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Sources of Beam Loss

. Misalignments of accelerator channel components

. Transverse-longitudinal coupling in RF field

. Particle scattering on residual gas, intra-beam stripping
. Nonlinearities of focusing and accelerating elements

. Non-linear space-charge forces of the beam

. Mismatch of the beam with accelerator structure

. Instabilities of accelerating and focusing field

. Beam energy tails from un-captured particles

. Dark currents (un-chopped beam, RF transients)

. Excitation of higher-order RF modes

. 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

Beam power lost to give 10 mrem/h

1x10°

10

W/m

Beam energy [MeV]

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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Beam Losses in LANL Linear Accelerator
Drift Tube Transition Coupled- Cavity Linac (100 MeV — 800 MeV)

Linac Region
0.75 — 100 MeV
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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.
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NORM |

NOBM |

Year Pulse | Summed Loss
Rate Monitor
(Hz) Reading (A.U.)

2018 120/60 180

2017 120 150

2016 120 190

2015 120 135

2014 60 211

2013 60 190




Beam Loss Monitors
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Beam Loss Monitors (cont.)
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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.

i@ Los Alamos Y. Batygin - USPAS 2021

NATIONAL LABORATORY



Vibrating Wire Sensor as a Halo Monitor

4 Baam ¢ ) The operating principle of vibrating wire sensors 1is

measurement of the change in the frequency of a vibrating
wire. which is stretched on a support, depending on the
physical parameters of the wire and the environment in

By use of a simple positive feedback circuit, the
magnetic system excites the second harmonic of the
Second wire’'s natural oscillation frequency while keeping the

harmonics

P middle of the wire exposed for detection of beam heating.
RN
RS4.85 . - . . -
@ZZLW ) The interaction of the beam with the wire mainly causes
Vibrating wire scanner test in lab heating of the wire due to the energy loss of the particles

[Arutunian et. al., PAC (March 29 -
Abpril 2. 1999. New York Citv)l

Beam current density
in horizontal direction, nA/mm

[
o

Wire horizontal position, mm

Scan of the electron beam at the Injector of
Yerevan Synchrotron with an average
current of about 10 nA (after collimation)
and an electron energy of 50 MeV
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Linac Beam Distribution in Phase Space
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Fig. 4.9 The distribution of the current in

Fig. 4.8 The distribution of the current 1in the phase space of the beam in the FNAL proton

the phase space of the beam at different points

accelerator-injector. 1--0.75 MeV, 150 ma;
in the CERN proton accelerator-injector. 1-- 2--10 MeV: 3 and 4--200 MeV, 78 mA.
0.5 MeV, 115 mA; 2--10 MeV; 3--30 MeV; 4--50
MeV, 58 mA.
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Beam Distribution as a Function of Beam Intensity
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Fig. 4.11 The distribution of the current in
the phase space of the beam at the exit of the
ITEP accelerator-injector for different values
of the total current of the accelerated beam.
1--60-100 mA; 2--100-160 mA; 3--160-200 mA.

Fig. 4.10 The distribution of the current in
the phase space of the beam at the entrance and
exit of the ITEP proton accelerator-injector.
1--0.7 MeV, 470-600 mA; 2--25 MeV, 160-200 mA.

Empirical experimental dependence of
beam emittance growth in RF linac g, =€, +kI"
versus beam current /| (0.6<n <1.0) 0
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Beam Halo

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 monitoring at Liverpool
University

http://liv.ac.uk/quasar/research/beam-
instrumentationlbeam-halo-studies4 ,
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Beam Emittance Growth in Low Energy Beam Transport
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Emittance Growth due to Transverse-Longitudinal
Coupling
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Phase space trajectory of particle in a standing wave
RF accelerator.
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Emittance Growth due to Transverse-Longitudinal
Coupling (cont.)

2 2
Transverse oscillations in presence of RF —+ X[Q2 ——hsin(Qr+y,)]=0
14 dt 2
field:
Parameter h is proportional to amplitude of h=o /|tg§0s
longitudinal oscillations .
Transverse oscillation equation for synchronous d*X 2
- +Q°X=0
particle e rs

X=Acos(2, t+y,)

Solution of equation for synchronous particle: : _
X=—-AQ sin(Q t+y )

Synchronous particle performs oscillations

) ) X2 XZ
along elliptical phase trajectory in phase + —
2 2 42
space A° QA
1 AZQI‘S
Beam emittance > =
vS
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Emittance Growth due to Transverse-Longitudinal
Coupling (cont.)

Maximum deviation from axis, A,.x, iS achieved -
by particles with minimal transverse oscillation o - \/Qz —Q—h
frequency, while maximum spread in transverse - T2
momentum (and minimal amplitude A,,,) is 02
achieved by particles with maximal oscillation Q, o =4/ Q0 + 7h
frequency
Non-synchronous particle performs transverse AL Q. A2 O
oscillations with variable transverse frequency while 2 = N ) y=—— N —
phase space area comprised by this motion is * g
constant according to adiabatic theorem
: : o . : : A A Q
Effective emittance is limited by ellipse with semi-axes 3 = max ' mm - 7_max
X = Amax X = AminQr_max vs
3, Q Q°
off — r_max 1+ - h
E Qr_min 4Qrs h — (I) /|tg§0s
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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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Dynamics of Uncaptured Particles in Drift Tube Linac
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Distance between
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0 | 1 | n
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t, ns
Accelerated and non-accelerated particles
after Tank 4 (S.Kurennoy, IPAC16)
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Beam Capture in Tank 1 of LANSCE Drift Tube Linac
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Acceleration in Non-ldeal Accelerating Structure
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Fig. 1.12 Effect of an abrupt change in frequency
on longitudinal oscillations of particles.
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Acceleration in Non-ldeal Accelerating Structure (cont.)

Relative momentum deviation o= P~ D

from synchronous particle D,
Dimensionless longitudinal Q_ (qEﬂ‘) sing,
oscillation frequency 0 mc’ 2nfy’
Dimensionless eE TAcoso,
acceleration rate W, = e’

Increase in relative momentum spread

p-— —
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Acceleration in Non-ldeal Accelerating Structure (cont.)

For LANL 805-MHz linac

<o(— )>—\/N“ S oF,
2 E

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

For instability of the RF field amplitude and phase
<OE | E >=1% <Oy >=1°

estimated increase of momentum spread of the beam

<o(Ap/ p)>=1.7-10""
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Beam Energy Spread Measurements
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Location of beam spectrometer LDWS03 in high-
energy part of accelerator facility
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Beam Energy Spread Measurements (cont.)

3.1

Beam Momentum Spread

Ap . \/Ri _ﬁx(4 3x_rms)
p n

LDWS3X Hor

0.4

Background Avg = 4, Data Avg = 16, NBins = 30, Mode = STEP, Algorithm = Gauss ©.8, Sequential Scan

|| WSPSR Wire Scanners -- 2817,81.30-13:02:23,023, Beam Gate = SRTB, Rep Rate = 4, DWSS = 1174, SWSS = 1174, WSOT = 1618
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Beam Energy Spread Measurements (cont.)
(a) (b)
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tuned beam, (b) beam with momentum tails due to improper tune.
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Effect of DTL Cavity Field Error on Beam Losses

Maximum Spill = 10" E™r where n = 3 - 4
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(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-ldeal Focusing Structure

Misalignments and lattice errors can significantly affect beam dynamics.
Consider equation for beam ellipse

22 2.2
A =x"+f.x

where B 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

d(A%)=(dx)* + B (dx")

In smooth approximation, particle trajectory is x=x sin(Q2:+® ),
x'=x € cos(L t+® ). After averaging over all phases @®_, increase

of particle oscillation amplitude is determined by
<dA>’= %[< dx >* + 37 < dx'>]

The distortion of beam amplitude of oscillations after N, quadrupoles can

be written as

N
<Ad>= \/TQ[Z<Ax>2+Z<Ax'>2,Bj]

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

=
@ Los Alamos Y. Batygin - USPAS 2021

28



Transverse Oscillations in Non-ldeal Focusing Structure

Rms increase of amplitude of transverse oscillations D gG  Quadrupole
mcfBy strength
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Emittance Growth due to Nonlinearities

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.

(c) Filamenting beam (d) Fully filamented beam
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Effect of Random Errors on Emittance Growth in

Spreading of effective
emittance due to coherent
perturbation of the beam in
presence of frequency

dispersion.

i%¥® Los Alamos

AAAAAAAAAAAAAAAAA

Presence of Nonlinearities

In ideal linear focusing field, beam emittance
rotates collectively, and random errors do not
result in beam emittance growth.

In presence of frequency dispersion, du/dR#0
effective emittance will increase.

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

de U R 1 du
—=2 s <5A>‘“3§/
dn Pr S Zn(dR)

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

Y. Batygin - USPAS 2021 31



Beam Matching

Beam matching is determination of conditions for providing
periodic beam envelopes in periodic accelerator structure.

i%¥® Los Alamos

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 oS R.(z)=R[1+v, sin27x )]
(see Section 6, slide 28) R= 3 S
rH R (2)=R[l-v,, sin(27r§)]
R= |50
Pru.

5 Y | A
%):(“w—— Py m )y

Depressed transverse and q 21 (By) ( R R
longitudinal phase advances - :

per unit length

L BA
1.(By) R R’

M,

Moy _ Moy
(S) (S) 3

Keeping u,/ S and u,,/ 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
RFQ DTL TANK N TANR N+|
A B ¢ D A B c D E
] B s !
I

- - —
‘ ] '

L s -
‘ ' 1 1

|
| |
' ! l
w8 OBO | 2
w () 0=0 e R

Longitudinal matching between DTL tanks.

Solid lines show normal drift tubes and phase
phase spaces at end of RFQ (A), and at profiles. Dashed lines show modified drift

mid quad (B and D) and gap (C) in DTL. tubes and resulting change in phase profile.
(R. S. Mills, K. R. Crandall, LINAC 84)

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.

1% Los Alamos
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Beam Matching
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Effect of Beam Mismatch

| Matched Beam

A R R TR X o PR 3 X X TR T )
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Mismatched Beam
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Effect of Beam Mismatch at the Entrance of DTL on Beam
Loss in Transition Region (100 MeV)
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Collimation of Beam Phase Space
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Transverse Beam Dynamics in Drift Tube Linac

eV
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(Courtesy of Sergey Kurennoy)
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Beam Losses versus Lattice Phase Advance
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Beam losses in SNS accelerator versus zero-current phase
advance (Y. Zhang et al., 2010)
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Effect of Lattice Resonance

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

<

1 (

| 4, = -[% r cos29+%r6 cos 69+(1;—8’r1° cos106+..]

" Hamiltonain of averaged particle motion in
the vicinity of 61" order resonance:

T. 5 a J’
H(J,y)=J (1, —E)Jrao% J + 3—40036w

| o | Increase of amplitude

H of particle trapped into

i N N | resonance (TUPOB2S6,
' NA-PAC 2016)
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Figure 5: Dynamics of the beam in the vicinity of 6™ order
resonance for different beam distributions in the lattice
with f,= 86° : (a) water bag, #=58° (b) parabolic,
1=54° , (c) Gaussian, (=38°.

Excitation of 6! order resonance in quadrupole
lattice with phase advance u,6 =60°
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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.

Primary Camera Image:

Fig. 15: Example of dark current at a view screen located at the SNS ring injection point. The beam is turned off,
yet the dark current is present at levels sufficient to light up the view screen. The phase of the first DTL tank is not

reversed for this image. (M . Plum, CERN-201 6'002)
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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.

Merging Dipole SMPRSI s Line
Final Bend , “,ac;{\o“
BE=g_ 1 g2 1|
\ ul ';!""7-- _‘F'. 'i',,*‘ll %@m:
AN ~L TR, H-/HO Dump Lin
P e C Magnets AN

Bump Magnets -%\

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)

Beam loss

: SNS J-PARC ISIS LANSCE
mechanism
Intra-beam Yes, dominant loss Not noted as Not noted as Yes, significant, 75%
stripping in SCL linac ~ significant significant ~of loss in CCL
Residual gas Yes, moderate Yes, significant, Yes, not significant Yes, significant, 25%
stripping stripping in CCL and improved by adding  when vacuum is of loss in CCL
HEBT pumping to S-DTL good, but can be
and future ACS significant if there
section are vacuum
problems

H+ capture and

Possibly, but not

Yes, was significant,

Not noted as

Yes, significant if

acceleration significant concern cured by chicane in  significant there is a vacuum
MEBT ' leak in the LEBT
Field stripping Insignificant Insignificant Yes, <1% in 70 MeV  Insignificant
transport line, some
hot spots
Y. Batygin - USPAS 2021 44
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H- Beam Losses in Coupled Cavity Linac (100 MeV-800 MeV)

Energy (MeV) 100 800

Normalized rms beam emitttance 0.5 0.7
(Tr mm mrad)

Beam losses in CCL: 0.1% - 0.2%

Energy (MeV)

100 182 257 334 414 497 582 665 750 800
10

2 s

o

£ 6]

®

O 4]

v

(a L

< 2
0L -

5 10 15 20 25 30 35 40 45 50
Linac Module

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):

/ Peak Current

0.05

—Measured H- Losses

—Measured H+ Losses

[ oss Monitor

0.00

h
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Stripping Beam
Mechanism Fractional
Loss
Residual Gas 27x107*
Stripping
Intrabeam 1.6X 10—4
Stripping
Lorentz Field 4.5x 10—11
Stripping
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Residual Gas Stripping of H- Beam
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beam energy, for various residual gases o _
Gas stripping cross-section as a

function of atomic number. 47
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Residual Gas Stripping of H- Beam (cont.)

H- Stripping Cross Section

- 18 T 4 ‘\\\

Nitrogen (red) or hydrogen cross section [cm?]
] :

-19

1 10 100 1x10°

Beam energy [MeV]

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 H°).

In a typical accelerator, the residual gases are mainly H, , H,O, CO, CO, (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 108 Torr at 1 GeV.
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H* Capture and Acceleration

image
plate

mcation
H* beam ’/
= ||
——»77

H™ beam

Figure 2: Layout of the beam switchyard showing the
location of the image-plate used in detecting the protons
that result from stripping of H™ ions. Downstream of this
section H™ beam is bent out of the plane of the drawing
for delivery to experiment areas.

200

400
600

200 400 600 800 10001200

Figure 4: Image plate exposed to the contaminating
proton beam with beam plug TRBLOI1 retracted, i.e.
including protons that originate in the LEBT and DTL.
The numbers on the axes are pixel numbers. The solid and
dashed rectangles indicate the signal and background
regions used in the analysis. The color axis has been
scaled to show maximum detail in the image.

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- lons

Magnetic field is Lorentz transformed into o
electric field in the rest frame of the H-beam ity
E[MV /cm]=0.3 By B[kGs] 10
i
10
Life time of H-ion versus electric field E
nivll?—ﬁ e
A D
T(E)=—exp(— n-id)
(E) £ P(E) 10
— 1014 -1 107 l ] o
A=1.05-10"secMV cm : P 7 £, MB/cn

D=4925MV cm™
Life time of H-ion versus electric field
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Magnetic Field Stripping of H- lons (cont.)
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Tolerable magnetic field as a function of beam energy (P.Ostroumov, 2006).

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).
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Intrabeam Stripping in H- Linacs

110 M ‘ T
Tetrip RREE == f\ Born ]
[cm2] AT LTI approx. ]
f’ Numerical H\ T
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=10~
1107 1x107° 0.01 0.1
|3

Figure 1: Comparison of Eq. (1) predictions (green solid
line) to the numerical simulations of Ref. [5] (red dots),

and to the results of Born approximation of Ref. [6]
(dashed blue line).

(V.Lebedev et al, LINAC 2010)
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AT 22 22 2

1 dN NG, 1?62 +1°6} +6,
T c 2 2

N ds 87°0,0,0.7

where y1s the relativistic factor. G.= /gx B, ~are the

transverse rms bunch sizes. g L

Transforming Eq. (4) to the laboratory frame one

obtains the relative intensity loss per unit length travelled
by the bunch:

F( /Vex‘ /:/9}'_9: ) . (7)

are the

transverse local rms angular spreads, o; and & are the
rms bunch length and the relative rms momentum spread.

1.5x10 " | | —730
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Figure 3: Integrals over linac length for the relative
particle loss rate and the power density due to particle

loss. 53
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Intrabeam Stripping in H- Linacs (cont.)
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Fig. 10: Normalized beam loss (loss monitor signal divided by the peak beam current) in the SNS SCL for two
different optics cases, as a function of ion source current, for both H* and H~ beams. Black: H~ beam with SCL
quadrupole gradients set to design values. Green: H™ beam with SCL quadrupole gradients set to design values.
Red: H™ beam with SCL quadrupole gradients lowered by up to 40% to minimize the beam loss. Blue: H beam
with SCL quadrupole gradients set to the same values as for the H™ minimum loss case. Figure reproduced from

LIl A.Shishlo et al (IPAC 2012)
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Black Body Radiation

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-° 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.
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Beam Loss Mitigation

Table 3: Some methods of beam loss mitigation

Cause of beam loss Mitigation

Beam halo—both transverse Scraping, collimation, better matching from one lattice to the next, mag-

and longitudinal net and RF adjustments

Intra-beam stripping Increase beam size (both transverse and longitudinal)

Residual gas stripping Improve vacuum

H™ capture and acceleration Improve vacuum, add chicane at low energy

Magnetic field stripping Avoid by design

Dark current from ion source Deflect at low energy, reverse (phase shift) RF cavity field when beam is
turned off

Off-normal beams (sudden, oc- Turn off beam as fast as possible, track down troublesome equipment anc

casional beam losses) modify to trip less often

(M.Plum, CERN-2016-002)
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