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Sources of Beam Loss

1. Misalignments of accelerator channel components
2. Transverse-longitudinal coupling in RF field
3. Particle scattering on residual gas, intra-beam stripping
4. Nonlinearities of focusing and accelerating elements
5. Non-linear space-charge forces of the beam
6. Mismatch of the beam with accelerator structure
7. Instabilities of accelerating and focusing field
8. Beam energy tails from un-captured particles
9. Dark currents (un-chopped beam, RF transients)
10. Excitation of higher-order RF modes
11. Black-body radiation
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Requirements on Hands-On Maintenance 
of Accelerator 

Beam loss criteria:

Radioactivation limit of 20 mrem/hour at a distance of 1 m 
from the accelerator beamline after long operation of linac 
and after 1 hour of downtime.

Required beam losses: less than 1 W/m

For beam power 1 MW beam losses should be less than 
10-6/m. 
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Requirements on Hands-On Maintenance 
of Accelerator 

Allowable beam power loss versus beam energy to produce an 
activation of 0.1 mSv/h (10 mrem/h) at 30 cm for the case of 
copper, after 4 h cool down (M. Plum, CERN-2016-002). 4
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Beam Losses in LANL Linear Accelerator
Drift Tube  Transition            Coupled- Cavity Linac (100 MeV – 800 MeV)      
Linac         Region 

0.75 – 100 MeV

LANL linac loss monitors
(Activation Protection devices):
liquid scintillator and
photomultiplier tube, calibrated
against 100 nA point spill.
Average beam losses are 0.1 –
0.2 W/m.

Year Pulse 
Rate 
(Hz)

Summed Loss 
Monitor 

Reading (A.U.)
2018 120/60 180

2017 120 150

2016 120 190

2015 120 135

2014 60 211

2013 60 190
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Beam Loss Monitors

Gamma detector: ion chamber based loss monitor 
Scintillation based detector

LANSCE beam spill 
monitoring along high-
energy beamlines
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Beam Loss Monitors (cont.)

Gamma Detectors feed 
Radiation Safety System

Hardware Transmission Monitors 
(HWTM) measures the beam 
current losses between current 
monitors and limit beam current to 
a value at one current monitor.
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Vibrating Wire Sensor as a Halo Monitor  
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Linac Beam Distribution in Phase Space
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Beam Distribution as a Function of Beam Intensity

εout = ε in
2 + kI n

Empirical experimental dependence of 
beam emittance growth in RF linac 
versus beam current I (0.6< n <1.0)
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1. Beam halo - a collection of particles which lies outside of beam core and
typically contain small fraction of the beam (less than 1%).

2. Beam halo is a main source of beam losses which results in radio-activation
and degradation of accelerator components.

3. Modern accelerator projects using high-intensity beams with final energies
of 1-1.5 GeV and peak beam currents of 30-100 mA require keeping the
beam losses at the level of 10-7/m (less than 1 Watt/m) to avoid activation
of the accelerator and allowing hands-on maintenance over long operating
periods.

4. Collimation of beam halo cannot prevent beam losses completely, because
the halo of a mismatched beam re-develops in phase space after a certain
distance following collimation.

Beam Halo

Beam halo monitoring at Liverpool 
University
http://liv.ac.uk/quasar/research/beam-
instrumentation/beam-halo-studies/
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Beam Emittance Growth in Low Energy Beam Transport 

12

Chopper pulse
290 ns

Chopper pulse 
36 ns

RF Bunching H- Beam Chopping

Beam Emittance 
Growth
εRF /ε

H- 1.1 – 1.2
H+ 1.9 – 2.2

Bunchers Off Bunchers On Chopper Off

H-

Chopper 
Pulse

Emittan
ce 

Growth
εch /ε

290 ns 1.1
36 ns 1.3
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Transverse-Longitudinal Dynamics in RF Field  

Example of beam dynamics in accelerating structure (courtesy of 
Larry Rybarcyk). 13Y.K. Batygin  Emittance Growth Halo Loss USPAS 2019



Phase space trajectory of particle in a standing wave
RF accelerator.

Emittance Growth due to Transverse-Longitudinal 
Coupling 
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d 2X
dt 2

+ X[Ωrs
2 − Ω2

2
h sin(Ωt +ψ o )] = 0

h = Φ / tgϕ s

Transverse oscillations in presence of RF 
field: 

Parameter h  is proportional to amplitude of 
longitudinal oscillations  Φ. 

d 2X
dt 2

+Ωrs
2 X = 0Τransverse oscillation equation for synchronous 

particle 

Solution of equation for synchronous particle: 
X = Acos(Ωrst +ψ o )

 
!X = −AΩrs sin(Ωrst +ψ o )

 

X 2

A2
+
!X 2

Ωrs
2 A2

= 1
Synchronous particle performs oscillations 
along elliptical phase trajectory in phase 
space 

∍ = A2Ωrs

vs
Beam emittance

Emittance Growth due to Transverse-Longitudinal 
Coupling (cont.) 
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Ωr _min = Ωrs
2 − Ω2

2
h

Ωr _max = Ωrs
2 + Ω2

2
h

Maximum deviation from axis, Amax, is achieved 
by particles with minimal transverse oscillation 
frequency, while maximum spread in transverse 
momentum (and minimal amplitude Amin) is 
achieved by particles with maximal oscillation 
frequency

∍ =
Amax
2 Ωr _min

vs
∍ =

Amin
2 Ωr _max

vs

Non-synchronous particle performs transverse 
oscillations with variable transverse frequency while 
phase space area comprised by this motion is 
constant according to adiabatic theorem

∍ eff =
Amax AminΩr _max

vs
Effective emittance is limited by ellipse with semi-axes
X = Amax  

!X = AminΩr _max

∍ eff

∍
=

Ωr _max

Ωr _min

≈1+ Ω2

4Ωrs
2 h

Emittance Growth due to Transverse-Longitudinal 
Coupling (cont.) 

h = Φ / tgϕ s
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Emittance Growth in Drift Tube Linac (0.75 MeV – 100 MeV)

Accelerator Misalignment

Beam Capture in DTL  75% - 80%
Additional losses         0.1% -1%
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Dynamics of Uncaptured Particles in Drift Tube Linac

Slide 11

Accelerated and non-accelerated particles 
after Tank 4 (S.Kurennoy, IPAC16)

Distance between 
RF gaps: L= nβλ

n=1 accelerated 
particles

n=2 non-
accelerated 
particles
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Slide 11

Beam Capture in Tank 1 of LANSCE Drift Tube Linac

(Courtesy of Sergey Kurennoy) 19Y.K. Batygin  Emittance Growth Halo Loss USPAS 2019



Acceleration in Non-Ideal Accelerating Structure
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Acceleration in Non-Ideal Accelerating Structure (cont.)

g = p − ps
ps

Relative momentum deviation 
from synchronous particle

Ω
ω

= (qEλ
mc2

)
sinϕ s

2πβγ 3
Dimensionless longitudinal 
oscillation frequency

Wλ =
eEoTλ cosϕ s

mc2
Dimensionless 
acceleration rate

Increase in relative momentum spread
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Acceleration in Non-Ideal Accelerating Structure (cont.)

  
< δ (Δp

p
) >=

Na

2
(1.5⋅10−7 <

δ Eo

Eo

>2 +4.6 ⋅10−6 < δψ >2 )

For LANL 805-MHz linac

Typical momentum spread:  Δp/p = 8x10-4. 

For instability of the RF field amplitude 

estimated increase of momentum spread of the beam
  < δ Eo / Eo >≈1%

The picture can't be displayed.

  < δ (Δp / p) >≈1.7 ⋅10−4
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Beam Energy Spread Measurements

Slide 5

Location of beam spectrometer LDWS03 in high-
energy part of accelerator facility 
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Beam Energy Spread Measurements (cont.)

Slide 5

Δp
p

=
Rx
2 − βx (4 ∍x_ rms )

η

Beam Momentum Spread

Rx=0.5793	cm	
βx =1.11236	cm	/mrad	
∍x_ rms =0.04	π	cm	mrad	
η =4.8798	m	

Δp
p

= 8.13⋅10−4
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Beam Energy Spread Measurements (cont.)

Momentum spread of the beam measured by LDWS03 wire scanner: (a) properly
tuned beam, (b) beam with momentum tails due to improper tune.

(a) (b)
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Effect of DTL Cavity Field Error on Beam Losses

Maximum Spill ≈ 10n*Error where n = 3 - 4

Slide 14

(L.Rybarcyk et al, LINAC 2016)
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Slide 14Slide 28

Observation of Low-Momentum Beam Spill
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Slide 14

Observation of Low-Momentum Beam Spill
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Quadrupole 
strength

g
D

Ratio of drift space 
to lens length

υφ ≈ phase advanve

Δro shift of axis of the lens

Δrk Shift of the end of 
magnetic axis

For FODO 
Structure

Transverse Oscillations in Non-Ideal Focusing Structure

K = D qG
mcβγ

29
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Transverse Beam Matching in Drift Tube Linac

Slide 11

Matched Beam

Mismatched Beam
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Effect of Beam Mismatch at the Entrance of DTL on Beam 
Loss in Transition Region (100 MeV)

Mismatch Factor:

R = β1γ 2 + β1γ 2 − 2α1α2

F = 1
2
(R + R  2 − 4 ) −1

Ellipse Overlapping 
Parameter:

F = 0.6
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Emittance Growth due to Nonlinearities 
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In ideal linear focusing field, beam emittance 
rotates collectively, and  random errors do not 
result in beam emittance growth. 
In presence of frequency dispersion,
effective emittance will increase.

If  δA is an amplitude  perturbation per period, 
then emittance growth per focusing period:

The peripheral part of the emittance increases 
significantly and the beam halo fill the entire 
acceptance of accelerator.

Effect of Random Errors on Emittance Growth  

Spreading of effective 
emittance due to coherent 
perturbation of the beam in 
presence of frequency 
dispersion.
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Collimation of Beam Phase Space 
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Transverse Beam Dynamics in Drift Tube Linac

(Courtesy of Sergey Kurennoy)
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Beam losses in SNS accelerator versus zero-current phase 
advance (Y. Zhang et al., 2010)

Beam Losses versus Lattice Phase Advance
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Effect of Lattice Resonance

Excitation of 6th order resonance in quadrupole 
lattice with phase advance   µo ≈ 60

o

The vector-potential of the  magnetic field of 
a lens with quadrupole symmetry

Hamiltonain of averaged particle motion in 
the vicinity of 6th order resonance: 

xmax
xu

= Jmax
Ju

= 1.24

Increase of amplitude 
of particle trapped into 
resonance (TUPOB26, 
NA-PAC 2016)
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Dark Currents

1. Unchopped beam which comes through chopper due to unsufficient 
transverse voltage deflecting particles in chopper.

2. Continuous “dark current” of ion source between pulses

3. Beam accelerated during RF turn on/turn off transients.

(M.Plum, CERN-2016-002)
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Acceleration of H- Beam
Advantage of H- beam: multi-turn low-loss beam injection into storage 
rings and synchrotrons through charge exchange to accumulate large 
beam charge. Example applications: spallation neutron sources and 
neutrino production facilities. 

Injection of H- beam into LANL Proton Storage Ring
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H- Beam Losses in Linac

Beam Loss Mechanisms Observed at Various H- Linacs (M.Plum, IPAC2013)
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H- Beam Losses in Coupled Cavity Linac (100 MeV-800 MeV)

Energy (MeV) 100 800

Normalized rms beam emitttance 
(π mm mrad) 

0.5 0.7

Beam losses in CCL: 0.1% - 0.2%

Distribution of H- beam losses along high-energy part of the linac.
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H- Beam Losses in Coupled Cavity Linac (cont.)
The study performed at LANL indicated significance of Intra Beam Stripping and Residual 
Gas Stripping on H- beam losses in Coupled Cavity Linac  (L.Rybarcyk, et al, IPAC12, 
THPPP067):
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Gas stripping cross-section as a function of H-

beam energy, for various residual gases

Residual Gas Stripping of H- Beam

Gas stripping cross-section as a 
function of atomic number. 43
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Residual Gas Stripping of H- Beam (cont.)

Gas stripping cross-sections for nitrogen or oxygen (solid red line) and 
hydrogen (blue dashed line) as a function of beam energy.
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Residual Gas Stripping of H- Beam (cont.)

The cross section for double stripping (H- to H+) is about 4% of the cross section for 
single stripping (H- to Ho).

In a typical accelerator, the residual gases are mainly H2 , H2O, CO, CO2 (low 
atomic numbers molecules).

With increasing of beam energy, the stripping cross section drops, but beam power 
increases. With the given gas pressure, residual gas stripping results in increase of 
beam loss with energy (increase of beam power dominates over dropping cross 
section). 

Allowable gas pressure for acceleration of 1 mA continuous H- beam current is 
between 10-7 Torr at 100 MeV to 10-8 Torr at 1 GeV.
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H+ Capture and Acceleration

Detection of H+ beam after 800 MeV acceleration of H- beam in LANSCE 
accelerator (R.McCrady, LINAC 2010). 
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Magnetic Field Stripping of H- Ions

E[MV / cm] = 0.3 βγ B[kGs]

Magnetic field is Lorentz transformed into 
electric field in the rest frame of the H- beam

Life time of H- ion versus electric field E 

τ (E) = A
E
exp(D

E
)

A = 1.05 ⋅10−14 secMV cm−1

D = 49.25MV cm−1

Life time of H- ion versus electric field
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Magnetic Field Stripping of H- Ions (cont.)

The effect is greatest at high beam energies where the Lorentz transform has the greatest effect. 
The ISIS facility sees a small amount of field stripping in the 70 MeV transport line between the 
linac and the ring, at the level of <1%, just enough to create some minor hot spots. SNS, J-PARC 
and LANSCE have not reported any significant beam loss due to this mechanism

(M.Plum, CERN-2016-002).

Tolerable magnetic field as a function of beam energy (P.Ostroumov, 2006).
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Intrabeam Stripping in H- Linacs

(V.Lebedev et al, LINAC 2010)
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Intrabeam Stripping in H- Linacs (cont.)

A.Shishlo et al (IPAC 2012)
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Photodetachment of electron from H- ions can be caused by black-body radiation. In this
process, photons strip off the loosely bound electrons from H- particles. Stripping rate is
minimal for today’s H- beam energies. At 1 GeV the beam loss rate due to room-
temperature blackbody radiation has been estimated to be just 3x10-9 per meter or about
100 times less than our maximum allowable loss rate. However, as the H- beam energy
increases, the Doppler-shifted black-body photon energies can increase enough to cause
significant stripping rates. For example, at 8 GeV, which is a possible charge exchange
injection energy for Fermilab’s Project X, the stripping rate climbs to 8x10-7 per meter. At
this level of beam loss photodetachment becomes a serious concern and mitigation
methods such as cooling the beam pipe to cryogenic temperatures have been considered.

The probability of beam loss due to black-body photodetachment depends on the overlap
of two distributions: the H- photodetachment cross-section versus photon energy, which
peaks at a photon energy of about 1.4 eV; and the black-body photon spectral density
Doppler shifted to the rest frame of the H- ions. For 300 K room-temperature black-body
radiation, the probability of stripping is maximum for a beam energy of about 50 GeV.

Black Body Radiation
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(M.Plum, CERN-2016-002)

Beam Loss Mitigation
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Space Charge Induced Beam Emittance Growth 
and Halo Formation
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Effect of Space Charge Aberration on Beam Emittance 
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Effect of Space Charge Aberration on Beam Emittance 
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Emittance growth of a 50 keV proton beam with current I = 20 mA and 
unnormalized emittance 4.64 π cm mrad in drift space and in FODO 
focusing channel for different beam distributions. 

Drift FODO Channel

Effect of Space Charge Aberration on Beam Emittance 
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Experimental Observation of Effect of Nonlinear Space 
Charge Forces on Beam Emittance

I=15 mA

I=0

(Y.B. et al, Proc. of PAC2011, p. 64)
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Effect of Elliptical Cross Section on Beam Emittance Growth

(T.Wangler, P.Lapostolle, A.Lombardi, PAC 1993, p.3606) 
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Space Charge Induced Beam Emittance Growth in a 
Focusing Channel (Free Energy Effect)

z = 0

z = 30 cm

z = 104 cm

Fig. 3.7. Injection of 135 keV, 100 mA, 0.07  cm mr ad proton 
beam with Gaussian distribution in a focusing channel with linear 
field. It results in      (a) beam uniforming 

(b) beam emittance growth 
(c) halo formation. 
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[
!
E,
!
H ]

S
"∫ d

!
S = − ddt (µoH

2

2 + εoE
2

2 )
V
∫ dV −

!
j
!
EdV

V
∫

Conservation of energy for electromagnetic field (Umov-Poynting’s theorem)

(3.52)

Application of Poynting’s Theorem
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Second'term'in'right'side'of'Eq.'(3.52)'can'be'expressed'as'a'sum'over'all'charges'in'
the'beam'
'

''''''''''''''''''''''''''''''''''''''''
 

!
j
!
E dV =

V
∫ ρ!v

!
E dV =

V
∫ q∑ !v

!
E ' ' (3.56)'

'
Change'of'kinetic'energy'Wkin = mc

2 (γ − 1) 'of'particle'in'time'is'
'

''''''''''''''''''''''''''''''''''''''''''
dWkin

dt
= mc2

dγ
dt ' ' (3.57)'

where'derivative'of'reduced'particle'energyγ = 1+ (p / mc)2 'over'time'is''
'

''''''''''''''''''''''''''''''''''
 

dγ
dt

=
1

γ (mc)2
!p
d!p
dt

=
1
mc2
!v
d!p
dt

=
1
mc2

q!v
!
E ''' ' ''''''(3.58)'

'

Emittance Growth due to Charge Redistribution
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Therefore,		

																																															 
q!v
!
E =

dWkin

dt 		 	 (3.59)	
	

and	second	term,	Eq.	(3.52),	is	the	change	of	kinetic	energy	of	the	beam	in	time:	
	

																																																	
 

q∑ !v
!
E =

dWkin

dt∑ 											 												(3.60)	
	

Consider	non-relativistic	case	(no	magnetic	field):	
	

																	 																																												(3.61)	
d
dt

 ( εo

2
 E2  dV + Wkin∑

i=1

N
) = 0

Emittance Growth due to Charge Redistribution 
(cont.)
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!
where!E!is!the!total!electrostatic!field!in!the!structure,!and!Wkin!is!the!kinetic!energy!of!particle:!
!

Wkin = mc
2 1+

px
2 + py

2 + pz
2

(mc)2
≈mc2γ +

px
2 + py

2

2mγ !!!!!!!!!!!!!!!!!!!!!!!(3.62)!

!
and!summation!!in!Eq.!(3.61)!is!performed!over!all!particles!of!the!beam.!Assume!that!energy!is!
the! same! for! all! particles,! and! is! not! changed! during! beam! transport.! Below! consider! only!
transverse! particle! motion! and! kinetic! energy,! associated! with! this! motion.! According! to!
definition!of!rms!beam!values,!kinetic!energy!of!particles!is:!
!

Wkin∑
i=1

N
 = N
2mγ

 [ <px2> + <py2>]
!.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3.63)!

!

where!rms!value!of!transverse!momentum!!is!!!!!!!!!!!!!!!!!!!!!!!!!! <px2> = (mcε
2R

)2
!.!!!!!!!!!!!!!!!!!!!!!!!(3.64)!

!
In!a!round!beam!!rms!values!in!both!transverse!directions!are!the!same,!<px2> = <py2>,!therefore!
!

Wkin∑
i=1

N
 = N mc 2

γ
 ( ε
2R
)2.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3.65)!

Emittance Growth due to Charge Redistribution (cont.)
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We#consider#continuous#beam,#therefore#Eq.#(3.61)#can#be#rewritten#as#
#

#####################################
Lb εo

2
 E2  dS

o

∞

 + N mc 2
γ

 ( ε
2R
)2 = const 

#,### # ###################################(3.66)#
#
where# Lb# is# an# arbitrary# length# along# the# beam,# containing#N# particles.# Using# beam# current#
I = qβcN /Lb,#Eq.#(3.66)#becomes:#
#

#######################################
4qγ βc
mc2I

(εo
2

E2

0

∞

∫ dS) + ( ε
R
)2 = const ###########################################################(3.67)#

#
Applying#the#last#equation#to#the#initial#and#final#beam,#one#has,#
#

#######################################

ε f
2

ε i
2
 = Rf

2

Ro
2
 + 4qγ

 βcRf
2

mc 2Iε i
2

 (εo

2
Ei
2

 dS
o

∞

 - εo

2
Ef
2

 dS
o

∞

)
#.############################################(3.68)#

#

Emittance Growth due to Charge Redistribution (cont.)
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Eq.$(3.68)$can$be$rewritten$as$$$$$$$$$$
ε f
2

ε i
2
 = Rf

2

Ro
2
 ( 1+ b Wi - Wf

Wo
 )
$,$$$$ $ $ $$$(3.69)$

$
where$initial,$Wi,$and$final,$Wf,$energy$stored$in$electrostatic$field$are$
$

$$$$$$$$$$$$$$$$$$$$$$$$$
Wi = εo

2
Ei
2

 dS
o

∞

$ $$$$$$$$$$$$$$$$$
Wf = εo

2
Ef
2

 dS
o

∞

$,$$$ $$$$$$$$$$$$$$$$$$$$$$$$$(3.70)$

$

and$normalization$constant$is$$$$$$ $$$$$Wo = 2πεo(
I
Ic
 mc

2

qβγ
)2
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(3.71)$

$
If$ the$ beam$ is$ initially$ rmsCmatched,$ then$ the$ rms$ beam$ radius$ is$ changing$
insignificantly,$so$we$can$put$Rf%≈%Ro.$Additionally,$taking$into$account$expression$
$
$
$
$
one$can$write:$
$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

ε f
ε i

 = 1 + (µo
2

µ 2
 - 1) ( Wi - Wf

Wo
)
$.$$$ $ $$$$$$$$$$$$$$$$$$$(3.72)$

b= µo2
µ2

−1

Emittance Growth due to Charge Redistribution (cont.)
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In	 emittance-dominated	 regime	 µ ≈ µo ,	 and	 Eq.	 (3.72)	 gives	 us	 conservation	 of	 beam	
emittance.	Consider	space	charge	dominated	regime.	Initial	total	field	Ei	is	given	by:	
	

Ei = mc 2
qRγ

 2 I
βγ Ic

 {- r
R

 + Rr  [ 1 - exp ( - 2 r 2

R2
 )}
	.		 	 	 	 (3.73)	

		
 

External focusing field Eext, space charge field of Gaussian beam Eb, and 
total field Eext + Eb at initial moment of time.

Emittance Growth due to Charge Redistribution (cont.)
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Final& beam& distribution& is& close& to& uniform& with& the& same& value& of& beam& radius& R.& It& is& a& general&
property& of& space:charge& dominated& regime,& that& self:field& of& the& beam& almost& compensates& for&
external&field&within&the&beam.&We&can&put&Ef$≈&0&within&the&beam&and&Ef$=$Eext$+$Eb&outside&the&beam&
&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
Ef = {

0,   r ≤ R

mc2

qR
2I

βγ 2Ic
(−

r
R
+
R
r
),    r > R &&.&&& &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&(3.74)&

External focusing field Eext, space charge field Eb, and total field Eext + Eb after 
beam uniforming.

Emittance Growth due to Charge Redistribution (cont.)
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4D                  2D  
Distribution    Projection

KV 0

Water Bag 0.01126

Parabolic 0.02366

Gaussian 0.077

ρo

ρo(1−
r2

R2
)

ρo(1−
r2

R2
)2

ρo exp(−
r2

R2
)

Wi −Wf

Wo

Free energy parameter for different beam distributions

Emittance Growth due to Charge Redistribution (cont.)
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Instability of Anisotropic KV Beam (I.Hofmann, 1998)

Beam cross sections for second, third and fourth order even and odd 
modes ~schematic, with x horizontal and y vertical coordinates.

KV Beam with unequal emittances in a 
focusing channel with different focusing 
strength in x- and y- directions

Ratio of beam emittances:
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Instability of Anisotropic KV Beam (cont.)

Perturbed distribution function

Vlasov’s equation for perturbed beam distribution function 

Poisson’s equation for perturbed electrostatic potential created by 
perturbed space charge density 
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Instability of Anisotropic KV Beam

Stability chart for εz/εx=0.5.                                  Stability chart for εz/εx=1.2.

Stability charts derived for KV beam with different transverse emittances in focusing
channels with different focusing strengths in two transverse directions. Charts are
applied to motion in RF field assuming one direction (x-) in transverse and another (z-)
is longitudinal.
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Instability of Anisotropic KV Beam

Stability chart for εz/εx=2.0.                                  Stability chart for εz/εx=3.0.
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Instability of Anisotropic KV Beam

Stability chart for εz/εx=2.0. Rms emittance evolution for SPL lattice.

Rms emittance evolution

Case 1

Case 2
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Envelope oscillations of the beam with space charge parameter b=3, amplitude    = 0.2 and 
single particle trajectories with initial conditions (a) xo/Ro=0.8, (b) xo/Ro =1.071, (c) xo/Ro =1.728, 
(d) xo/Ro =1.082.

Halo Development in Particle-Core Interaction
a b

c d

xo
Ro

= 0.8 xo
Ro

= 1.071

xo
Ro

= 1.082xo
Ro

= 1.728

Δ
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Stroboscopic Particle Motion

(u, du / dτ )Stroboscopic particle trajectories at phase plane                   taken 
after each two envelope oscillation periods: (a) xo/Ro=0.8, (b) xo/Ro =1.071, 
(c) xo/Ro=1.728, (d) xo/Ro =1.082.
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I      beam current 
Ic = 4πεomc

3 / q    characteristic beam current 
ε      normalized beam emittance 
β     particles velocity,  
γ      particle energy 
Re   radius of the equilibrium envelope 

d 2r
dτ 2

+ r − 1
(1+ b)r3

−
b

(1+ b)r
= 0

 

Particle – Core Model
Dimensionless             beam envelope (core) equation:

Single particle equation of motion             :u =
x
Re

d2u
dτ 2

+u={
b

(1+b)
u
r2
,  u ≤ r

b
(1+b)u ,    u > r

r = R
Re

b =
2
βγ

I
Ic

Re
2

ε 2Space charge parameter

Small intensity beam b ≈ 0  

High intensity beam b >> 1 
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F =
b

(1+ b)
{

u
r2
,   u ≤ r

1
u
,    u > r

Approximation of Space Charge Field

(1) Field of uniformly charged beam (2)  Field approximation:

 

F =
b

(1+ b)
(− u
r2

+
u3

4
)
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d 2r
dτ 2

+ r − 1
(1+ b)r3

−
b

(1+ b)r
= 0

 

r = 1+ϑ  

1
r
≈ 1−ϑ

 

1
r 3

≈1− 3ϑ
 

d2ϑ
dτ 2

+ 2(
2 + b
1+ b

)ϑ = 0
 

Envelope equation  

For small intensity beam b ≈ 0 

r = 1+ Δ cos 2τ

r = 1+ Δ cos2τ

For high intensity beam b >>1 

Expansions  

Equation for small deviation from equilibrium 

Mismatched Envelope Oscillation

r = 1+ Δ cos(2Ωτ )

2Ω = 2(2 + b
1+ b

)

Envelope oscillation frequency  
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With field approximation, equation of particle motion is 
 

Using expansion 

Equation of particle motion  

Equation corresponds to Hamiltonian 

with the following notations α = b
4 (1 + b) 

A Harmonic Oscillator with Parametric 
Excitation for Single Particle Motion

ϖ 2 =
1

1+ b
h = −2bΔ

1
(1+ Δ cos2Ωτ )2

≈ 1− 2Δ cos2Ωτ

 
H =

!u2

2
+ϖ 2 u

2

2
(1− hcos2Ωτ ) +α u4

4

d2u
dτ 2

+u− ( b1+b)[
u

(1+Δcos2Ωτ )2
−u34 ]=0

d2u
dτ 2

+u( 11+b)(1+2bΔcos2Ωτ )+( b1+b)
u3
4 =0
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{
u = Q cos Ω  τ + P

ϖ
 sin Ω  τ   

  u = - ϖ  Q sin Ω  τ  + P cos  Ω  τ 
or  

Canonical Transformation of Hamiltonian

F2 (u,P,τ ) =
uP

cosΩτ
− ( P

2

2ϖ
+ϖ u2

2
)tgΩτ

Change the variables (u, u) to new variables (Q, P) using a 
generating function 

{ 
Q = ∂F2

∂P
 =  u

cos  Ω  τ
  +  P

ϖ
 tg Ω  τ

u = ∂F2
∂u

 = P
cos  Ω  τ

 -  ϖ  u tg Ω  τ
 Relationships between variables are given by: 
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Averaged Hamiltonian

New Hamiltonian  K = H + ∂F2
∂τ  

After averaging all time-dependent terms over period of 2π/Ω 
 

K =
P2

2
+ϖ 2 Q2

2
−
ϖ 2h
2
(QcosΩτ +

P
ϖ
sinΩτ )2 cos2Ωτ + α

4
(QcosΩτ + P

ϖ
sinΩτ )4 − P

2Ω
2ϖ

−
Ωϖ
2
Q2

K = ϖ 2Q2

2
(1− Ω

ϖ
− h
4
)+ P

2

2
(1− Ω

ϖ
+ h
4
)+ 3
32

α (Q2 +
P2

ϖ 2 )
2
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Change variables (Q,P)  to action-angle variables (J, ) using generating function 

F1(Q,ψ ) =
ϖ Q2

2tgψ

Transformation is given by 

New Hamiltonian 

with the following notations 

Second Canonical Transformation

K = υJ +κ J 2 + 2χJ cos2ψ

{
Q =

2J
ϖ
sinψ

P = 2Jϖ cosψ

υ =ϖ −Ω =
2 − 2 + b
2(1+ b)

χ = −
1
4

bΔ
1+ b

κ =
3
32
b
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Nonlinear Parametric Resonance

K = υJ +κ J 2 + 2χJ cos2ψHamiltonian of averaged motion:

Jmax =
(−υ + 2χ)+ 8 υχ

2κ

xmax
Re

= 32
3

1+ b
2
−1+ b Δ

2
+ 2b Δ ( 1+ b

2
−1)

b

Maximum deviation of particle from the 
axis xmax

Re

= 2Jmax
ϖ

83Y.K. Batygin  Emittance Growth Halo Loss USPAS 2019



Nonlinear Parametric Resonance
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Comparison of Analytical and Numerical Results

xmax
Ro
2

= A + B ln(µ)
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LANL Beam Halo Experiment (2002)

RFQ-
6.7 MeV

52 quadrupole FODO lattice
Beam-profile diagnostics in red

Matching/mismatching
quads Q1 to Q4 Emittances obtained 

from measured profiles 
at  Q20 and Q45
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LANL Beam Halo Experiment Lattice
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Wire and Scraper Beam-Profile Diagnostic to 
Measure  Beam Profile

• 33-micron carbon wire (too thin 
to be visible in picture) measures 
density in beam core above 10-3

level.

• Proton range=300 microns so 
protons pass through wire and 
make secondary electrons to 
measure high density in beam 
core. 

• Pair of 1.5mm graphite scraper 
plates in which protons stop. Can 
measure proton density outside 
beam core from 10-3 to 10-5.

• Data from wire and scraper 
plates were combined to produce
a single distribution.
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Typical matched beam profile for 75 mA. (µ=1,matched) 
Shows Gaussian-like core plus low-density halo input beam, observed 

out to 9 rms. 

Linear Plot Semilog Plot

Measured Beam Profile
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RMS EMITTANCE GROWTH AT SCANNER #20 - 75 mA - BREATHING 
MODE

0

0.5
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Mismatch Parameter (mu)
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Theory Upper Limit - tune depression=0.82

Theory Upper Limit - tune depression=0.95

Measurements

Beam Emittance Growth
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Test of Particle-Core Model
Measurements at Different Fractional Intensity 

Levels  (10%, 1%, 0.1%) 

 -    

 1.00  

 2.00  

 3.00  

 4.00  

 5.00  
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Mismatch Parameter (mu) 

Comparison of Measured Beam Widths With Maximum Amplitude 
From Particle-Core Model 

 Scanner 20 - 75 mA - Breathing Mode 

10% Level 

1.0% Level 

0.1% Level  

Max Resonant 
Amplitude Particle-
Core Model 
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Experimental Observation of Space-Charge Driven 
Resonances in Linac (L.Groening et al, LINAC2010)

Matched beam envelope

Radial electric field

Single-particle trajectory
or

Disturbed oscillator with σ⊥ as 
depressed phase advance

Resonance condition:

Phase advance of the matched envelope is 360◦, 
the resonance occurs at σ⊥ = 90◦
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Experimental Observation of Space-Charge Driven 
Resonances (cont.)
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Non-Uniform Beam Equilibrium

(a) Experimentally observed distribution of 80 keV H- beam, extracted from 
LANL ion source,

(b) modeling of the same beam with parabolic distribution function in 4D phase 
space:

f = fo(1−
x2 + y2

2Rb
2 −

px
2 + py

2

2po
2 )
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Non-Uniform Beam Matching in Transport Channel
Beam is matched with continuous (z-independent) focusing 
channel, if beam distribution function f (x,px,y,py) is constant.

Self-consistent problem:

Vlasov’s Equation
df
dt

 = ∂f
∂t

 + ∂f
∂x

 dx
dt

 + ∂f

∂P
 dP
dt

 = 0
 

ΔU = − ρ
εo

Poisson’s Equation

Solution: 

1.Express distribution function as a function of constant of motion (Hamiltonian)
f = f (H). Distribution function automatically obeys Vlasov’s equation:

2. Substitute distribution function into Poisson’s equation and solve it.

df
dt

= ∂f
∂H

∂H
∂t

= 0
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Non-Uniform Beam Matching in Transport Channel 
(cont.)

Two formulations of the self-consistent beam matching problem:

1. The beam distribution function is known (for example, of the beam 
extracted from the source). The problem is to find focusing potential, which 
maintains this distribution in the channel:

2. Potential of the focusing structure is given. The problem is to find the 
beam distribution function, which is maintained in focusing structure:

More info: 
Y.B. Phys. Rev. E Vol. 53, No. 5, 5358, 1996;
Y.B. Phys. Rev. E Vol. 57, No. 5, 6020, 1998 

96Y.K. Batygin  Emittance Growth Halo Loss USPAS 2019



Equilibrium of a Gaussian Beam 

Beam with Gaussian distribution function

Time-independent Vlasov’s equation

Total potential 

Total field 

Space-charge 
field 

Required focusing field
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On Equilibrium of a Gaussian Beam 
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Equilibrium of the Beam with “Water Bag” and 
Parabolic Distributions

WB distribution in 
phase space 

Space charge 
density

Parabolic 
distribution in 
phase space 

Space charge 
density
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Equilibrium of the Beam with “Water Bag” and 
Parabolic Distributions
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Focusing by Opposite Charged Particles (Plasma Lens) 
Required(potential(distribution(can(be(created(by(introducing(inside(the(transport(channel(an(
opposite(charged(cloud(of(particles((plasma(lens)(with(the(space(charge(density:(
(

ρext   = ρo exp ( - 2 r 2

R2
) +   Ic ε 2

2πc R4 (

(

Charged particle density of the transported beam 
with Gaussian distribution, and of the external 
focusing beam
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Quadrupole-Duodecapole Focusing Structure

Potential of the uniform four vanes 
structure:
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Effective Potential of Quadrupole-Duodecapole 
Focusing Structure
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Space-Charge Density of the Matched Beam
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FODO Quadrupole - Duodecapole Channel for 
Suppression of Halo Formation

Ueff = (
µoβc
L
)2[ r

2

2
+ ςr6 cos4θ + ς 2 r

10

2
]Effective potential of quadrupole-

duodecapole structure:

ς = G6

G2
Ratio of field components

	

FODO channel with combined 
quadrupole G2(z) and duodecapole 
G6(z) field components 

(Y.B. et al NIM-A 816, 2016, p.78–86)
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Beam energy 35 keV
Beam current 11.7 mA
Beam emittance 0.05     cm mrad  
FODO period 15 cm 
Lens length  5 cm 
Quadrupole field gradient 0.03579 T/cm

Quadrupole field gradient 0.03579 T/cm
Duodecapole component  G6 = -1.76e-04 T/cm5

adiabatically decline to zero at the distance of 7 
periods. Numbers indicate FODO periods.

Quadrupole Channel Quadruple-Duodecapole Channel

FODO Quadrupole - Duodecapole Channel for 
Suppression of Halo Formation
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Suppression of Space Charge Induced 
Beam Halo Formation
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Particle Studio Simulation of Halo Formation 
in Quadrupole Channel
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Particle Studio Simulation of Halo Suppression in 
Quadrupole-Duodecapole  Channel
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Final Particle Distributions in Focusing Channels 
Quadrupole Channel

Quadruple-Duodecapole Channel
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High-Power Accelerators
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High-Power Accelerators (cont.)

(P.Ostroumov, F. Gerigk, Reviews of Accelerator Science 
and Technology, 2013)
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The LANSCE Accelerator Provides Unique Flexible 
Time-Structured Beams From 100 to 800 MeV 

113

Y.K. Batygin  Emittance Growth Halo Loss USPAS 2019



LANSCE Facility Overview

Beam parameters at 120 Hz pulse rate ( number 
in brackets are given for previous 60 Hz 
operation
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LANSCE Accelerating Structures
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J-PARC Accelerator Facility
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European Spallation Source
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Linac 4 at CERN
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Side-Coupled DTL and Pi-Mode Structure (PIMS) 
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CHINA SPALLATION NEUTRON SOURCE
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COMMISSIONING OF CSNS ACCELERATORS
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CHINA-ADS FACILITY

123Y.K. Batygin  Emittance Growth Halo Loss USPAS 2019



COMMISSIONING OF THE CHINA-ADS INJECTOR-I TESTING FACILITY
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IFMIF/EVEDA Project

IFMIF, the International Fusion Materials 
Irradiation Facility, is an accelerator-
based neutron source that will use 
Li(d,xn) reactions to generate a flux of 
neutrons with a broad peak at 14 MeV 
equivalent to the conditions of the 
Deuterium-Tritium reactions in a fusion 
power plant. (EVEDA: Engineering 
Validation and Engineering Design 
Activities). 
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HIGH CURRENT PROTOTYPE ACCELERATOR OF 
IFMIF/EVEDA

deuteron beam 
(140 mA, 100 
keV)

4 vanes RFQ (by INFN):
9.8 m, 175 MHz, 

0.1 - 5 MeV, 125 mA CW.
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