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Unit 6 - Lecture 13

Beam loading

William A. Barletta

Director, United States Particle Accelerator School
Dept. of Physics, MIT

Source: Wake field slides are based on Sannibale lecture 9
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Il Figure of merit 1: Beam energy '

% Two particles have equal rest mass m,,.

Laboratory Frame (LF): one particle at rest, total energy is E,,.

> O

P1 — (El/C, pl) P2 — mgc 0)

Centre of Momentum Frame (CMF): Velocities are
equal & opposite, total energy is E_,

>

Py = (Eem/(2¢),P) Py = (Eem/(2¢), —p)

2 2
E, = \/Zmoc E, forE,  >>mc
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||||| Surface field breakdown behavior 2 =
* x*
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Beam loading
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11" Assumptions in our discussion T
** **

1. Particle trajectories are parallel to z-axis in the region of interest

2. The particles are highly relativistic

3. (1) +(2) ==>The beam is rigid,
= Particle trajectories are not changed in the region of interest

4. Linearity of the particle motion
= Particle dynamics are independent of presence of other particles

5. Linearity of the electromagnetic fields in the structure
—> The beam does not detune the structure

6. The power source is unaffected by the beam

7. The interaction between beam and structure is linear
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11 Recall our discussion of space charge fields+  +
x*

***

% Coulomb interaction ==> space charge effect

= A generic particle in the bunch experiences the collective Coulomb
force due to fields generated by all the other particles in the bunch

% Such self-fields are usually nonlinear
= Their evaluation usually requires numerical technigques
= Special cases can be evaluated analytically

We’ve already written the expressions
for an axisymmetric beam with uniform charge density

~—

Field
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II I. = |Lee Teng’s solution for fields e g *
'l inside the beam o

* Conditions:
= Continuous beam with constant linear charge density |
— Stationary uniform elliptical distribution in the transverse plane
= a and b the ellipse half-axes,
—> the beam moves along z with velocity fc.

1 Ax 1 Ay
E = E =
Y me, a(a+b) " me, b(a+b)
B - M ABoy B Mo ABex
" 7 bla+b) " oala+D)
BX=—€Ey, By=§EX,



11 Space charge for Gaussian distribution

% Conditions

= Charge density Is gaussian in the transverse plane

=X << gy andy << gy

o 1 Ax £ 1 Ay
© 2me, ax(ax + ay) * 27, ay(ax + O'y)
Bx — MO )\’ﬁ Cy By _ Au“O )\‘[)) CcX

on O'y(O'x+O'y) 2 ax(ax+0y)

8 --Pe, B -PE

y y X!
C
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* *
|| |i|- Vacuum Chamber Effects:Image Charge * =
** **

* In the lab frame, the EM field of a relativistic particle is transversely
confined within a cone of aperture of ~ 1/y

% Particle accelerators operate in an ultra high vacuum environment
provided by a metal vacuum chamber

% By Maxwell equations, the beam’s E field terminates perpendicular to
the chamber (conductive) walls

* An equal image charge, but with opposite sign, travels on the vacuum
chamber walls following the beam

o ol o o ——D

Vel
Ve

Negative Negative Negative

Charged Bea% Charged Beam\ Charged Beamx
—> —> —>

R —
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Illil- Vacuum Chamber Wake Fields W41t
x x*

% Any variation in chamber profile, chamber material, or material
properties perturbs this configuration.

% The beam loses part of its energy to establish EM (wake) fields that
remain after the passage of the beam.

< f &
i o
N

% By causality in the case of ultra-relativistic beams, chamber wakes can
only affect trailing particles

The accelerator cavity is, by design, such a variation
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IHi1 Longitudinal wakes & beam loading { }
* *

* If the structure is axisymmetric & if the beam passes on
the axis of symmetry...

(&

B - %% __________________ |

=

* ... the force on axis can only be longitudinal

In a cavity the longitudinal wake (HOMS)
Is closely related to beam loading via the cavity impedance
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||||| Fundamental theorem of beam loading : }

Yy ()

o O

A point charge crosses a cavity initially empty of energy.

After the charge leaves the cavity, a beam-induced voltage V, ,, remains
In each mode.

By energy conservation the particle must have lost energy equal to the
work done by the induced voltage on the charge

What fraction ( f) of V,, , does the charge itself see?
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N . - - 1 * o
|| |" The naive guess is correct for any cavity * =
** **

V

A
Vb,n
Vb,n/2
> t
_d/ZVb d/ZVb

This theorem relates the energy loss by a charge passing through a
structure to the electromagnetic properties of modes of that structure.

By superposition,
V, , Ina cavity is the same whether or not a generator voltage Is present.



11 Asimple proof

W’s are the particle energies
U Is the cavity energy

W wW U

q q V. =0

[ T
<+ )\, /2> < 7

For simplicity:

Assume that the change in energy of
the particles does not appreciably
change their velocity
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* *
** **

Half an rf period later, the voltage
has changed in phase by &

W ‘ Cavity energy ’ W-qfV,
Is increased %(—/
Particle energy

IS decreased

Increase in U = decrease in W

aV2=qfV,==>V,=qf/a

V, is proportional to g




II I-- The simplest wakefield accelerator: * e
| g sees an accelerating voltage o«
Half an rf period later, the voltage
W.=0 @ has changed in phase by &
V=0 W-qfV,
--------- @ - @ q
W+ qV,-qfV, Note that the second charge has
gained energy
AW = 1/2 qV,

from longitudinal wake field of the

By energy conservation: first charge

W+qV,-qfV,+W-qfV, =W +W
==>f=1/2
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|||i|- Beam loading lowers accelerating gradients

E()
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E(1)=E, ¢ ~E, (1)
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TIME

Locating the bunch at the best rf-phase minimizes energy spread
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I|I-— Longitudinal wake field determines the :* .
1 (minimum) energy spread « 2y

ol

| I /02/

5 1 Azl '\ 2

The wake potential, W, varies roughly linearly with distance, s, back from the head
W, (s)=W,s

The energy spread per cell of length d for an electron bunch with charge g is

AW, (s) = —geW s

tail
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IljI° Beam loading effects for the SLAC linac * 3

~ 8 € 020 1 ,
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N . . . # #
11 My calculation for a CLIC-like structure +  +
** **
Energy spread vs. bunch charge
0.6 : —
sl Grad = 250 MeV/m v-g 8015 .
11.4 GHz
0.4 |- =
CAEJE (%) [ i
0.2 |- -
0.1} =
ool o . . . 0 L . L
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Charge (nC)
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N . . . . * “
IHli1 Energy gain in a partially filled structure +  +
** **
% For a test charge at the beginning of the bunch
L
Energy gain =AE = | € (s)d
gy g { (ds ; 1z
o> >
t_is the 1f - field < L >

t (5= Eoe_% where [ is the attenuation length

_rle i 220 _L
l_LF with T = /a) and Tf—%

f 8
“ AE ~ Eo(l _ e_s%) ~Es +..
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|||i|- In terms of the longitudinal wakefield... x E

***

* Bunch induces a wake in the fundamental accelerating mode
t,=-2kq
% The efficiency of energy extraction is

Remaining stored energy

n=1 —
Initial stored energy

% Stored energy ~ £

(E+E,) 4kg 4K°¢°  4kg
£ E B E

< Z <

* The particle at the end of the bunch sees € =t _, -2kq

n=1-

o Average AE = (AE)=(E, -kq)s, - (kq)(I-s,)
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II I-- Now look at the second bunch iy %
II setting As = At/v, Fror
£
.i_ﬂ_é | t=0
Asg 8 L
t.
) - i
o) | - — 0+ As 2As
2kq AE, = [E (s)ds+ [(E.(s)-2kq)ds
0 As
T N +f (E.(5)- 4hg)is
- ‘A_.; — -2kq t= AS 2As ) !
) - 4kq(L -5, - 2AS)
£
e t=As*
L
. £
3. As:I = 2AS
As"
L




|| |i|- We can extend this idea to N bunches "o}

* By analogy

AE, =E I(1-e ") — (n ~1)2kgl + n(n +1)kgAs

* Assume a small attenuation parameter (T{/T, << 1)

AE, =E s, + (n-1)(E,As-2kqL) + n(n - 1)kqgAs

% The quadratic tern prevents all AE, from being equal

% We can choose As so AE; = AE, ; I.e., such that

(n - 1)(EOAS - 2qu) +n(n-DkgAs=0 forn=N

US PARTICLE ACCELERATOR SCHOOL




H - * *
I - finally... K
** **
% That is As _ 2kq
L E_ + Nkq

% Then the maximum energy spread between the bunches is

NN=2),

OF = Max(AEi,AE].) = —

* In terms of the single bunch beam loading n, = 4kq/ Z,
As _Ar 7, 1
L T, 21+9,N]

% Where the maximum J6E

IS set by the application

max

[320E,,1"
= NN -2)
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|| |i |- Costs of making a multi-bunch train * *

% Decreased gradient:

EactuaI/ Emax = l'Nno/ 2

max
% Decreased efficiency
M~ NNo(~1-Nn,/2)
% Example: Say (AE/E),., = 10 * & N = 10 bunches
N, ~ 2%
% The bunch separation (At/T;) ~ 9.95 x 103

% Forf.=17GHz & T, =70 ns
— 21 cm spacing ==> 12 rf periods between bunches



|| |i'|' Consider a 17 GHz MIT structure k%

% For f.=17 GHz & T, =70 ns

* 21 cm spacing ==> 12 rf periods between bunches
Nyo ~ 18%

* Since the rf is making up for the wakefields
= tight tolerance on N

% In this case,
(AN/N) < 1 %
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I| I- = Scaling of wakefields with geometry &
Il frequency in axisymmetric structures

For the disk-loaded waveguide structure (and typically)

% Longitudinal wake field scalesas |a2~ A2

% Transverse wakes scale as |a=~ A«rf-s
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