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• To suppress atmospheric background detectors can only be open short 
time periods

− Suppression Factor, SF =  opened time ratio of the detector

• The DR will be filled only with short bunches so that neutrinos are send 
only when the detector is opened
 

− Duty Factor, DF = filled ratio of the Decay Ring

                             Duty Factor = Suppression Factor
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• Assume about 2e13 18Ne and 6He ions/sec can be produced

• Then about   2.4e11 18Ne    and    
                    4.9e11 6He     are injected into the DR per bunch

• Due to collimation and radioactive decay the number of  ions 
per bunch saturates to
                    3.1e12 18Ne         and 
                    4.0e12 6He          ions per bunch:

Accumulation

N
6 H

e

B

= 4.0
· 10

12

N
18 N

e

B

=
3.1

· 10
12

N
18Ne
tot = 6.2 · 1013 N

6
He

tot
= 8.0 · 1013

M
o

t
i
v

a
t

i
o

n

Daniel C. Heinrich

Thursday, October 21, 2010



Sensitivity
• “Merging” g ives ~2m long bunches
→  ε l  = 43.3 (14.5)  eVs for 18Ne (6He)

• 20 bunches from SPS to DR
→  SF =  20 ⋅ 2m / 6911m = 0.58% 

• With intens i t ies  shown in prev ious s l ide there are 
OK sens i t iv i t ies  between 0 .1% and 1%:

~2m

• Good, BUT: What about Collective Ef fects? 
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BB Collective Effects Studies
• Instab i l i ty  studies are a cruc ia l  par t  of  the Beta 

Beam project , s ince

➡ High intens i ty  ion beams are foreseen

➡ Col lect ive Ef fects  could l imit  the f ina l  performance

• Wil l  study a l l  ions and a l l  machines

➡ So far  only 18Ne and 6He in the DR

• Wil l  study a l l  poss ib le reasons for instab i l i t ies

➡ So far  only

✦ Las lett ’s  tune sh i f ts                                       and

✦ Transverse Resonance Broad Band Impedance
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BB Collective Effects Studies
• So far  a l l  s tudies based on EURISOL FP6 

parameters
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Data Base:
http://j2eeps.cern.ch/beta-beam-parameters/  

Thursday, October 21, 2010

http://j2eeps.cern.ch/beta-beam-parameters/
http://j2eeps.cern.ch/beta-beam-parameters/


Outline
• Beta Beam Overv iew

• Col lect ive Ef fect  Studies

➡ Las lett ’s  Tune Shi f ts

➡ Wakef ie ld Instabi l i t ies

✦ HEADTAIL & MOSES

✦ Intens i ty  Thresholds

• Conclus ion

Thursday, October 21, 2010



Outline
• Beta Beam Overv iew

• Col lect ive Ef fect  Studies

➡ Las lett ’s  Tune Shi f ts

➡ Wakef ie ld Instabi l i t ies

✦ HEADTAIL & MOSES

✦ Intens i ty  Thresholds

• Conclus ion

Thursday, October 21, 2010



➡ Coulomb Forces

- within the bunch; “Direct Space Charge”

- between bunch and p ipe; “Image Field”

Laslett’s Tune Shifts
L

a
s

l
e

t
t

’
s

can cause change in number betatron osc i l lat ions per turn

➡ These Tune Shi f ts , ∆Q, could in-stab i l i ze 
the beam i f  they cross 
resonances

➡ A “rule of  thumb for 
synchrotrons with shor t
cyc les” :
i f       |  ∆Q | < 0 .2
→  normal ly  no severe 
    instab i l i ty    

2nd, 3rd and 
4th order 
resonances 

and working 
point for DR

Antoine 
Chancé

(Assuming perfect conductive 
beam pipe, for resistive beam 

pipe Resistive Wall 
Impedance studies necessary)
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Laslett’s Tune Shifts
• Tune sh i f ts  due to Direct Space Charge  and 

Image Fields are descr ibed by “Las lett ’s  Equat ions”

DR →  

L
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e
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t
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s

➡ For DR (γ=100) 

|ΔQDSC|  << 0.2  ☺
• DR not a shor t  cyc le ( ions could 

stay ~1min) →   “ru le of  thumb” 
maybe not appl icab le →  Might 
need a deeper DSC study

• Image F ie lds turned out to 
have even less  e f fects
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• DR not a shor t  cyc le ( ions could 

stay ~1min) →   “ru le of  thumb” 
maybe not appl icab le →  Might 
need a deeper DSC study

• Image F ie lds turned out to 
have even less  e f fects

∆QDSCx,y ∝ 1/γ2• Note a l so ;                            s ince for 
re lat iv ist ic  beams the repuls ive E forces  
are cancel led by the contract ing B forces

➡ For PS ( low γ )   ΔQDSC  could be cruc ia l  
(to be invest igated)
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• Wake Fie lds ( t ime domain ; W(t ) ) can

• Resonance Impedance ( f requenc y domain ; Z(ω )=F [W(t ) ] ) ,
- in the Transverse p lane can be modeled by an 

RLC c ircuit  as :

- For low Qual i ty  Factor (Q≈1) the Wake F ie ld i s  
shor t l ived and the impedance is  “Broad Band”

Resonance Impedance

Z⊥(ω) =
R⊥

ωr
ω

1 + iQ
�

ωr
ω − ω

ωr

�
Q = “Quality Factor”

ω r = “Resonance Angular 
Frequency”

R⊥  = “Shunt Impedance”
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- be trapped in p ipe cav i t ies   

- cause  “Resonance Impedance”
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- be trapped in p ipe cav i t ies   

- cause  “Resonance Impedance”

“Transverse Resonance 
Broad Band Impedance”

• Wil l  show results  from

= 1
≈  ωc = βc/by

(see next slide)
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• The “Shunt Impedance”, R⊥ , i s  the main parameter in 
the RLC model  of  the Resonance Impedance 

• Model ing exist ing machines the same way we get

• Wil l  use these two as examples

Shunt Impedance

Z⊥(ω) =
R⊥

ωr
ω
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PS SPS LHC LHC 
(no collimators)

R⊥  [MΩ/m] 3 20 30 2

Private discussions 

with E. Métral
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Intensity Threshold
• Instab i l i t ies  caused by Z⊥(ω )  are descr ibed by 

d i f ferent theories depending on the intens i ty  reg ime

• Impor tant to f ind Nbth s ince that  i s  abso lute  
maximum number ions we can have per bunch:  

✦ Wil l  def ine Nbth as  the intens i ty  that  g ives instabi l i t ies  
with ver y  shor t  r ice t imes (opt imis t i c  approach)
( i .e . when we have strong  Transverse Mode Coupl ing)

✦ But a lso for longer r ice t imes (pess imis t i c  approach)
( i .e . when we have not so strong Transverse Mode Coupl ing)
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Individual modes of the bunch can cause 
instabilities, described by “simple” 
models like Sacherer’s Equation 

Transverse Mode Coupling Instabilities 
with very short “rise times” normally 

modeled by simulations
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instabilities, described by “simple” 
models like Sacherer’s Equation 

Transverse Mode Coupling Instabilities 
with very short “rise times” normally 

modeled by simulations

(1/τ)th  = 400Hz

(1/τ)th  = 20Hz
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3 Tools
• Three d i f ferent ways to f ind Nbth : 

➡ By us ing the peak current va lues as  inputs to a 
formula for coast ing beams one obta ins a  theoret ica l 
equat ion for the bunch intens i ty  l imit , which we wi l l  
ca l l  the “Coast ing Beam Equat ion” :

➡ A theoret ica l  program, “MOSES”

➡ A mult i -par t ic le  tracking program, “HEADTAIL”

E. Métral, CERN, 
Overview of Single-
Beam Coherent 
Instabilities in 

Circular Accelerators
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MOSES
• MOSES is  a  theoret ica l  program

➡ I t  so lves a  d ispers ion integra l  equat ion

• I t  g ives the growth rate ( inverse of  the r ise t ime) 
for d i f ferent “bunch modes”

• Intens i ty  l imit , Nbth, depends on opt imist ic  
( (1/τ)th = 400Hz)  or pess imist ic  ( (1/τ)th = 20Hz)  approach h
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Y.H.Chin CERN-
LEP-TH/88-05
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HEADTAIL
• In  HEADTAIL a bunch of  mult i -par t ic le  i s  tracked

➡ I t  i s  s l iced long i tudina l ly   

➡ At each impedance locat ion
each s l ice leaves a  wake f ie ld
behind and gets  a  k ick by the
f ie ld generated by the preceding s l ices

➡ The bunch is  then transferred to the next impedance 
locat ion v ia  a  transpor t matr ix

• Nbth i s  g iven by the growth of  the bunch osc i l lat ion
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G. Rumolo et ali, 
CERN-SL-

Note2002-036-AP

(1/τ)th = 
400Hz
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MOSES & HEADTAIL
• Despite two tota l ly  d i f ferent approaches 

“MOSES” and “HEADTAIL” has been success fu l ly  
benchmarked both with each other and with data 

• E.g . scans over ε l , f r and ξ ; 

• However, both have most ly  been used with Protons

• So before we use HEADTAIL and MOSES for the 
Ions in the Beta Beams, let ’s  star t  with Protons… 
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E. Métral, CERN, 
Overview of Single-
Beam Coherent 
Instabilities in 

Circular Accelerators
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fr Scan for Protons in DR
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s • Strong instab i l i t ies , 1/τ  > 400Hz, star ts  at  about same 

Nbth for MOSES and HEADTAIL  
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fr Scan for Protons in DR
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s • Strong instab i l i t ies , 1/τ  > 400Hz, star ts  at  about same 

Nbth for MOSES and HEADTAIL  

• Weaker instab i l i t ies , 1/τ  > 20Hz, could show up for low 
Nbth according to MOSES →  d iscrepancies

➡ Due to weak mode coupl ing and decoupl ing

➡ Should be seen by HEADTAIL a lso →  under invest igat ion 
Thursday, October 21, 2010
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• Let ’s  apply HEADTAIL and MOSES to 6He and 18Ne

• Wil l  see i f  the required Nbth can be achieved for 
d i f ferent long i tudina l  emittances , ε l , o f  the bunch 
and d i f ferent shunt impedances , R⊥ , o f  the machine

• These two programs have however never been used 
l ike th is  for ions (as far  as  we know) so development of  
new procedures (and thoroughly tests  of  these) necessar y :

➡ Possibility of bunches with 18Ne and 6He was added to HEADTAIL

➡ We get the ion equivalent threshold from MOSES by   
   Nbth = Nb

th /  Z               (see back-up s l ide)

Back to Ions
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εl Scan for 18Ne (1/τ)th = 400Hz

R⊥  = 20 MΩ /m (SPS)

R⊥  = 2 MΩ /m (LHC no col . )
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εl Scan for 18Ne (1/τ)th = 400Hz(1/τ)th = 20Hz

R⊥  = 20 MΩ /m (SPS)

R⊥  = 2 MΩ /m (LHC no col . )
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εl Scan for 6He (1/τ)th = 400Hz

R⊥  = 20 MΩ /m (SPS)

R⊥  = 2 MΩ /m (LHC no col . )

T
h

r
e

s
h

o
l

d

Thursday, October 21, 2010



εl Scan for 6He (1/τ)th = 400Hz(1/τ)th = 20Hz

R⊥  = 20 MΩ /m (SPS)

R⊥  = 2 MΩ /m (LHC no col . )

T
h

r
e

s
h

o
l

d

Thursday, October 21, 2010



εl Scan for 6He (1/τ)th = 400Hz(1/τ)th = 20Hz

R⊥  = 20 MΩ /m (SPS)

R⊥  = 2 MΩ /m (LHC no col . )

T
h

r
e

s
h

o
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d

           BUT:                
ε l = 30eVs → 
Lb = 4.8m  → 

SF = 1.3% ☹
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• 6He: Even if  R⊥ is 2MΩ/m NBth = 4.0e12 could not 
be reached by changing ε l,  due to the SF < 1%

• 18Ne: NBth = 3.1e12 seems beyond the horizon …    

• Let ’s find required R⊥ to allow NBth 

Nbth vs. R⊥ in DR
T
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• Direct Space Charge ef fect  wi l l  not l imit  the 
performance of  the Decay Ring (Las lett ’s  Equat ions)

 

• We have a ver y cha l leng ing upper l imit  of  the DR’s 
Transversa l  Shunt Impedance , R⊥ :

➡ 10 t imes smal ler than LHC (without col l imators) for 18Ne

… based on HEADTAIL and MOSES studies

• This  study, that  was complete ly  based on parameters 
from “FP6”, suggests  a  re-opt imizat ion of  the Beta 
Beam des ign 

Conclusion
C
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n

Note under preparation:
http://chansen.web.cern.ch/chansen/PUBLICATIONS/bbCollective.pdf  

SVN: http://svnweb.cern.ch/world/wsvn/bbcollective
Thursday, October 21, 2010
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• Study Beta Beam “Cockta i l s”  (suggested by A. Donin i , WP6)

➡ Specia l ly    ϕNe/5 & ϕHe*2 

• Same study in long i tudina l  p lane

➡ Ongoing HEADTAIL s imulat ions , but 
can’t  use MOSES s ince only for ⊥

• Same with Narrow Band

• Same with Res ist ive Wal l  Impedance

• Same with SPS, PS and 8L i  & 8B

To Do

Z||(ω) =
R||

1 + iQ
�

ωr
ω − ω

ωr

�
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o

n
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Backup Slides
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εl and ξy Scans
➡ Scans over Longitudinal  Emittance and Chromaticity for 

➡ 6He

➡ 18Ne
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Input Parameters for Protons
B

a
c

k
u

p
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• Maximum number modes are used for MOSES:

but st i l l  might not a lways f ind 
the cruc ia l  modes (those that  couple)

• Could expla in the d iscrepancy

• A method to f ind the cruc ia l  modes 
is  under development 

 

MOSES modes
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➡ Number Radial  Modes: 13
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• Same study in long i tudina l  p lane

➡ Ongoing , but

✦ MOSES is  only for Transversa l

✦ Kei l  Schnel l  does not seem to hold in our reg ime

• Same with Narrow Band

• Same with Res ist ive Wal l  Impedance

• Same with SPS, PS and 8L i  & 8B

To Do
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MOSES’ Scales
• To get same scale as MOSES’ plots:

• X-axis:                                                 since

• Y-axis:  NB → ZeNB

Trev
= Ib

1

τ
→ � [∆Q]

Qs
= − 1/τ

ωrevQs 1/τ = −� [∆Q]ωrev
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• Let ’s  apply HEADTAIL and MOSES to 6He and 18Ne

• We wi l l  scan over some parameters , ε l , f r and ξ , 
around the working point  (shown by grey arrow    ) 
to see i f  we can improve Nbth s ign i f icant ly

• For the Beta Beam Studies the possibility of bunches with 18Ne 
and 6He was added to HEADTAIL

• Assume that MOSES has same ZeIb dependency as 
Sacherer ’s  formula :

then we get the ion equiva lent threshold by      
Nbth = Nb

th /  Z

Back to Ions
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Growth Rate From Eq. of Motion
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MOSES
• MOSES is  a  theoret ica l  program

➡ I t  so lves a  d ispers ion integra l  equat ion

• I t  g ives the Im[∆Q]  and Re[∆Q]  for d i f ferent bunch 
modes and bunch intens i t ies

• Im[∆Q]  i s  connected with the “Rise Time”, τ ,  o f  the 
instab i l i ty  with      1/τ  = -  Im[∆Q]ω rev        ( see backup s l ide)
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• When the “Growth Rate” , 1/τ , s tar ts  to grow too 
much g ives  I b

th and then Nbth = T rev I b
th /  Ze
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HEADTAIL
• HEADTAIL is  a  mult i -par t ic le  tracking program

➡ A bunch of  macro-
par t ic les  i s  s l iced 
long i tudina l ly   

➡ Impedance is  
assumed to be 
loca l ized at  a  few 
pos i t ions around the r ing

➡ At each impedance locat ion, each s l ice leaves a  wake 
f ie ld behind and gets  a  k ick by the f ie ld generated by 
the preceding s l ices

➡ The bunch is  then transferred to the next impedance 
locat ion v ia  a  transpor t matr ix
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• HEADTAIL g ives e .g . the ver t ica l  mean beam center 
shown here for d i f ferent bunch intens i t ies

• Exponent ia l  least  square f i t  to the envelope g ives 1/τ   
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• Threshold Growth Rate def ined as    (1/τ ) th = 400 Hz,
which g ives intens i ty  l imit ; Nbth
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