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Summary This note will show that the energy lost when a beam moves through an equipment,
when calculated with the wake field approach (which is a beam impedance concept), is the same
as when calculated with electro-technical theory.

1 Theory and Introduction

1.1 Introduction to Wake Fields and Wall Currents

A wake field can roughly be described as the electromagnetic field trailing a charged particle.
The particle generating the field is called the drive particle and denoted ¢4. The wake field is
only truly behind the drive particle when the speed of the drive particle equals the speed of
light, otherwise the field is also in front of the drive particle. As depicted in Figure 1 there
is a drive particle, q,;, moving at the speed of light, which is the one generating the wake
field and a point where the wake field is measured. This measuring point is represented by a
test charge ¢; which is ”experiencing” the wake field. The test charge is a fictitious particle,

Figure 1: The driving particle, q,; followed by a test particle, q,, with a constant distance s
between them, moving through a resistive equipment. Originating from q,; are seen electric
field lines which are terminated at the induced charges in the walls. Adapted from Ref[5]



and it moves so there is always a constant distance ”s” between the drive charge and the
test charge. As said, the test charge represent the point were the wake field is measured,
but it will also be useful to calculate the energy losses. As can be seen in Figure 1, there are
induced charges in the walls. The induced charges in the walls are both positive and negative.
Some of the electric field lines in the figure goes between these positive and negative charges.
The wake field consists of all the electrical field lines shown (and in addition magnetic field
lines that are not shown here). Please notice that some of the electrical field lines goes from
positive charges in the wall to negative charges also in the wall. Notice also that because
the drive charge is moving, and the induced charges therefore also moves, these moving
induced charges represent induced wall currents. Because of the resistance in the walls of
the equipment, the induced currents will feel an impedance and so will the beam. This
impedance, felt by the beam, is called the beam impedance.

1.2 Characterizing an Equipment via an Impulse Responce or a
Lumped Impedance
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Figure 2: Two identical ways of characterizing the response of an equipment: a) A drive
particle, q;, moves through an equipment with the length L. The drive particle is depicted
as a Dirac delta impulse. The response to this Dirac delta function, which is defined as
the voltage drop of a test particle that follows the drive particle, fully characterize the
equipment. b) A circuit showing an equipment represented by a lumped impedance, Z, and
its corresponding current, I, and voltage, V.

An accelerator is build up of many different equipment, e.g. magnets, vacuum chambers,
kickers, accelerating cavities, position monitors, gas monitors, electron coolers, collimators,
wire scanners, etc. When a particle beam passes through an equipment there will be an
electromagnetic interaction between the beam and the equipment. This electromagnetic
interaction can be modeled in two ways, either as an impulse response, i.e. as the voltage
over the equipment, experienced by a test particle that follows the a Dirac delta pulse (in
our case modeled as a single particle, called a drive particle, moving through the equipment),
see Figure 2a, or as a lumped impedance, see Figure 2b. Representing the electromagnetic
interaction of an equipment as an impulse response is a standard way of characterizing any
electromagnetic circuit, see Appendix B. The impulse response of an equipment, to a single



particle moving through it, is defined via the concept of a wake function. The wake function
will be explained in Section 1.3. Notice that the impulse response of an equipment or an
electronic circuit are different in one an important aspect, namely that the wake function
considers the length of the equipment, while an electronic circuit is considered as a lumped
impedance, which assumes that the length of the impedance is zero. The lumped impedance
that models the equipment is what is called the beam impedance.

The purpose of this note is to show that the energy loss can be calculated via both the
wake function concept and the beam impedance concept and that both concepts yields identical
results. This energy loss will be shown to be given by the formula:

1 > 2
Uiowe = 5= | 2@/ 1)

where Z(w) is the beam impedance and |Z(w)| is the absolute value of the Fourier transfor-
mation of the current (See appendix A).

1.3 The Wake Function
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Figure 3: The figure depicts the driving particle, q, followed by a test particle, q,, moving
through an equipment of length L. The driving particle is positioned in z; and the test
particle is positioned in z;. The distance between the particles is s.

Imagine a particle, called the drive particle, that moves through an equipment. The
response of the equipment to this drive particle will now be investigated. The response is
defined by a test particle that moves a constant distance, s, behind the drive particle, see
Figure 3. The test particle will experience the wake field from the drive particle. NB in this
note only the longitudinal fields will be considered. The integral, from the start to the end
of the equipment, of this electrical field, felt by the test particle, gives a voltage.

Vi(s) = _/0 Ey(z,s)dz (2)

where V| (s) is the longitudinal voltage drop for a given distance s between the drive and
test particle, L is the length of the equipment and FEj(2, s) is the longitudinal electric field

3



evaluated in z;, which is the position of the test particle. The wake function can now be
defined as the voltage drop normalized with the drive charge.

L
wi(s) = I L [T (3)
Y da Jo

In the definition of the wake function, the reason why the potential is normalized with the
drive charge, is that one would like the wake function to represent the impulse response of
the equipment. Since an impulse response is the response to a Dirac delta function, which
has an integral equal to 1 i.e. ffooo d(t)dz; = 1, then the response to the drive particle must
be scaled down so it represents a charge equal to 1. It is clear from this, that when the
potential is normalized by the magnitude of the charge, the resulting wake function, w¢(s),
is the system impulse response. Another way of describing the wake function is through the

wake field which is defined in the following way

E(z,s)
dq

Wicld(2t, 8) = (4)
The wake function, which represents the voltage over the equipment as the response to a
Dirac delta function, is then the integral of the wake field

wy(s) = _/0 Wieid (2, 8)dz (5)

Just as the wake field is defined by the electrical field and the charge of the drive particle,
the electrical field can be defined by the wake field and the charge of the drive particle i.e.
E(z,s) = Wgieid(2t, 8) - qg- This is useful in defining the electrical field in a bunch, which is
the sum of all the wake fields from all the drive particles in the bunch:

Ez(Zt) = / wfield(ztv S)dqd,)\ (6)

o0

1.4 The Beam Impedance and its relation to the wake function

There can be many sources of beam impedance, such as impedance from wall currents,
impedances generated by space charge or special cases like electron clouds impedance, how-
ever this note will only focus on the impedance from wall currents. Having introduced the
wake function for a single particle, the next step would be to introduce the beam impedance
and its relation to the wake function.

The beam impedance is defined, as any impedance, in the frequency domain:

Z(w) = =~ (7)

where Z(w) is the beam impedance, Z(w) is the beam current represented by a bunch of
particles, and V' (w) is the voltage drop felt by a test particle that moves through the equip-
ment. All three items are expressed in the frequency domain i.e. they are Fourier transforms
of the same objects in the time domain.



The voltage drop, created by a single drive particle, is given by Equation 3:

Vi(s) = wy(s) - qq (8)

where Vj(s) is the voltage drop of the test particle as it moves through the equipment,
wy(s) is the wake function and ¢q is the charge of the driving particle. NB! Both the voltage
drop and the wake function are functions of distance and not of time. The conversion from
distance to time will be done later. For the moment all will be calculated in terms of distance.
If, instead of a single drive particle, the voltage drop is created by a bunch of particles, the
total voltage drop is the integration of the voltage drops from all the particles in the bunch:

Vi) = | wyls + a)duta) (9
—00

Where Vj(s) is the voltage drop felt by the test particle at a distance s behind the bunch,

i.e. behind the reference position, z, = 0, of the bunch distribution, w(s + 2;) is the wake

function of a drive particle where the test particle moves at a distance s + z, behind the

drive particle, dgq(zp) is the charge of the drive particle and z, is the position of the drive

particle inside the bunch distribution.

The bunch distribution A(z;,) is defined as a function of distance z, (see figure 4):
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Figure 4: The charge distribution of a bunch is shown at two times, t=0 and t=dt. In the
small time interval dt, the bunch moves a distance dz to the right. The speed of the bunch
is v, so the distance dz will be dz=v dt. At t=0 the reference point, z, = 0, of the bunch
distribution passes the point z=0 on the z-axis. The current in position z = 0 at time ¢t =0

tae a4 — _ dq _ Yot Mz6=0)dz _ dyoqA(0)vdt _
1s: 2(t - 0) — dt o dt = dt - qtotal)‘(o)v

The bunch distribution is normalized, so that the integral of the distribution is 1:

- / ) dz (10)

[e.9]

>



and a drive- or test particle can be represented by the charge:

dq(2p) = Grotar M (2p)d2s (11)

where dq(z) is the charge as a function of the charge’s position in the bunch distribution,
Qrotal 18 the total charge of the bunch, A(z,) is the distribution of charge inside the bunch
and z;, is the position inside the bunch distribution.

The current can now be calculated as:

i(t) = = (12)

In order to do the Fourier transforms of the voltage drop and the current in equations 9 and
12, all distances must be expressed in terms of time.

The following example will illustrate how to get from distance to time, remembering that
there are in fact two types of distances, distances inside the bunch spectrum and distances
on the z-axis (since the bunch moves in the z-axis direction). The example consists of a
bunch that is made of three drive particles (see figure 5):
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Figure 5: Three charges, q;, qy, qs, represents a bunch distribution that moves in the z
direction. The ”bunch distribution” has its reference position, z, = 0, at the position of the
second particle q,. At time t=0 this second particle passes a position on the z-axis, which is
denominated z,. The goal is to find out when the two other particles q; and g5 passes this
position z; on the z-axis. The three particles are followed by a test particle q;, which is at
position z; on the z-axis at time t=0.

There are two lessons to draw from the example distribution in figure 5, and these will later
be used to show that the integral in equation 9 represents a convolution. The first lesson
is that a drive particle with a more positive bunch position has a more negative arrival
time i.e. an earlier arrival time. F.x. the third particle, g3, has a position in the bunch
distribution that is larger than the the second particle, gz, but it arrives at a time before



the second particle. Specifically it has a position, +d, inside the bunch distribution, but it
arrives at position zg at a time -d/v (where v is the speed of the particles) before particle
qe. Similarly the first particle q; has a negative bunch position, -d, but it arrives at z; at a
time +d/v later than the second particle qp.

The second lesson is that a drive particle with a more positive bunch position corresponds
to a more positive time difference between it and the test particle. Note first that the test
particle is at a distance ss=z4-7z; behind the qs particle and the time difference between it
and the test particle is sy/v = t;-t4. Then take the example of the qs particle that has a
larger position in the bunch distribution than the second particle, qs. The distance between
the g3 particle and the test particle is s3=z4-z;+d = so+d — that is larger than s2 — and
it also has a larger time difference between it and the test particle, equal to At=s3/v or
At=sy/v+d/v = t-tg+d/v.

Using this example, the equations in 9 and 12 can now be expressed in terms of time.
First the charge in equation 11 is inserted:

W) = [ wyls+ adaat)
o) — (13)
i(t) = =

Vi(s) = / 0y (5+ )G\ (20) 42
- (14)
z(t) _ Qtotal/\<zb)dzb
dt

Next, the following substitutions are made: V) yime(t) = V|(v1), W time(t) = wy(vt), 2 = vt
and remembering that a positive position in a bunch corresponds to a negative time (ac-
cording to the example in figure 5):

Vi time(t) = / Wi gime(t + U)ot N (01 Yodt!
- = 15
_ GtotaN(—vt)d(vt) (15)
dt

i(t)

Vi imet - Wt time t5+t/i—t/ dt/
V) = [ wgianelte+ i) o)

i(t) = GotaN(—vt)v

As a final step, the variable ¢’ in the integral is substituted by —t*, which gives V} jime(t) =
foooo Wi time(ts — t*)i(t*)dt*. It can now be seen that the potential is a convolution of the

wake field with the current V) time(t) = W time(t) % i(t). A Fourier transform is finally done



for both voltage drop and the current:

Viw) = F{wysime(t)} - F{i(t)}

T(w) = F{i(1)} (17)

The impedance is now calculated according to equation 7 as the fraction of the Fourier
transforms of the current and voltage

_ F {wprime()} - F i)}
F{i(0)

_ F {wpaime(t)} - T(w) (18)
Z(w)

— F{whime(t)} A T(w) #0

Z(w)

Here it is shown that the impedance, Z(w) is the Fourier transform of the wake function,
Wyime(t). Please note that the wake function must be a function in time domain and not
a function of distance i.e. not in distance domain. Please note also that if the a bunch
passes through the equipment instead of a single particle, then the beam impedance is only
measured for the frequencies available in the bunch spectrum i.e. not all frequencies in the
equipment impedance Z(w). Another problem with a bunch, is that the Fourier coefficients

for some frequencies might be so close to zero that the numerical inaccuracies will make the

shortening of the fraction s ’”;(l(;)}'z(w) imprecise. So, for those bunch frequencies that

are close to zero, we cannot calculate the beam impedance for the equipment.




2 Energy loss from the wake function

In this section the energy loss of a bunch of particles that moves through an equipment, will
be calculated on the basis of the wake function concept. This type of calculation has been
done before, see [6] and [3]. The energy loss is the work done by the bunch, which is defined
as the negative integral of the force times distance over the length of the equipment:

L
Uloss = _/ ﬁdF (19)
0

Where U, is the energy loss, F is the force, dr’ is the distance increment in the direction
of the beam and L is the length of the equipment. Please note that there is a minus sign in
front of the integral. The beam impedance works like a friction force, so the integral fo FdF
itself will be negative, so the minus sign is only there to make the energy loss a positive
number. The system is pictured in Figure 6:

The force acting of the test particle is given
by the Lorentz force,

—

F=q(E+7xB) (20)

Where F is the force, q is the charge that is

affected by the force,_)E is the electric field, da, dqf
U is the velocity and B is the magnetic field. i)
In the present case the velocity is only in the A(Zb) 7
z-direction: | :
0 Z, S=z1 17, W sz}d
v= 1|0 (21)
Yo
Since the bunch moves in the z-direction,
it is only the force in the longitu- _.
dinal direction that contributes to the Figure 6: A=)
b)-

energy loss. The vector product of
the wvelocity and the B-field will only
be in a direction transverse to the z-
direction and therefore can be neglected
for the energy loss calculation. In or-
der to calculate the energy loss when
the bunch moves through the equipment,
the whole bunch is separated into an
infinite number of small slices of test
charges, and the energy is then the in-
tegral of the energy losses of all the
slices.

The charges qq and q; represents the charges
of the drive and test particles, which are posi-
tioned at zy and z;. The light gray wavy line
behind the drive particle, represents the wake
field wyiea(2t, ) that is generated by the drive
particle. s is the distance between the drive
and test particles. The bunch moves in the
positive z direction. The thick black lines
represents the walls of the equipment.



The force acting on one small test charge q;, at position z;, is:
dF., = dq, E.(z)2 (22)

The energy loss is represented by the work done by the test particle that moves through the
. . L L =
equipment i.e. W= ["dw = — [ F.dz:

L
dUloss = _/ dqt EZ(Zt)dZt (23)
0

Where L is the length of the equipment, dq, is the electric charge of the test particle, dz; is
the small movement of the test particle and E,(z;) is the electrical field at the position z; of
the test charge. The energy loss of the whole bunch is then the integral of the energy losses
of all the test charges in the bunch.

o) L
Upss = —/ / dq, E.(z)dz (24)
—o00 JO

Here dq, , is the electric charge of a test particle in the bunch (the A index has been added to
the charge, in order to be able to refer to different test particles in the bunch and the integral
ffooo refers to integrating over all the test particles in the bunch), F,(z;) is the electrical field
at the position of this test particle and dz; represents the change of the position of this test
particle as it moves through the equipment.

The electric field at the position z; of a test particle, is equal to the sum of all the wake-fields
from all the drive particles in the bunch, (see equation 6 in section 1.3):

B = [ wpaaln o)y (25)
where dq, , is the charge of a drive particle in the position z4 (again the A index refers to
the test particle’s position in the bunch and the integral ffooo refers to integrating over all
the particles in the bunch). wy;eq(2t, 5) is the wake field at position z;, which is due to this
drive particle and s = z; — z; is the distance from the drive particle to the test particle. This
expression for the electrical field can now be substituted in Equation 24:

0o L )
Uloss = _/ |:/ dqt,)\ |:/ wfield(zta S)dqd,)\:|:| dzt (26)
—00 0 —00

The rigid bunch approximation will now be used to change the order of integration. This step
is of great importance and it is not trivial to see the validity of this step. The rigid bunch
approximation says that the beam distribution, thereby also the current, is constant as the
bunch moves through the device. In other words, the change in particle-particle distance is
negligible in terms of the bunch length([1, 2]. Since the bunch charges dq, , and dq, , are thus
independent of z;, the order of integration can be changed (and the minus sign is moved to
the most inner integral):

00 00 L
Uloss = / [/ l—/ wfield,b(zt> S)dzt:| dqd,,\] dqu/\ (27)
—00 —00 0
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The most inner integral can now be identified as the wake function for the equipment (see
equation 5 in section 1.3):

wf(s) = _/0 wfield(ztys)dzt (28)

where wy(s) is the wake function of the equipment. The wake function can now be substituted

into equation 27:
Uloss = / [/ wf(5>de,A:| dqt,)\ (29)

Since the energy loss has to end up being equal to the result from electro-technical theory
Utoss = 5= [ o, Z(w) |Z(w)|? dw, where both the current I(w) and the impedance Z(w) are
functions of frequency, and frequency is related to time domain; then all references to posi-
tion in the equation must be changed to references to time. The primary components of the
equation is the magnitude of the drive and test charges and the distance between them. A
natural way of transforming the charges into time is via the current i.e. % = i(t) and a just

dt
as natural is it to transform a distance into a time interval i.e. Az = v At

The change from position to time is done in the following way:

da » = i(t)dt (30)
wf,time(tt - td) = U)f(S)

Please note that a new wakefunction wy 4me(At), which is a function of a time interval, is
now defined. Please note also, that the time interval equals t; — t4 is a positive time interval
if the corresponding distance s = z4 — z; is also positive. The reason for the change of the
sequence of indexes i.e. z; — 2; is changed into t; — t; is that a charge in the front of the
bunch arrives at an earlier time, i.e. a smaller time value, than a charge in the back of the
bunch. (see figure 5 in section 1.4 ).

The equations in equation 30 are now inserted into the energy loss equation:

Uloss = /_OO {/_OO W time (te — ta)i(tq)dta| - i(ty)dt, (31)

o0 o0
here t; and t; are the times of respectively the drive- and the test particles (NB! both are
seen in the lab frame, so there is no need for relativistic calculations) and i(¢;) and i(t;) are
the currents evaluated at these times.

The inner bracket in equation 31 is a convolution (see appendix C). It can be written as
i(te) * Wepime(t) = 7 Wi gime(te — ta)i(tq)dtq. Substituting this gives:

Uloss = /_00 [i(te) * W time(te)] - i (te)dt, (32)

o0

Equation 32 can now be expressed in the frequency domain with the help of the Plancherel

theorem [ f (t)g(t)dt = = 70 F(w)G(w)dw (see appendix D). Since the second function
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in the Plancehel theorem, i.e. g¢(t) in time domain and G(w) in frequency domain, is a
complex conjugated function, the second function i(¢;), i.e. the current, in equation 32 must
also be a complex conjugated function. Since the current is a real valued function, it is

equal to the complex conjugate of itself i.e. i(¢;) = i(¢;), and the Plancherel theorem can be
applied:

Unnes = % / T F (i) % g ()} - F (i) T (33)

The Fourier transform of the convolution of the current with the wake function is equal
to the Fourier transform of the two functions multiplied with each other, according to the
convolution theorem (see appendix C):

Uow = 5 | FAi(t)} - F (gm0} - F L0 s (39

The product of the a number with it’s conplex conjugate is equal to the square of the
amplitude of the number i.e. the amplitude of the Fourier transform of the current | F {i(¢;)}|
will be squared:

Uies = 5 [ F {tgainelt)} - | F it} o 3

As shown in Section 1.4 the Fourier transform of the wakefunction is the impedance. Through
this result Equation 35 can be transformed (the Fourier transform of the current will here
be written as Z(w) ):
1 oo
Uloss = —/ Z(w) |Z(w)| dw (36)
2 J_
From here it is obvious that this is identical to the classical circuit theory approach which

states (see equation 43 in section 3). The above result in equation 36 is also identical to the
result derived in [6] and [3]):

2 o0
AE = — unct / Z(w) |A(@)[? dw (37)
T _

(e}

Where AF is the change of energy when the bunch moces through the equipment, qyunen the
total charge of the bunch, Z(w) the beam impedance and A(w) is the bunch spectrum.

The bunch spectrum is defined as the Fourier transformation of the line density times the
speed the particles A(w) = F(A(vt) - v) (see equation 11 in section 1.4 for a definition of the
line density A(z)). The bunch spectrum times the bunch charge therefore turns out to be
equal to the complex conjugate of the Fourier transform of the bunch current:

Qbunch * A(W) = Qbunch ° ~F</U ' )‘(/Ut» = 'F(Qbunch U )\('Ut)) =F (2(_t)> = I((.U) (38)

The equality F (i(—t)) = Z(w) is true because i(t) is a real function.

Thus, because g2, - |AMw)]*> = |Z(w)]*> = |Z(w)|?, it has been shown that equations 36
and 37 are identical.
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3 The energy loss through the lumped impedance model
Power loss, as a function of time, is defined as:
P(t) = V()I(t) (39)

where P(t) is the power, I(t) is the amplitude of the current and V(t) is the amplitude of
the voltage. All three terms are functions of time and P(t) therefore gives the power of the
system at a specific time. To find the energy loss, the power must be integrated over time
from —oo to oo:

Uloes — / SV d (40)

o0

Through Plancherel’s theorem, which is derived in Appendix D, this can be described in
the frequency domain. Plancherel’s theorem requires one of the factors to be a complex
conjugate. Since both I(t) and V(¢) are real value functions, any of them can be complex
conjugated without changing the expression e.g. m = I(t). The Plancherel transformation
will then yield:
1 [ N
Ui = 5- / V()T (@) dw (41)

—00

Ohms law (in frequency domain) will now be used to substitute the voltage:
V(w) = Z(w)Z(w) (42)

The energy loss now takes the form:

1 o0
Ulpss = — T(w)Z(w)Z(w) dw
27r/ (43)

1 o 9
S L
This result for the energy loss is equal to the one found through the wake function method
in section 3. In equation 43, it does not matter if the impedance Z(w) is replaced with
the real part of the impedance Re {Z(w)}, because the complex part of the impedance has
opposite sign for positive and negative frequencies (as the impedance is the Fourier trans-
form of a real valued function) and the complex parts of the integral will eliminate each other.

Please note that normally one sees the above equation (43) in the following form (with-
out the factor 5-):

Unns = /_ " 2(W)|TW)? dw (44)

The reason is that the Fourier transform normally used to calculate I(w) is Z(w) = = [7_i(t)e*!dt
i(t)e"“!dt (see appendix A).

e}

instead of the one used in this report Z(w) = [

—00
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3.1 Energy Loss Through the Lumped Impedance model - Exam-

ple

The energy loss for a system with lumped
components is given as: Charges(a.u)

(e} 3 :

Usn. = / OV()de  (45) \ 2 f\
oo [ \ i
1 \
where U is the energy loss, I(t) is the cur- N l \ E || /\\\ - _
: . . T R, T S ¢ Fid ; Time(a.u)

rent as a function of time, t, and V(t) is the -20 —]\U 1 19/ 20
potential drop as a function of time. Assum- \ |y'1[| |'l
ing that the lumped impedance is constant, lT L. M
then V(t) = R I(t) from Ohms law, and _'35

the energy loss can now also be calculated
in frequency domain from equation 43: Figure 7: An example of a bunch, represented
1 oo by the current I(t) = 3sin(wyt)e %0 plot-
Ujpss = _/ R |I(w)|2 dw (46) ted in Wolfram Mathematica 11.2. The value
27 J oo of the current is extremely close to zero for

An example of the calculations in respec- |Z(t)| > 25. _BOth the time and current is in
tively time and frequency domain, will be arbitrary units (a.u)
done in the following:

In this example the current, in time domain, will be chosen as:
I1(t) = 3sin(wot)e "0 (47)
Where wy=0.6. For this configuration, the parameters of the equipment are chosen as
R=100Q2 A L=1mH (48)

This should be evaluated over an infinite range but from Figure 7, which is a plot of the
current, reasonable boundaries can be chosen. From the graph it can be seen that the bunch
distribution is tending to zero around +25. Therefore the boundaries for Equation 46, are
chosen to be +25. Equation 2 then becomes

25 9
Utoss = / <3sin(wot)e’0'0”2) 100Qdt = 5639.91J (49)

—25

It will now be shown that this is equal to the standard electro-technical method from equa-
tion 46 i.e. the energy loss will now be calculated in frequency domain:

1 (o]
Ulpss = — / R |I(w)|*dw (50)

21 J_ o

First of all a Fourier transform must be performed on the current

I(w) = F{I(t)} =610 %ie > sinh(30w) (51)
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Figure 8: The absolute squared Fourier transform of the current |I(w)|* from figure 7. The
plot is done in Wolfram Mathematica 11.2. |I(w)|? is in praxis zero for |w| > 1.

Next, to make the computation doable, boundaries needs to be chosen from Figure 8. The
frequency w boundaries are chosen to be £1 and the calculation is done in Wolfram Mathe-
matica 11.2: .
U= i/ 16 - 10~%ie= 2" sinh(30w) |dw
27 )4 (52)
= 5639.73.J

As the energies are practically identical for the two types of calculation in equations 49 and
52, it has now been illustrated that to calculate the energy loss in time- or frequency domain
will always give the same outcome.

15



Part 1
Appendix

A Notes on notation

In this note different ambiguous terms are used, and to avoid confusion a these terms will
be identified, and defined for the course of this note.
The Fourier transform will be defined as

[e.e]

X(w) = /00 x(t)e “idt (53)
() = Qi / " X (w)etdw (54)

Where the important change is to note the scaling constant.
The notation of charge propagating through a chamber will be separated in 2 different cases.
The wake field associated with the trajectory for a single particle, will be the electric
field, E, normalized with the charge of the drive particle, g4, seen by the test particle located
in z
E(z,8)
dd

The wake function, wy(s), is the negative integral over the length of the chamber, of the
wake field of a single particle:

(55)

wfield<zta 3) =

wy(s) = —/0 Wicld(2t, s)dz (56)

where L is the length of the chamber and z is the direction of propagation.

Similarly to the wake function for a single particle, also the wake potential of a bunch
wy(s) of particles is defined as the negative integral of the wake field of the bunch over the
length of the chamber:

L
U)p<8) = _/0 wfield,bunch(zt7 5>dZt (57)

where L is the length of the chamber, wyicidpunch(2t,s) is the wake field of the bunch

i.e. the electrical field E,(z,s) divided by the charge of the whole bunch qgpunen i-e.
W field bunch (2t, S) = % and z is the direction of propagation. The electrical field from a

whole bunch was defined in equation 6 in section 1.3

Ez(zt,s):/ Wrictd(2t, 5)ddg (58)

[e.e]

16



B Impulse response

A signal, x(t) through a system, h(t), will
give an output y(t), see figure 9. The out-
put y(t) can be calculated by a convolution

of the input function x(t) and the system }((t) » h(t} \f(t}

response function h(t):

y(t) = h(t) x z(t)
The convolution is calculated as following: Fllgure 9: A signal X(t>_ IS exciting a system
~ with the response function h(t). The output
y(t) :/ h(t ) (t — t)dt signal is y(t).

o0

Notice, if the input function is a Dirac delta function i.e. x(t) = 6(¢), then the output, y(t),
will be the response function, h(t), for the system itself

y(t) = / h(t)o(t —t)dt = h(t)
It is now clear that any system is described its impulse response. This is indeed the standard

way of describing a system response function [4]:

y(t) =h(t) it w(t) =0(t)

That the system response function is defined
as its impulse response can also be seen in
the Fourier domain

Y(w)=Hw)  X(w)

Dirac delta

where Y (w) is the output function in the fre-
quency domain, H (w) is the system response
function in the frequency domain and X (w)
is the input function in the frequency do-
main. H(w) is multiplied with X (w) to get t W
the output, Y (w).

If the input function is a Dirac delta func- Figure 10: The Fourier spectrum of a Dirac
tion, then its Fourier transform will be equal delta pulse is flat i.e. it contains all frequen-
1, see Figure 10 i.e. X(w) = 1if 2(¢t) = §(¢) cies and each frequency have the same Fourier
and the system response is thus equal to the amplitude (=1).

impulse response:

Y(w)=Hw) it x(t) =0

From here it can be seen that the Dirac delta function excites all possible frequencies of the
system and that a system is completely defined by it’s impulse response i.e. it’s response to
the Dirac delta function.

17



C The convolution theorem

To properly being able to evaluate Fourier transforms, the convolution theorem is important
to keep in mind. It states that the Fourier transform of a convolution is the product of the
individual functions transformed

F{(fxg)®)} = F{f(@)}- F{g(t)} = F(w) - G(w) (59)
To prove the convolution theorem, first the definition of a convolution is used:
a0 = [ ol (60)

g(t — p) is now substituted by its inverse Fourier transform g(t — f G(w e™(t=p)

(f = 0)(t l/f U’g mehp (61)

The order of integration is now interchanged:

(F* o)t /éi{/f MW@] (62)

e™(=P) ig now separated into the product e®? . e~ %P

Fea = [ ot U(f Wﬂé%w (63)

The inner bracket is identified as the Fourier transform of f(¢) f f(p)e=®Pdp:

(f % g)( / G(w e“tduw (64)

Finally, the right hand side is identified as the inverse Fourier transform of the product of
the functions G(w) - F(w)
(fx9)(t) =F ' G(w) F(w)] (65)

Taking the Fourier transform on both sides, gives the convolution theorem:

Flfx9)®)] = Fw)-G(w) (66)

18



D The Plancherel theorem

The Plancherel theorem states that the integrated inner product of two functions is equal
to the integrated inner product of their Fourier transforms:

| g = o [~ Feg (67)

where F(w) and G(w) are the Fourier transforms of the functions f(t) and g(t) and g(t) and
G(w) denotes the complex conjugate of the functions g(t) and G(t).

The first step in the proof of the Plancherel theorem is to make the following substitutions:

1 [~ :
— %/_OO F(w)e*tdw
_ 1 /OO g(w)eiwtd
o) n

The Plancherel equation 67 now becomes:

/ e / {27T / Flw '“tdw] {% / Gw) ’“dw}d (69)

—dwt

(68)

in the above equation is used that et = ¢

Because of the ”Constant factor rule in integration” i.e. f adr = a f dx, the above equation

can be re-written in the following way:
W) [/ ei(“’_w/)tdt} dw} dw'’ (70)

[ b [ 7om

A special equation, derived in the footnote! will be applied to the most inner bracket:

[onn- & |

The integration over dw’ only yield a result for w’ = w and Plancherels theorem is derived:

No(w — w )dw} du (71)

0 - 1 0 .
| s = o [ g (72)

oo T )
! The special equation: §(w—w’) = % ffooo ¢! @=wtdt can be derived from the inverse Fourier transform

of the Dirac delta function: §(t) = % f_oooo 1 e¥*dw The variable names w and ¢ will now be interchanged.
(This is allowed because the Fourier transform is just a mathematical transformation from one domain into
another - the time and frequency domains have no special significance): d(w) = = fom 1 e*tdt. Finally w

2m
is substituted with (w — w’) and the special equation is obtained.
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E The frequency-domain definitions of current and volt-
age in electro-technical theory and beam-impedance
theory are different

The definition of current (in frequency domain) in electro-technical theory is the amplitude
of the time domain current; while in beam impedance theory it is the Fourier transform of
the time domain current:

Ielectro—technical(WO) = IO s where Z(t) = I()COS(CUOt)

o0

Theam—impedance(Wo) = / i(t)e'i‘“tdt , where i(t) = [(Cos(wyt)

—0o0

= 7r[0(5(w — ZU()) + WIQ(S(’LU + wO))

The two definitions are used for different purposes. The electro-technical definition is only
used for single-frequency signals i.e. for currents or voltages that are sine waves, while the
beam-impedance definition is mostly used for currents or voltages that are shaped like a
pulse:

Electro-technical theory Beam-impedance theory

Figure 11: Current and voltage shapes in electro-technical theory are always sine waves;
while in beam-impedance theory, current or voltage are mostly pulse shaped

Both theories use the same impedance definition:

However, for beam-impedance theory, the sign of the imaginary part of the
impedance is dependent of the Fourier transform that is used.

Let’s illustrate this by a small example with an R,L circuit on the next page.
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i(t)

v(t)( "\

Figure 12: R,L circuit that illustrates the difference in impedance between electro-technical
and beam-impedance theory.

From electro-technical theory, the impedance is:
Z(w) =R+ jwL

While, for beam-impedance theory, one must take the Fourier transform of the network
equation in time domain and from that calculate the impedance Z(w). Please note that the
Fourier transform I(w) = [~ _i(t)e™"dt has a minus sign in the exponential i.c. e

o di(t)
v(t)=R-i(t)+ L- o

V(w) =R - I(w) —iwL - I(w) =

V(w) _ R-I(w) —iwL - I(w)
I(w) I(w)
=R — 1wl

Had one used the American way of making a Fourier transform I(w) = ffooo i(t)etivtdt,
which has a plus sign in the exponential i.e. e™“! (and also use a j instead of an ¢ for
the imaginary number), then the impedance from beam-impedance theory would have been
identical to the electo-technical definition:

Z(w) =R+ jwL
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The calculation of energy loss in beam-impedance theory is compatible with the electro-
technical definition:

1 [e9)
Uloss,beamfimpedance = %/ Re{Z(w)} ’[(w)‘de
Uloss,electro—technical = / R(W) Z(t)th
1 o 9
— = [ R@) 1)
2 J_ o

where this second equation for the energy loss is derived with the help of the
Plancherel theorem. Please note that I(w) is the Fourier transform of i(t)

One should note that the equation Ujpss electro—technical = ffooo R(w) i(t)2dt is questionable,
because it mixes together quantities that are defined in one another’s exclusive domains.
R(w) is defined in frequency domain while i(¢) is defined in time domain. The equation
only works because R(w) is a constant for all frequencies.

The electro-technical definition of current is unique because it can be used to easily cal-
culate the effect (for one time period T'):

PT = ‘/effective : Ieffective
1
= —V5-1
2 0 0

, where  Verrective = \/%Vo, Iefpective = \/%Io and the time period is T' = 27“

One can of course do the same calculation based on beam-impedance theory, but this is more
complicated. To calculate the effect, one needs to cut out one time period See figure 13,
calculate the energy loss for this time period and then divide this by the length of the time
period. The result from electro-technical theory and beam-impedance theory of course yields
the same results.

Figure 13: When calculating the effect for one time period, with the help of beam-impedance
theory, the current shape consists of a zero current followed by one time period and finished

by zero current.
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In the following example, the effect (for one period) is calculated with the beam-impedance
theory. To make matters simple, it is assumed that the impedance Z(w) is a constant R:

Uloss,beam—impedance
Pr = -
1 1

=750 | RelZ)} [1(w)Pdo

R [~
= I(w)|?
37 | M)

This calculation of the integral has been done with Mathematica®:

Clear[f]; S$Assumptions=T>0 && I0>0;
f[t ] :=Piecewise[ {{0, £< 0}, {I0O*S8Sin[27n*xt/T], 0 £< T}, {0, £>T}}]
V2 n FourierTransform[f[t], t, w]

2 (-1+e'™) 107T
4 7% — 1% w?

2 (—l + e"‘T“’) IOnT

Abs |-

]"Zdlw
. 4 72 - T2 2

102 T

And the result of calculating the effect with beam-impedance theory then, as expected, gives
exactly the same result as the electro-technical theory:

R 2
PT— ﬁ*(IOﬂ-T)
1
ZER@

1
- V-1
20 0
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