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Sources of Beam Loss
1. Misalignments and lattice errors
2. Transverse-longitudinal coupling in RF field
3. Nonlinearities of focusing and accelerating elements
4. Non-linear space-charge forces of the beam
5. Mismatch of the beam with accelerator structure
6. Beam envelope resonances, particle–core resonances,
    beam core-core resonances
7. Variation and instabilities of accelerating and focusing field
8. Redistribution of beam distribution in 6D phase space
9. Beam energy tails from un-captured particles
10. Excitation of higher-order RF modes
11. Particles interaction with residual gas, intra-beam
      stripping, field stripping, photon stripping
12. Dark currents (un-chopped beam, RF transients)
13. Black body radiation
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Requirements on Hands-On Maintenance 
of Accelerator 
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Level of  Residual Activation and Type of Maintenance 

Beam loss results in radiation activation of the accelerator, which can 
be distinguished as prompt and residual. Prompt activation requires 
shielding of the accelerator tunnel. Residual activation imposes limits 
on maintenance on the accelerator after the termination of operation.



Residual Activation of Accelerator 
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Doserate [mrem/h] = 0.33(W [MeV]− 9) 1.8

W [MeV]

Residual activation as a function of beam energy 
(R. Handekopf, 1999; J. Galambos, 2021).

Dose rate is measured 
at 30 cm from the 
accelerator after 4 
hours of accelerator 
cooldown following 100 
days of steady-state 
accelerator operation.  



Allowable Beam Loss

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).
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In high-energy linac, 
required beam losses: 
is less than 1 W/m.

For beam power 1 MW 
beam losses should be 
less than 10-6/m.



Beam Loss Monitors
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Activation Protection (AP) 
scintillation detector. Hardware Transmission 

Monitors (HWTM) 
measures the beam 
current losses between 
current monitors and limit 
beam current to a value 
at one current monitor.

Ion Chamber 
(IR) and 
Gamma 
Detector 
(GD).



Beam Losses in LANL Linear  Accelerator
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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



LANL 800 MeV Beam Loss
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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 W/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 Halo (cont.)  
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Collimation of beam halo at SNS 2.5-MeV beam scrapper: (a) before collimation, (b) 
after collimation [Zhukov et al, LINAC2010].

One of the ways to reduce beam halo at certain distance is beam scrapping at low 
energy. It results in reduction of beam loss in DTL and at certain points at High-
Energy Beam Transport. However, collimation of a beam halo cannot prevent beam 
losses at longer distance, because the halo re-develops after a certain distance 
following collimation. Experiments performed at SNS (Oak Ridge Nat Lab) show that 
when the beam reaches the final energy of 1 GeV, there is a very little measurable 
difference in the beam halo  with or without MEBT scrapping.



Beam Halo (cont.)  
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(J. Galambos, Ramp up progress, SNS Accelerator Advisory Committee Meeting, 
   3 February 2010).



Beam Halo (cont.)  
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(A. Aleksandrov et al. 2005 Particle Accelerator Conf.)



Beam Halo (cont.)  
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A wire scanner beam profile measurement in 1 GeV High Energy 
Beam Transport of SNS accelerator with and without MEBT 
scrappers (D. Jeon et al, SNS, 2010).



Beam Emittance Growth in Low Energy Beam Transport 
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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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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 = AminΩr _max

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

h = Φ / tgϕ s

20
Y. Batygin - USPAS 2024

X = Amax

With approaching parametric resonance condition 
2Ωrs ~ Ω, emittance growth becomes more 
significant  (R. Gluckstern, 1964):

∍eff
∍

= 1+ h( Ω2

4Ωrs
2 −Ω2 )

∍ eff

∍
=

Ωr _max

Ωr _min

≈1+ h Ω2

4Ωrs
2



Emittance Growth in Drift Tube Linac (0.75 MeV – 100 MeV)

Beam Capture in DTL  75% - 80%
Additional losses         0.1% -1%
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Accelerator Misalignment



Dynamics of Uncaptured Particles in Drift Tube Linac

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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Beam Capture in Tank 1 of LANSCE Drift Tube Linac

(Courtesy of Sergey Kurennoy) 23Y. Batygin - USPAS 2024



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 and phase

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

  < δ (Δp / p) >≈1.7 ⋅10−4
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< δψ > ≈1o
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Beam Energy Spread Measurements

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

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

(L.Rybarcyk et al, LINAC 2016)
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Observation of Low-Momentum Beam Spill
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Observation of Low-Momentum Beam Spill
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Transverse Oscillations in Non-Ideal Focusing Structure
 Misalignments and lattice errors can significantly affect beam dynamics. 
Consider  equation for beam ellipse 
 

 
 
where  is the value of beta-function in the middle of quadrupole. 
Suppose, particle trajectory experience random kick in phase space dx dx’. 
Increase of beam size is 
 

 
 
In smooth approximation, particle trajectory is , 

. After averaging over all phases , increase 
of particle oscillation amplitude is determined by 
 

 

The distortion of beam amplitude of oscillations after  quadrupoles can 
be written as 

 

where summation is taken over all sources of distortion at each focusing period. 

A2 = x2 +βx
2x '2

βx

d(A2 ) = (dx)2 +βx
2 (dx '2 )

x ≈ xo sin(Ωrt +Φox )
x ' ≈ xoΩr cos(Ωrt +Φox ) Φox

< dA >2= 1
2
[< dx >2 +βx

2 < dx ' >2 ]

NQ

< ΔA > =
NQ
2
[Σ < Δx >2 +Σ < Δx ' >2 βx

2 ]
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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
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Emittance Growth due to Nonlinearities 

35

In a perfect linear focusing channel, random fluctuation do not result in 
emittance growth. However, in presence of lattice field nonlineraities, 
emittance growth is  unavoidable due to filamentation in phase space.
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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 in 
Presence of Nonlinearities 

Spreading of effective 
emittance due to coherent 
perturbation of the beam in 
presence of frequency 
dispersion.
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Beam Matching
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Beam matching is determination of conditions for providing 
periodic beam envelopes in periodic accelerator structure.

The matched beam radii along one period. T1,T2 
bunching cavities, Q1, Q2 quadrupoles (Pabst, EPAC98).
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Matched Beam Conditions

Matched beam conditions 
(see Section 6, slide 28)

 

Depressed transverse and 
longitudinal phase advances 
per unit length
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Rx (z) = R[1+υmax sin(2π
z
S
)]

Ry (z) = R [1−υmax sin(2π
z
S
)]

R = εS
βγ µt

Rz =
ε zS

βγ 3 µz

(µt

S
)2 = (µs

S
)2 − 3

2
I

Ic (βγ )
3 (

βλ
RzR

2 )(1−Mz )

(µz

S
)2 = (µoz

S
)2 − 3 I

Ic (βγ )
3 (

βλ
Rz R

2 )Mz

Keeping μs / S and μoz / S constant at transition from one accelerator 
section to another and making them changing adiabatically is the way to 
keep beam matched along machine.   
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Current - Independent Beam Matching

39

Schematic representation of matched 
phase spaces at end of RFQ (A), and at 
mid quad (B and D) and gap (C) in DTL.

Longitudinal matching between DTL tanks. 
Solid lines show normal drift tubes and phase 
profiles. Dashed lines show modified drift 
tubes and resulting change in phase profile. 

The accelerator lattice should be a continuous focusing structure that 
changes adiabatically along the machine. This allows the beam - 
originally matched within the RFQ - to continue to be approximately 
matched along the linac, and to remain nearly independent of the 
space charge and emittance of the beam. 

(R. S. Mills, K. R. Crandall, LINAC 84)
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Beam Matching
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The ESS accelerator rate of 
phase advance in the three 
degrees of freedom, from the 
DTL to the end of the  high-β 
section. 

Phase advance per meter.

 Phase advance per lattice 
cell.
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Effect of Beam Mismatch

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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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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H (J ,ψ ) = J (µt −
π
3
)+ 5
12

α6 J
3 +

α6 J
3

24
cos6ψ
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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
48
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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.
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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).

57
Y. Batygin - USPAS 2024



Intrabeam Stripping in H- Linacs

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

Beam loss versus beam current for protons and H- beams for the design and 
production optics (A. Shishlo et al, “First Observation of Intrabeam Stripping of 
Negative Hydrogen in a Superconducting Linear Accelerator,” PRL (2012)).
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Black Body Radiation
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The photodetachment can be produced by black-body radiation of thermal 
photons emitted from the beam pipes. Such photons can reach sufficient 
energy in the reference frame of a relativistic beam for H- stripping.

The energy density of thermal photons 
emitted from beam pipe per unit volume at 
temperature T within photon frequency 
interval dν is given by the Planck formula:

Sυ (υ,T )=
8πh
c 3

υ 3

ehυ /kBT −1

Stripping by black-body radiation of a beampipe 
(J.-P. Carneiro, 2007).

where  Boltzmann constant: kB = 8.617333262145 x 10−5  eV/K
            Plank constant:          h = 6.62607015×10−34 J⋅Hz−1



Cross Section of Photodetachment Process
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The cross-section of the photodetachment process in the rest frame of 
H- beam  σ = σ (E’ ):

σ BB
max= 4.2 ⋅10−21m2

the maximum black-body stripping 
cross-section:

where E’ is the photon energy in 
the H-  rest frame;

σ (E ') = 8σ BB
max Eo

3/2 (E '− Eo )
3/2

E '3

Eo = 0.7543 eV is the 
electron binding energy 
for H- ion H- photo-detachment cross-section.



“Lorentz Boost”
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Lorentz transformation of the photon 
energy in laboratory frame E  to that in 
the beam rest frame E’ (“Lorenz boost”) 

E ' = γ E (1+ β cosθ )

Photons spectral density energy in the laboratory frame (300 K) and Doppler 
shifted to 8 GeV H− rest frame . (J.-P. Carneiro, Beams-doc-2740 , 2007).



Beam Loss due to Black Body Radiation
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Fraction lost per unit length (H. C. Bryant 
and G. H. Herling, Journal of Modern 
Optics, 2006 ).

Total loss per unit length:

The loss rate of  H- beam due to black body at temperature T =300K 
W =1 GeV    3 x 10-9   m-1 (negligible)
W = 8 GeV  7.8 x 10-7 m-1 (significant)

Cooling of the beam pipe at 150 K will reduce losses of 8 GeV beam  to the acceptable 
level of 2.5 x 10-8 m-1.

or (J.-P. Carneiro, “H- Stripping Equations and Application to the High Intensity Neutrino 
Source”, FNAL Report Beams-doc-2740, (2007)):



(M.Plum, CERN-2016-002)

Beam Loss Mitigation
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