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1 Final HIB Transport
- Key issues

/ deliver HIBs to Target

2 My question 
- Practically possible to control HIB focus point in each shot?
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HIB transport through a tube liner
Ceramics guide: S.Kawata, T.Kikuchi, T.Someya, et al.
Beam-pipe electron trapping:     W.B. Herrmannsfeldt

Neutralization of beam space charge
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rb=1~3cm
Pb+ Plasma Electrons to 

neutralize HIB charge

Bunched beam ~ a few 10 nsec
nb0~1012/cc, 4~10GeV, 1~5kA

3~5m
/e-e Collisions: small νee~10-2~103/sec

One of Main Approaches for HIB Final Transport:  
/ Neutralized Ballistic FINAL BEAM TRANSPORT

rb=2~3mm
Pb+6

PhotoIonized
electrons

nbe > nc-e

nbe < nc-e

nbe ~ nc-e

/Stabilities: e-e, b-e
/Neutralized beam dynamics at the middle & very end 

-> rb=1~3cm => rb=2-3mm
-> nb0~1012/cc => nb~1014/cc >> nce~1011~1012/cc
-> may induce ambipolar field beam expansion

nc_neutral~1014/cc
nce~1011~1012/cc
τtransport~30~80nsec



Neutralized Ballistic FINAL BEAM TRANSPORT

/Neutralized beam dynamics at the very end 
-> rb=1~3cm => rb=2-3mm

It makes Te high: Te~10~100keV  <- Te~Te0x(rb0/rb)4/3~22xTe0

-> nb0~1012/cc => nb~1014/cc >> nchamber-e~1011~1012/cc
-> λLe >> rb, λDebye-e~0.1mm~0.3mm~ 10% of beam radius

-> may induce ambipolar field beam expansion
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for r > rb

At the beam surface 
ZbeE[eV/cm]~1.35x10-3Zb(neTe)1/2[eV]~(2MeV/cm~10MeV/cm)

At the middle stage
θ =                ∼                    ∼ [(3∼100keV)/(4−10GeV)]1/2∼(0.001∼0.005)

for 100cm transport  δr ~ 1~5mm Increase in rbf

->  may be serious.  
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Welch, Rose, et al., NIM in 
Phys.Res.A 464(2001)134
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After integration of qE between rb and rb+λDe
->
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If nbe << nchamber-e, NO problem for the ambipolar expansion.  

Mainly chamber background electrons contribute 
beam charge neutralization.  

For example:  Te=10eV, ne=1014/cc, Zb=5

⊥ε ~0.05eV     Well neutralized!

Deλ ~1.4x10-4cm

br
eT

beNbZ
5.11∝⊥ε

->              ~ (3~100keV)/(4-10GeV)///

for λDebye-e < r

εε ⊥



Difference between Coulomb divergence & Ambipolar divergence

λDe

br
eT

benbZ
5.11∝⊥ε

Net charge

Te



If we have low-Te electrons together with high-Te neutralizing electrons, 
low-Te electrons dominates the charge neutralization.

br
eT

benbZ
5.11∝⊥ε

lowT

highTlowT
effectiveT ≈

+
= 11

1 for Ne_hot ~Ne_low

Therefore if HIB is surrounded by low-temperature electrons, 
NO PROBLEM! 



Dangerous OK
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Electrons

Strong E-field 
generated by high-T electrons
pulls Pb ions out!
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Initial Density Distribution 
(10keV) 

Pb3+,8GeV
Ti=1KeV
Te=100KeV
8mm diameter
Ni=1013/cc
Ne=3 x Ni

8mm

1mm



Kinetic Energy of Pb Ion (10keV) 
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Kinetic Energy of Pb Ion (100keV)
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Electric Field 10keV 10[ns]5[ns]

0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0

22.5 22.5

20.020.0

17.517.5

15.015.0

Y
 [

m
m

]

Y
 [

m
m

]

12.512.5

10.0

7.5

10.0

7.5

5.05.0

2.52.5

0.00.0

X [mm]X [mm]

-75 -50 -25 0 25 50 75

[MV/cm]



Transport Window in Neutralized Ballistic Transport (NBT)
against Ambipolar-Field Expansion & 
Beam-Chamber Electron Two-stream Instability

Neutralized well by Chamber electrons
Nbi Zb<< Nchamber-e

Ambipolar Expansion

HIB trajectory 
during Chamber transport

b-i Two-stream Instability

8GeV
Zb=3
rb=0.5 cm 

0.7cm
1 cm



Possible solutions:

1) Neutralized ballistic transport 
with careful chamber density control and 
with careful beam co-moving electron temperature control

/ Lower electron temperature -> T  -> Cool electron supply
Nbe|cold> Nce|hot at the middle stage!

/ Suppress charge stripping & Low Ib -> 
Zb, nbe -> Low chamber gas density / pressure
But high enough for charge neutralization

2) Through High density chamber plasma nbe < nchamber-e
for all region 

/ can avoid ambipolar field expansion
/ instability analyses 
/ blast wave interactions with a liquid wall, …





Conclusions:

1. Deliver HIBs to a furel target!

2. My question 
- Practically possible to control HIB focus point in each shot?
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