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• Basic idea (Phys. Let. B, 532 (2002) 166-172):
− Accelerate radioactive ions to high γ
− Let them β-decay in a Decay Ring (DR)
− The DR has one straight section pointing

in the direction of a neutrino detector →
− ν-beam with opening angle 1/γ and 

with known energy and ν-species
   

• Detector:
− Water Cerenkov detector enough to

distinguish μ+ and e+ (μ- and e-),
no need to distinguish μ+ and μ-

Beta Beams - Overview

This gives only (anti) neutrinos from β+ (β-) decay:

P. Zucchelli

B
B

 
O

v
e

r
v

i
e

w

Wednesday, September 22, 2010



Choice of Ions

Q = 3.51 MeV

1 – 60 s

1ms – 1s

FP6 FP7:FP6: EURISOL 
(CARE, contract number 
RII3-CT-2003-506395)

FP7: EUROnu 
(Grant agreement no.: 
212372)

Q = 3.30 MeV Q = 13.0 MeVQ = 13.9 MeV

“Q value” is the kinetic energy release of a particle at rest Q = mn −mp −mν̄ −me

E.g. for the neutron decay

• Considerations
− Pair of β+ and β- active ions 

for ν and anti-ν  … 
− Production rates

     isol method or production ring 
− Life time

optimized for baseline ~1s
− Reactivity

noble gases are good
− Q value

defines ν-energy & baseline
− Low Z preferred

minimize accelerated mass per charge
reduce space charge problems
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Duty Factor
• 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 = filled ratio of the Decay Ring

                             Duty Factor = Suppression Factor
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DR: Injection Scheme
• The new bunch is injected of f  momentum

(separated by a septum magnet)

• After ¼  synchrotron turn it is 
“captured” by one RF system

• Then “merged” into the old bunch
with the use of  a 2nd RF system

• Collimation at ∆p/p = 2.5‰

➡ scrapes away ions not 
captured

➡ l imits the bunch size to 
protect the septum magnet

Daniel C. Heinrich

A. Chancé
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• Due to Collimation and Radioactive decay the number of  ions 
per bunch saturates in the DR (20 of  these bunches g ives Ntot)

DR: Accumulation Daniel C. Heinrich
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DR: Injection Scheme
• After “merg ing” the bunches are ~ 2m long (a l l  ions)

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

• I .e . between 0 .1% and 1%

• With the intens i t ies  shown
in prev ious s l ide we get  
these sens i t iv i t ies :
➡

~2m

• Good, BUT:

➡ What about 
collective 
ef fects? 
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BB Collective Effects
• High intens i ty  ion beams are foreseen for the 

Beta Beam project

• High intens i ty  bunches can have non-neg l ig ib le 
amount of  charges

➡ Par t ic les  interact  with each other and vacuum 
chamber 

✦ “Col lect ive Ef fects”

• Col lect ive Ef fects  l imit  the f ina l  performance of 
accelerators

• The studies of  instab i l i t ies  of  the ion beams are 
a cruc ia l  par t  of  the Beta Beam project  

• Studies wi l l  be done for a l l  ions (FP6: 18Ne & 6He , 

FP7: 8B & 8L i ) and for a l l  machines (so far  only DR)

C
o

l
l

e
c

t
i
v

e

Wednesday, September 22, 2010



Reasons for Instabilities
• Dif ferent reasons for Instab i l i t ies :

➡ Coulomb Forces

- within the bunch; “Direct Space Charge”

- between bunch and p ipe; “Image Field”

➡ Wake F ie lds (  = “ Impedances” in  f requenc y domain)

- due to res ist ive p ipe; “Resistive Wall Impedance”

- due to p ipe d iscont inuit ies ; “Resonance Impedance” 
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Laslett’s Tune Shifts
• Direct Space Charge  forces are repuls ive and 

propor t iona l  to d istance from center →  to be 
compared to quadrupoles →  betatron tune sh i f t

➡ but                       s ince for re lat iv ist ic

beams the repuls ive E forces  are 
cancel led by the contract ing B forces

➡ For DR (γ=100) 
|ΔQDSC|  < 0 .2

☺
- For PS with low γ   ΔQDSC  

could be cruc ia l  (to be invest igated)

• Image Fields  turned out to 
have even less  e f fects  in  the DR  
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γ2

|ΔQDSC|  > 0.2 could 
cause tune crossings 
over resonance lines 

→  instabilities
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Wake Field Instabilities
• Wake F ie lds are descr ibed by

➡ Wake Potent ia l ;  W(t ) , in  t ime domain

➡ Impedance; Z(ω )=F [W(t ) ] , in  frequency domain

• 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

- I f  Nb < Nbth instab i l i t ies  are “modest”

- I f  Nb > Nbth instab i l i t ies  wi l l  cause beam loss

➡ Impor tant to f ind Nbth s ince that  i s  absolute 
maximum number ions we can have per bunch

• N b
th wi l l  have to be found for each type of  Z(ω ) ;

- Resist ive Wal l   and   Resonance Impedance

- Longitudina l  and     Transversa l  Impedance
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Resonance Impedance
• Wake f ie lds can be 

trapped in e .g . cav i t ies
in the beam pipe →  
Resonance Impedance
→  Can be modeled 
with an RLC c ircui t :

Z⊥(ω) =
R⊥

ωr
ω

1 + iQ
�

ωr
ω − ω

ωr

�

Q  = Quality Factor, R⊥  = Shunt Impedance, ω r = Resonance Angular Frequency

Broad Band (low Q) Narrow Band (high Q)
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Resonance Impedance
• Wake f ie lds can be 

trapped in e .g . cav i t ies
in the beam pipe →  
Resonance Impedance
→  Can be modeled 
with an RLC c ircui t :

Z⊥(ω) =
R⊥

ωr
ω

1 + iQ
�

ωr
ω − ω

ωr

�

Q  = Quality Factor, R⊥  = Shunt Impedance, ω r = Resonance Angular Frequency

Broad Band (low Q) Narrow Band (high Q)Will only show results for
•18Ne & 6He in Decay Ring
•Transversal
•Resonance 
•Broad Band (Q=1)
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DR Intensity Threshold
• Three d i f ferent ways to f ind Nbth: 

➡ A theoret ica l  equat ion, “Coast ing Beam Eq.” :

➡ A program ca lcu lat ing the theoret ica l  instab i l i ty  
r ise t ime depending on the intens i ty, “MOSES”

➡ A mult i -par t ic le  tracking s imulat ion, “HEADTAIL”

✦ One of  HEADTAIL’s  output ,
the ver t ica l  mean beam center, 
i s  shown here for d i f ferent 
bunch intens i t ies

✦ Exponent ia l  least  square f i t  
i s  used to get  the 
Growth Rate , 1/τ
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Growth Rate from HEADTAIL
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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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Emittance Scan - No Z Correction

6He

18Ne
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• To get the ion equiva lent results  from MOSES

➡ Let ’s  assume for s impl ic i ty  MOSES solves Sacherer ’s  
equat ion for protons , then we see

➡ that  the current , I b , should be mult ip l ied by the charge 
number, Z , to get  the correct  growth rate

➡ We also see that  the mass number, A, i s  inc luded in 
the tota l  energy, Etot

➡ So the correct ion is : Mult ip ly  x-axis  with Z

Z Correction

�
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�m,n
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−1
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ZeIbC�βx,y�ωrev

4πEtotLb
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p=−∞ h|n|(ωp − ωξ)

h
e

a
d

t
a

i
l

/
m

o
s

e
s

Wednesday, September 22, 2010



Emittance Scan - Z Correction

6He

18Ne
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to work perfect only 
for big growth rate

➡ Any other idea… ?
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Res. Freq. Scan - Z Correction

6He
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for big growth rate
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Intensity Threshold
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• MOSES: Get the ion 
equiva lent threshold 
I b

th = I b
th /  Z  and then 

Nb
th = T rev I b

th /  Ze

• HEADTAIL: Def ine 
threshold growth rate 
(1/τ ) th = 50 Hz

Wednesday, September 22, 2010



Scans for 6He in DR

• Scan over 
Resonance
Frequency
            →  

• Scan over 
Longitudinal
Emittance
                 →  

• Scan over 
Chromaticity with 
(1/τ)th = 100 Hz
←
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Scans for 18Ne in DR

• Scan over 
Resonance
Frequency
            →  

• Scan over 
Longitudinal
Emittance
                 →  

• Scan over 
Chromaticity with 
(1/τ)th = 100 Hz
←

T
h

r
e

s
h

o
l

d

Wednesday, September 22, 2010



• None of  the parameters we scanned over so far, 
ε l,  fr and ξ ,  seem to manage to improve NBth up 
to the level we want: 

• Let ’s see how much smaller R⊥ have to be 
compared to R⊥  sps = 20 MΩ/m to allow NBth 

Nbth vs. R⊥ in DR
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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 (100) t imes smal ler than SPS for 6He (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
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Note under preparation:
http://chansen.web.cern.ch/chansen/PUBLICATIONS/bbCollective.pdf  

SVN: http://svnweb.cern.ch/world/wsvn/bbcollective
Wednesday, September 22, 2010
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Calculated Values
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Nbth vs. R⊥ for 6He in DR
• Nb > Nbth when rise times < 5 ms (growth rate > 200 Hz)

• G.R.
vs.
Nbth 
for
dif ferent
R⊥  →

• R⊥ could be lowered to 
increase the intensity l imit

• But a factor 10 smaller 
than  R⊥  sps = 20 MΩ/m is 
very challenging   C

o
l

l
e

c
t

i
v

e

MOSES is developed for protons, so to get the ion equivalent 
the intensity limits, Nthmoses, was divided by a factor Z
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Nbth vs. R⊥ for 18Ne in DR
• Nb > Nbth when rise times < 5 ms (growth rate > 200 Hz)

• G.R.
vs.
Nbth 
for
dif ferent
R⊥  →

• R⊥ could be lowered to 
increase the intensity l imit

• But a factor 100 smaller 
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MOSES is developed for protons, so to get the ion equivalent 
the intensity limits, Nthmoses, was divided by a factor Z

Wednesday, September 22, 2010



Nbth vs. R⊥ for 18Ne in DR
• Nb > Nbth when rise times < 5 ms (growth rate > 200 Hz)

• G.R.
vs.
Nbth 
for
dif ferent
R⊥  →

• R⊥ could be lowered to 
increase the intensity l imit

• But a factor 100 smaller 
than  R⊥  sps = 20 MΩ/m is 
very challenging   C

o
l

l
e

c
t

i
v

e

MOSES is developed for protons, so to get the ion equivalent 
the intensity limits, Nthmoses, was divided by a factor Z

Wednesday, September 22, 2010



Growth Rate From Eq. of Motion
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DR: Injection Scheme
• The new bunch is injected of f  momentum

(separated by a septum magnet)

• After ¼  synchrotron turn it is 
“captured” by one RF system

• Then “merged” into the old bunch
with the use of  a 2nd RF system

• Collimation at ∆p/p = 2.5‰

➡ scrapes away ions not 
captured

➡ l imits the bunch size to 
protect the septum magnet
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DR: RF Program
• The
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RF Program for 8Li
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DR: RF Program
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