudinal field shape di↵erence between electrostatic and magnetic
quadrupoles was also taken into account. The current G4Beamline magnetic model
is based on the standard description by a Enge function [9] with six parameters
a1. . . a6. The same method is applicable to electrostatic version of elements, fitting
the six parameters to match fields obtained through realistic FEM simulations.

Enge(z) =
1

1 + exp(a1 + a2(z/D) + ...+ a6(z/D)5)
(2)

where z is the distance perpendicular to the e↵ective field boundary and D is the
full aperture of the particle optical element.

4 Electrostatic Bending Elements

The realistic fields including fringe e↵ects fields and inhomogeneities due to geo-
metrical factors were generated using finite element software. Fortunately, G4Beamline
allows the import of external field maps utilizing the fieldmap command. However,
only very restricted grid formats for maps with a constant step in {x, y, z} or {z, r}
are accepted.

Firstly, CAD models of all bending elements from the electrostatic transfer line
were created. They were based on drawings from the CERN CDD database [10],
and consisted primarily of the electrodes used to generate the bending fields.

The models were imported to CST Studio [11] and field maps were generated
according to nominal operating voltages, Fig. 1. The field maps were found to have
nominal values of field gradient at the centre of the elements. Additionally, output
field maps could be generated in a G4Beamline compatible 3D grid format. In

Fig. 1 The full transfer line from ELENA (left) to ALPHA (right) with antiproton beam
tracks (red line). Bending elements are highlighted and CST models with field lines shown.

G4beamline	model	of	TL	from	ELENA	to	ALPHA		

Fast	deflector		 Bend	+	fringe	field	effects	

Javier	Resta	Lopez	
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Figure 2: Optics functions from ELENA ring and ALPHA experimental target (left to right).

The beam position monitors (BPMs) are based on the
secondary emission of electrons from a wire grid inserted
into the beam. The BPM assembly is attached directly to
each doublet wherever possible.

The FODO sections are interspersed with deflectors to
switch between lines and matching sections to control the
beam size through the deflectors and to focus the beam into
the experiments. The transfer line optics is static and de-
signed such that all lines can be matched simultaneously;
each experiment will receive a bunch of antiprotons by pro-
gramming the timing of the fast deflectors with a rise and
fall time < 1 µs.

TRANSFER LINE BEAM OPTICS

The MADX model was used to perform the first-order
matching and optimisation of the transfer lines. The
TRACK [7] code was then used to assemble the 3D field
maps exported from COMSOL and to track particles through
the beam lines. TRACK applies Runge-Kutta methods to
numerically integrate the 6D equations of motion of parti-
cles through arbitrary 3D, static or radio-frequency, elec-
tromagnetic field maps. The beam optics of the line to the
ALPHA experiment, which is representative of the transfer
line network as a whole, is used for demonstration purposes
in this paper; the optics is summarised in Fig. 2, where
the β-functions computed by MADX and TRACK are com-
pared.1 The small difference between the codes arises from
the hard-edge approximation of the quadrupole fields ap-
plied in MADX and is most evident where the quadrupole
strength is large. The simulation includes the lines LNE00,
01, 03 and 04 containing a fast extraction deflector, ∼25 m of
FODO beam line, another fast deflector and two static deflec-
tors of 33.16 and 50.42 deg. The beam is matched from the
ring to the first FODO section in LNE00 and LNE01, then
matched through the fast switch to another FODO section
where the beam proceeds through one more deflection before
being matched to the experiment in LNE04. The beam size
at ALPHA is optimised in the final matching section where
the dispersion is also brought under control, reaching the
beam size specification of 1 - 2 mm (FWHM). The change
in bunch length along the transfer line is negligible.

The quadrupoles have an aperture of 60 mm between elec-
trodes and the deflectors have an electrode gap of 65 mm.

1 TRACK computes the Twiss parameters from a statistical analysis of the
distribution of particles being tracked.

Figure 3: Phase space contour plots of tracked particle dis-
tribution from ELENA to ALPHA.

The acceptance of the line without steering errors or mis-
alignment is 50 mm mrad, which is a factor 10 larger than
the quoted nominal 95% transverse emittances at extraction
from ELENA, and is limited by the large β-functions in the
matching quadrupoles before the experiment. In the FODO
sections the acceptance is almost 200 mm mrad.

The end-to-end tracking simulations validated the design
guidelines used in the individual device optimisation, with
less than 2% growth of the rms emittance coming from
geometric aberrations in the nominal case without errors.
This growth is negligible compared to the emittance growth
driven by the non-zero dispersion along the line. The phase
space at input and output to the tracking simulation in shown
in Fig. 3, along with the beam spot at the ALPHA focal
plane.

q  Example:	from	ELENA	ring	to	ALPHA	

	
	
q  Predicted	beam	profile	and	phase	space	at	ALPHA	from	tracking	simula1ons	
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Figure 2: Optics functions from ELENA ring and ALPHA experimental target (left to right).

The beam position monitors (BPMs) are based on the
secondary emission of electrons from a wire grid inserted
into the beam. The BPM assembly is attached directly to
each doublet wherever possible.

The FODO sections are interspersed with deflectors to
switch between lines and matching sections to control the
beam size through the deflectors and to focus the beam into
the experiments. The transfer line optics is static and de-
signed such that all lines can be matched simultaneously;
each experiment will receive a bunch of antiprotons by pro-
gramming the timing of the fast deflectors with a rise and
fall time < 1 µs.

TRANSFER LINE BEAM OPTICS

The MADX model was used to perform the first-order
matching and optimisation of the transfer lines. The
TRACK [7] code was then used to assemble the 3D field
maps exported from COMSOL and to track particles through
the beam lines. TRACK applies Runge-Kutta methods to
numerically integrate the 6D equations of motion of parti-
cles through arbitrary 3D, static or radio-frequency, elec-
tromagnetic field maps. The beam optics of the line to the
ALPHA experiment, which is representative of the transfer
line network as a whole, is used for demonstration purposes
in this paper; the optics is summarised in Fig. 2, where
the β-functions computed by MADX and TRACK are com-
pared.1 The small difference between the codes arises from
the hard-edge approximation of the quadrupole fields ap-
plied in MADX and is most evident where the quadrupole
strength is large. The simulation includes the lines LNE00,
01, 03 and 04 containing a fast extraction deflector, ∼25 m of
FODO beam line, another fast deflector and two static deflec-
tors of 33.16 and 50.42 deg. The beam is matched from the
ring to the first FODO section in LNE00 and LNE01, then
matched through the fast switch to another FODO section
where the beam proceeds through one more deflection before
being matched to the experiment in LNE04. The beam size
at ALPHA is optimised in the final matching section where
the dispersion is also brought under control, reaching the
beam size specification of 1 - 2 mm (FWHM). The change
in bunch length along the transfer line is negligible.

The quadrupoles have an aperture of 60 mm between elec-
trodes and the deflectors have an electrode gap of 65 mm.

1 TRACK computes the Twiss parameters from a statistical analysis of the
distribution of particles being tracked.

Figure 3: Phase space contour plots of tracked particle dis-
tribution from ELENA to ALPHA.

The acceptance of the line without steering errors or mis-
alignment is 50 mm mrad, which is a factor 10 larger than
the quoted nominal 95% transverse emittances at extraction
from ELENA, and is limited by the large β-functions in the
matching quadrupoles before the experiment. In the FODO
sections the acceptance is almost 200 mm mrad.

The end-to-end tracking simulations validated the design
guidelines used in the individual device optimisation, with
less than 2% growth of the rms emittance coming from
geometric aberrations in the nominal case without errors.
This growth is negligible compared to the emittance growth
driven by the non-zero dispersion along the line. The phase
space at input and output to the tracking simulation in shown
in Fig. 3, along with the beam spot at the ALPHA focal
plane.
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each doublet wherever possible.
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signed such that all lines can be matched simultaneously;
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gramming the timing of the fast deflectors with a rise and
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TRANSFER LINE BEAM OPTICS

The MADX model was used to perform the first-order
matching and optimisation of the transfer lines. The
TRACK [7] code was then used to assemble the 3D field
maps exported from COMSOL and to track particles through
the beam lines. TRACK applies Runge-Kutta methods to
numerically integrate the 6D equations of motion of parti-
cles through arbitrary 3D, static or radio-frequency, elec-
tromagnetic field maps. The beam optics of the line to the
ALPHA experiment, which is representative of the transfer
line network as a whole, is used for demonstration purposes
in this paper; the optics is summarised in Fig. 2, where
the β-functions computed by MADX and TRACK are com-
pared.1 The small difference between the codes arises from
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tors of 33.16 and 50.42 deg. The beam is matched from the
ring to the first FODO section in LNE00 and LNE01, then
matched through the fast switch to another FODO section
where the beam proceeds through one more deflection before
being matched to the experiment in LNE04. The beam size
at ALPHA is optimised in the final matching section where
the dispersion is also brought under control, reaching the
beam size specification of 1 - 2 mm (FWHM). The change
in bunch length along the transfer line is negligible.

The quadrupoles have an aperture of 60 mm between elec-
trodes and the deflectors have an electrode gap of 65 mm.

1 TRACK computes the Twiss parameters from a statistical analysis of the
distribution of particles being tracked.

Figure 3: Phase space contour plots of tracked particle dis-
tribution from ELENA to ALPHA.

The acceptance of the line without steering errors or mis-
alignment is 50 mm mrad, which is a factor 10 larger than
the quoted nominal 95% transverse emittances at extraction
from ELENA, and is limited by the large β-functions in the
matching quadrupoles before the experiment. In the FODO
sections the acceptance is almost 200 mm mrad.

The end-to-end tracking simulations validated the design
guidelines used in the individual device optimisation, with
less than 2% growth of the rms emittance coming from
geometric aberrations in the nominal case without errors.
This growth is negligible compared to the emittance growth
driven by the non-zero dispersion along the line. The phase
space at input and output to the tracking simulation in shown
in Fig. 3, along with the beam spot at the ALPHA focal
plane.
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Figure 2: Optics functions from ELENA ring and ALPHA experimental target (left to right).

The beam position monitors (BPMs) are based on the
secondary emission of electrons from a wire grid inserted
into the beam. The BPM assembly is attached directly to
each doublet wherever possible.

The FODO sections are interspersed with deflectors to
switch between lines and matching sections to control the
beam size through the deflectors and to focus the beam into
the experiments. The transfer line optics is static and de-
signed such that all lines can be matched simultaneously;
each experiment will receive a bunch of antiprotons by pro-
gramming the timing of the fast deflectors with a rise and
fall time < 1 µs.

TRANSFER LINE BEAM OPTICS

The MADX model was used to perform the first-order
matching and optimisation of the transfer lines. The
TRACK [7] code was then used to assemble the 3D field
maps exported from COMSOL and to track particles through
the beam lines. TRACK applies Runge-Kutta methods to
numerically integrate the 6D equations of motion of parti-
cles through arbitrary 3D, static or radio-frequency, elec-
tromagnetic field maps. The beam optics of the line to the
ALPHA experiment, which is representative of the transfer
line network as a whole, is used for demonstration purposes
in this paper; the optics is summarised in Fig. 2, where
the β-functions computed by MADX and TRACK are com-
pared.1 The small difference between the codes arises from
the hard-edge approximation of the quadrupole fields ap-
plied in MADX and is most evident where the quadrupole
strength is large. The simulation includes the lines LNE00,
01, 03 and 04 containing a fast extraction deflector, ∼25 m of
FODO beam line, another fast deflector and two static deflec-
tors of 33.16 and 50.42 deg. The beam is matched from the
ring to the first FODO section in LNE00 and LNE01, then
matched through the fast switch to another FODO section
where the beam proceeds through one more deflection before
being matched to the experiment in LNE04. The beam size
at ALPHA is optimised in the final matching section where
the dispersion is also brought under control, reaching the
beam size specification of 1 - 2 mm (FWHM). The change
in bunch length along the transfer line is negligible.

The quadrupoles have an aperture of 60 mm between elec-
trodes and the deflectors have an electrode gap of 65 mm.

1 TRACK computes the Twiss parameters from a statistical analysis of the
distribution of particles being tracked.

Figure 3: Phase space contour plots of tracked particle dis-
tribution from ELENA to ALPHA.

The acceptance of the line without steering errors or mis-
alignment is 50 mm mrad, which is a factor 10 larger than
the quoted nominal 95% transverse emittances at extraction
from ELENA, and is limited by the large β-functions in the
matching quadrupoles before the experiment. In the FODO
sections the acceptance is almost 200 mm mrad.

The end-to-end tracking simulations validated the design
guidelines used in the individual device optimisation, with
less than 2% growth of the rms emittance coming from
geometric aberrations in the nominal case without errors.
This growth is negligible compared to the emittance growth
driven by the non-zero dispersion along the line. The phase
space at input and output to the tracking simulation in shown
in Fig. 3, along with the beam spot at the ALPHA focal
plane.
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