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1 The Electromagnetic Wave Equation in Vacuum

The acceleration of the electron and positron beams in the International Linear Collider (ILC)
is accomplished by radio-frequency (RF) electromagnetic fields which are stored in multi-cell ac-
celerating cavities (aka “accelerator structures,” or, more archaically, “disc-loaded wave guides”).
To see why this is the case, it is necessary to begin with Maxwell’s equations. Note that these
class notes will always use Systeme International (SI) units — meters, kilograms, seconds, and am-
peres. Other lecturers and/or classes may use various other systems, such as Gaussian units, for
electromagnetism, but in the linac classes voltages are real volts and currents are real amperes.

1.1 Maxwell’s Equations in SI

Any discussion of the applications of time-dependent electromagnetic fields must begin with Maxwell’s
equations [1]:

V-B = 0,
Gxid - J+2°
ot
.o oB
E = -2,
V x T



In Equation 1, the four electromagnetic vectors E, ﬁ, é, H are all present, and MKSA units are
assumed. The number of vector quantities can be reduced by replacing B with yH and replacing
D with eF.

1.2 The Wave Equation

Maxwell’s equation can be combined into a wave equation by making use of the vector identity:
V x (VxA)=V(V-A) - VA (2)
Let us apply the identity above to the Maxwell’s electric field curl equation:
Vx(VxE) = V(V-E)-V%E (3)
. 0B
= -V X e

In a region of space free of charges, V-E=0. Assuming that we are only interested in well-behaved
analytic functions (ie, those for which we can reverse the order of differentiations with impunity),
we can transform the magnetic field term in Equation 3 from the curl of a time derivative to the

L 9. -

V2E = —V x B. 4

5V % (4)

If we replace B with uﬁ , then the RHS of Equation 4 can be replaced with the Maxwell’s magnetic

curl equation:

time derivative of a curl:

—

o~ -
2 p— J—
VEE = pmVx H (5)

_ [o*D Lo
- Ml o |
If we assume that the region of interest is also current-free, we can replace D with €E to obtain:

- O’E
V?E — pe—— = 0. 6

ne2 (©)
Equation 6 is a wave equation for the electric field. A similar process can be followed to obtain a
wave equation for the magnetic field:

. 02H

V2H — peg = 0. (7)

1.3 Solution to the Wave Equation in Free Space

Equations 6 and 7 can (almost!) be solved by inspection: the solutions will be superpositions of
travelling plane waves. Let us define the z axis to be parallel to the direction of propagation. The
form of the solution will then be:

@‘ = Eyexpli(wt — kz2)], (8)

H = Hyexpli(wt — kz)].

If we consider solutions in free space (ie, no boundaries or boundary conditions), then since space

—

is isotropic and homogeneous Ey and Hy must be constant over all time and all space.



Applying Equation 6 to the suggested solution in Equation 8, we find:

- 02 9% 0% 5 .
V°E = W + 6—3/2 + @ EO eXp[Z(Wt - k‘Z)] (9)
82

NE@EO expli(wt — kz)].

Because Eo is constant over all time and space, both the laplacian and the time derivative oper-
ate only upon the complex exponential. After appropriate cancellation of the constant and the
exponential itself, what remains is:

—k? = —pew?. (10)

Equation 10 relates the wave number, k = 27/, to the angular frequency, w = 27, for any wave
which can propagate in free space. In particular, Equation 10 shows that the phase velocity of any
such wave, w/k, will be 1/, /1€, and it can also be easily shown that the group velocity, dw/0k, will
also be 1/,/m€. In vacuum, it is well known that 1/,/ligég = c. So: the solution is a wave which
propagates in the z direction at the speed of light.

A problem appears when Equation 8 is subject to the other constraints of Maxwell’s equations.
Consider for example the electric divergence equation, which requires that in the absence of electric
charges the divergence of the electric field must vanish. Since the solution in Equation 8 varies only
in z, the divergence equation reduces to:

. . OB, . .
V-E= a@z = —ikEy , expli(wt — kz)] = 0. (11)

Equation 11 implies that either Ej ., vanishes, or else the momentum vector k vanishes. Setting
k = 0 corresponds to electrostatic acceleration, which for engineering reasons is unacceptable for
final energies of more than a few MeV. Setting Ey ., = 0 corresponds to a purely transverse electric
wave, which will accelerate charged particles normal to the direction of wave propagation. To
see why this is unacceptable for accelerating anything, consider a particle which is already ultra-
relativistic and therefore moving at a speed close to c¢; this particle interacts with a wave which
propagates in z and has its electric field oriented along x; the interaction begins at t =z = z = 0;
and the particle’s initial direction of travel is also assumed to be parallel to . At ¢t = 0, the electric
field is Ep 4, and in a time dt the particle’s energy gain is given by the product of the electric field
and the distance over which the field is applied, or AU = Ej;,cdt; the particle is accelerated in
the +x direction. One half-period later, the sign of the electric field is reversed and the change
in kinetic energy is AU = —Ej zcdt. Thus, we see that the particle is alternately accelerated and
decelerated in the x direction, and no net energy increase is possible.

If a solution of the form shown above — a travelling-wave solution — is to be used for accelerating
particles, it will be necessary to arrange for the electric field parallel to the direction of travel to
be nonzero. Equation 11 shows that the problem with the free-space solution is that the field
parallel to the direction of travel must be zero to satisfy the electric divergence equation. This
constraint can be relaxed by permitting Ejy and Hy to be functions of the transverse coordinates.
Since V - E = 98z | %P0 | ag% = 0, allowing a solution where 0E ,/0x and/or 0FEy, /0y are

0z ox

non-zero allows 88% to be non-zero as well, thus leading to a solution with a nonzero electric field

parallel to the direction of wave propagation. Arranging for transverse variation in EO and ﬁo,
in turn, requires that the transverse symmetry of free space be broken by some form of boundary
conditions. As a trial, let us consider a conducting circular pipe of inner radius b oriented along
the z axis, such that the center of the pipe corresponds to x = y = 0. Because the pipe exhibits
cylindrical symmetry, we will use cylindrical coordinates (7,6, z) to explore this solution. Such a
pipe is usually referred to as a waveguide.



2 Solution to the Wave Equation in a Regular Cylindrical Waveg-
uide

To reiterate: we seek a solution to Maxwell’s equations which is of the form:

]? = Egexpli(wt — kz)], (12)

H = Hyexpli(wt — kz)],

where Ey and Hy are functions of transverse coordinates r and 6, but not of z or t. By limiting
ourselves to solutions of this form, we can make a few alterations in the way that z and ¢ partial
derivatives are presented:

. 2

% = —Zk, @ = -k s (13)
9 2 2
ot~ e T

2.1 Boundary Conditions

Let us consider a perfectly conducting hollow cylindrical pipe, infinitely long with radius b, as
shown in Figure 1. What are the boundary conditions for the electric and magnetic fields at r = b,
where the vacuum and the conductor meet?

Radius = b

Figure 1: Infinitely-long pefectly-conducting cylinder of radius b, surrounding a vacuum.

The boundary conditions for electric and magnetic fields at any boundary between different
media are that the mormal component of B and the tangential component of E are continuous

across the boundary [2]. The normal component of E across the boundary must obey the relations:
1B, — by = X (14)
01E1n — 02E2n = z’wE,

where €1, € are the permeabilities of the two regions, oy, oy are the conductivities of the two
regions (with units of inverse ohms/meter in MKS units), and ¥ is the surface charge density at
the boundary. At the boundary between vacuum (o7 = 0) and a perfect conductor (oy = o),



Equation 14 shows that the normal electric field in the conductor (here Ey,) must go to zero, while
the normal electric field in the vacuum at the boundary must be equal to X /eq.
Within the body of the conductor, we can apply the magnetic curl equation: we can replace
the current, .J, with 09y (Ohm’s Law) and the time derivative, dF5/dt, with iwEs, yielding:
. 1 .

Ey=— ¥V x H,. 15
2 o9 + 169w 2 (15)

Since 092 = oo in a perfect conductor, and H, is by definition finite, it therefore follows that
E,=0 everywhere in the conductor. Since the tangentlal component, of E is continuous across the
boundary, it follows that the tangential component of E is zero at the boundary Since Ey = 0,
we can use Maxwell’s electric curl equation to show that Bg, and therefore Hg, are identically zero
throughout the conductor as well. From this we find that the normal component of H must go to
zero at the boundary between vacuum and the conducting cylinder. Expressing this in cylindrical
coordinates, then, we find that at the boundary between vacuum and the perfect conductor
(r=1), the field components FEy, E,, and H, are required to go to zero because the field
inside the conductor is identically zero and the boundary conditions require these components to
be continuous across the boundary.

Finally: since Ey = 0 at the boundary, Maxwell’s magnetic curl equation shows that (ﬁ x H Jo =
0. The 6 component of V x H is given by 8H,/dz — OH,/dr. On the boundary, H, is identically
zero for all values of z, therefore 8H,./dz = 0 and in order for (V x H)g to be zero, it follows that
0H,/0r =0 at the boundary.

2.2 Solving for the Longitudinal Components

We can now solve Equation 6 for the case of the longitudinal components of E and H. Let us begin
with the electric field, and recall that we seek a solution of the form E, = Ey ,(r,0) exp[i(wt — kz)].
We can rewrite the z component of the wave equation thus:

V3E, — K°E, 4 pew’E, = 0, (16)

where we have defined the transverse component of the laplacian, Vi = V? - 0%/022%, and replaced
the longitudinal and time derivatives as shown in Equation 13. We can further simplify Equation
16 by defining k2 = pew? — k?, and cancelling the common factor of exp[i(wt — kz)] from all terms:

V3 Eo.+k*Ey, =0. (17)

The solution to Equation 17 is straightforward, but tedious; interested students are directed to
Appendix B. The result is a Fourier series containing sinusoids and Bessel functions:

Ey.= Z apnJp(ker) cos(nf + 6,,). (18)

A similar solution can be derived for Hy .

2.3 Applying the Boundary Conditions

With a general solution for Ey, and Hp . in hand, we can now apply the necessary boundary
conditions. The electric field boundary condition requires that Fo , vanish at » = b. This in turn



implies that k.b = z,,, where z,, is the pth zero of J,. The solution for Fy . is therefore more
readily expressed as a double sum:

Ey. = Z Z AnpIn (ke ppr) cos(nb + 6,,). (19)
p=1n=0

The constraint on k. values has an interesting implication on the waves which flow in the
waveguide. We can use this constraint in an expansion of k.:

kenp = Z% = \/pew? — k2. (20)

Now consider the case in which k? = 0, corresponding to infinite wavelength. Equation 20 implies
that the wave with infinite wavelength must have a nonzero frequency. We define this frequency to
be the cutoff frequency of the waveguide:

1 zpp
we = —.
Ve b

This allows us to solve Equation 20 for k£ in terms of w and w,:

(21)

k? = e (w2 - wz) . (22)

If a wave with a frequency greater than w,. is introduced into our waveguide, Equation 22 tells
us that k will be real-valued, as we require. If, on the other hand, w < w,, then k will be imaginary.
Substituting an imaginary value of k into Equation 12, we find that the solution no longer has the
form of an oscillation in z, but rather an exponential decay or growth in z. If we sensibly reject
the exponential-growth solution, the implication is that a wave with a frequency below the cutoff
frequency decays exponentially in a waveguide. Such a wave is called an evanescent wave.

In summary, breaking the transverse symmetry of an electromagnetic plane wave via a waveguide
permits a solution in which the longitudinal electric and magnetic fields do not vanish, but at the
expense of forbidding waves with excessively low frequencies from propagating in the guide.

Additional complications can be observed if Equation 22 is used to compute the phase and
group velocity of a wave in a waveguide. The group velocity, dw/dk, is given by:

Cdw 1w W

Tk T e w

(23)

Since /w? — w? < w for frequencies above cutoff, the group velocity is less than the speed of light,
and is a function of frequency; asymptotically, as w — oo, the group velocity approaches the speed
of light. The phase velocity, w/k, is given by:

2
w 1w

R e 24
k ue—l—kz (24)

Uph =
The phase velocity, like the group velocity, is a function of frequency. Unlike the group velocity, the
phase velocity is greater than the speed of light; indeed, it can be shown that the product of the
phase velocity and the group velocity for any such wave is ¢2. This means that the electromagnetic
wave in a regular waveguide is unacceptable for use in accelerating particles despite its longitudinal
electric field. This is because the particles in question will have velocities below that of light. As the
wave and the particle travel down the waveguide, the accelerating phase of the wave will overtake



the particle and the decelerating phase will catch up with the particle; as with the transverse wave
described previously, over one oscillation this wave will provide equal acceleration and deceleration,
for a net acceleration of zero.

By analogy with the longitudinal electric field solution, we can derive a solution to the longitu-
dinal magnetic field, Ho ,:

Hy . = Z Z Juvdu(keuor) cos(ubd + Oyy). (25)

v=1u=0

Because its boundary conditions are different, the cutoff wave number k., is different from the
electric field cutoff. In particular, since it is the radial derivative of the field which vanishes at the
boundary, we find for the magnetic field that k¢ b = Yy, Where yy, is the vth zero of J),, and
J)(R)=dJ,(R)/dR.

2.4 TE and TM Modes

Although electromagnetic waves in a regular waveguide are not suitable for acceleration, they have
many other useful characteristics (for example, waveguides can be used to transport waves from a
source to a more suitable accelerating structure). Furthermore, we will find that the waves which
are ultimately suitable for acceleration share many characteristics with those described above. For
this reason, we will complete our study of electromagnetic waves in regular circular waveguide.

As we saw in the previous section, the longitudinal electric and magnetic field components will
have different dispersion relations and cutoff wave numbers due to the fact that the cutoff wave
numbers for the electric field are proportional to the zeroes of the Bessel functions J,, while the
cutoff wave numbers for the magnetic field are proportional to the zeroes of the Bessel function
derivatives J,, (note: “dispersion relation” is a fancy term which means “relation between w and
k”). This in turn means that, given a wave with frequency w propagating in a cylindrical waveguide,
the eigenmodes of the waveguide cannot have both a longitudinal electric field and a longitudinal
magnetic field. A mode which has a longitudinal electric field (and thus no longitudinal magnetic
field) is called a “Transverse Magnetic” mode, or TM mode; a mode which has a longitudinal
electric field is called a “Transverse Electric” or TE mode.

TE and TM modes are usually specified by the TE or TM name and two integers in subscripts,
thus TM,,, or TE,,. The subscripts, n,p,u,v are defined in Equations 19 and 25. Physically,
the first integer (n or w) tells the number of nulls in the field pattern around the azimuth (to be
precise, the number of nulls is 2n or 2u), while the second integer (p or v) tells the number of nulls
encountered radially between r = 0 and r = b.

2.5 Fields of the TM,,, Mode
As shown in Equation 19, the longitudinal electric field of a TM,,, mode is given by:

Ey . = Jp (keppr) cos (nd + 0yp) , (26)

)

while the longitudinal magnetic field component, Hy ., is known to be identically zero. It is now
possible to solve for all 6 components of the TM,,, mode. The solution is presented here; those
interested in the mathematics of solving for the remaining components are directed to Appendix

C.

Eo. = Jn(kenpr)cos(nd + 0,p), (27)
H07Z = 07



—ik

Eo,r = k—Jr/L(k‘cmpr) cos(nf + O,p),
c,np
ikn .

Eoe = 2o In (kenpr) sin(nb + 60,,y),

—iwen .

Hy, = an(kcvnpr) sin(nd + 0,,),

Hyyg = ;zwe I}, (kenpr) cos(nf + Opy,).
c,np

A similar painful procedure can be used to derive the fields of a TE mode. We point out that for
n # 0 there are two polarizations possible for each TE or TM mode; the second polarization can
be obtained from Equation 27 by replacing sine with cosine and cosine with -sine.

Table 3 Mode Patterns in Circular Waveguide.
TEp1

Wave Type

Field distributions
in cross-sectional
plane, at plane of
maximum trans-
verse fields

Field distributions @J@
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Figure 2: Field patterns for several TE and TM modes in circular waveguide.

Figure 2 shows the field patterns associated with several of the lower TE and TM modes. Figure
3 shows the relationship between cutoff frequencies for various modes in a circular waveguide. Note
that the TE;; mode has the lowest cutoff; frequencies which are so low that they can only propagate
in the TE1; mode are called single-moded for this reason.

3 Single-Celled Accelerating Cavities

In section 1.3, we saw that in free space waves of any frequency can propagate; that both the phase
velocity and the group velocity of such waves are the speed of light; and that such waves have
a purely transverse polarization, so that they are not usable for acceleration of charged particles.
In section 2 we saw that in a regular cylindrical waveguide only waves above the cutoff frequency
can propagate; that such waves can have a longitudinal electric field component; that the group
velocity of such waves are below the speed of light, but that the phase velocity is above the speed
of light. Thus, a regular waveguide is also an unacceptable device for acceleration of beams.

The problem with the regular waveguide is that, with a phase velocity exceeding c, the acceler-
ating phase of the wave will overtake the particles which are to be accelerated, and ultimately the
decelerating phase will overlap those particles. One solution, then is to consider using the acceler-
ating phase to accelerate the particles, and then to separate the wave from the particles before the
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Figure 3: Cutoff frequencies w. normalized to ¢/b for the lowest 10 modes in circular waveguide.
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decelerating phase can interact with them. This, in turn means applying a boundary condition to
the only “free” axis present in the problem — the z axis.

3-2003
8666A03

| |
L
| |

Figure 4: Perfectly-conducting right-circular cylinder with radius b and length L.

Consider a perfectly conducting right-circular cylinder of radius b and length L, as shown in
Figure 4. It is immediately clear that any solution to Maxwell’s equations must satisfy the boundary
conditions for a regular circular waveguide of radius b. In addition, the conducting ends (“endcaps”)
of the cylinder imply additional boundary conditions:

e At z = 0 and z = L, the transverse electric field components, F, and Ey, must go to zero,
since the electric field must be normal to any conducting boundary.

e At z = 0 and z = L, the longitudinal magnetic field component must go to zero, since the
magnetic field must be tangential to any conducting boundary.

e Since the transverse components of E are identically zero on the endcaps, the transverse
components of V x H must also be zero there. We also know that H is identically zero at
all of these locations. We therefore deduce that 0Hy/0z and OH,/0z must be zero at the
endcaps.

What sort of solution will satisfy all of these requirements? Let us consider first a solution
which is based on the TMp; mode: from inspection of Equation 27, we see that H,, Ey, and H, are
identically zero for this mode, so already we have satisfied the Ey, H,, and 0H,/Jz requirements
on the endcaps, and of course the TMg; mode automatically satisfies the boundary conditions on
the barrel.

Suppose that we now superimpose two TMg; waves within our cavity: one which is rightward-
propagating, with £k > 0, and another which is leftward-propagating, with a k value equal and
opposite to the first. The resulting values of E,, E,., and Hy become:

E, = Jo(kcoir)cos(kz)exp(iwt), (28)
E. = k_k Jo(ke01m) sin(kz) exp (iwt),
c,01
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Hy = ﬂJé(kc 017) cos(kz) exp(iwt).
ke01 ’

The first thing to notice about the fields in Equation 28 is that they no longer represent a traveling
wave solution to Maxwell’s equations: at z = m/(2k), the longitudinal electric field F, is identically
zero for all time, while in a traveling wave solution the field at any z location would oscillate over
time between zero and the maximum amplitude of the field. The second thing to notice is that,
at z = 0, the fields in Equation 28 automatically satisfy the conducting boundary requirements:
E, = 0Hy/0z = 0. The only remaining conditions are the conducting boundary conditions at
z = L. These in turn can be satisfied if kL = jw, where j is an integer. The solution in Equation is
known as a TM,,;,; mode: the first two indices are defined as they are for the traveling wave TM,,,
mode; the third index, j, tells the number of field nulls in the longitudinal dimension between z = 0
and z = L. Note that 7 = 0 is an allowed solution.

Another feature of the TM,,,; mode is that, unlike the TM,,, mode, only certain discrete fre-
quencies can be sustained in the cavity. While the TM,,, mode will support any frequency above
We = Znp/ b/pe, the TM,,;,; mode will only support TM,,;, modes for which kL = jw. We can make
use of Equations 20 through 22 to find an expression for the allowed frequency of the TM,,,; mode
in a cavity of radius b and length L:

o= g () + () )

It would appear that, by applying conducting boundary conditions in the longitudinal degree
of freedom, we at last have created a time-dependent electric field which is useful for acceleration
of particles. By inspection if Equation 27, we can write a general solution to the time-dependent
fields in a TM,,;,; mode:

E, = Ju(keppr)cos(nd)cos(k;z)exp(iwt), (30)
H, = 0,
E, = k_kj J), (ke npr) cos(nd) sin(k;z) exp(iwt),
c,np
Ey = k:? np” Jn(kc,npr) sin(n#) sin(k; z) exp(iwt),
H, = ]_ﬁg(::n I (ke npr) sin(nd) cos(k;jz) exp(iwt),
—iwe _, :
Hy = p ——J,, (ke npr) cos(nb) cos(k;z) exp(iwt),
c,np

where k; = jm/L. As advertised, the E, and Ey components are zero at the endcaps; H, is zero
everywhere, including at the endcaps; and the partial derivatives of H, and Hy in the z direction
are also zero.

Finally, let us consider the series expansion of J,(R):

o R22m+n
_ 5 CUnRpzpne

m' (m+n)!

(31)

m=0

This expansion indicates that only the n = 0 modes will permit a longitudinal electric field on the
axis of the cavity. This makes the n = 0 modes the preferred ones for actual acceleration. The
cavity also needs a hole to let the beam through, but we’ll discuss that detail shortly!

12



3.1 Transit Time Effect

Let us consider once again the (unacceptable) traveling wave mode TMg,. We can express the
electric field on axis as simply:
E. op = Epexpli(wt — kz)], (32)

where w and k are understood to be non-negative. What is the energy gain received by the beam
when it interacts with this wave over a distance L? If the beam is moving at the speed of light,
then we can write t = tg + z/c, and express the energy gain edV in a distance dz,

edV = ek, opdz = eEpexpliwty + iwz/c — ikz]dz, (33)

and integrate from z =0 to z = L:

eV =eEpR {exp(iwto) /OL dz expli(w/c — k)z]} , (34)

where we have explicitly required that only the real portion of our heretofore complex quantities
can effect any meaningful changes on particles in the real world. Equation 34 can be evaluated:

expliL(w/c—k)] — 1 }
i(w/c—k) ’

eV =eEyR {exp(iwto) (35)
The quantity ¢ = L(w/c — k) is known as the transit angle, and represents the amount that the
relative phase between the RF and the beam varies during the passage of the particles. We can
rewrite Equation 35:

eV = eEpR {exp(iwto) (36)

exp(iv) — 1 }

i/ L ’
Equation 36 can be written in an even-more useful form by: first, converting the 1/L in the
denominator to a factor of L outside the brackets; second, factoring expit)/2 out of the numerator;
and third, recognizing that the resulting expression has a startling resemblance to the expression

for sin/2:

eV = eEgLTR{expli(wty + 1/2)]}, where (37)
T = sin(v/2)
/2

Equation 37 has a number of fascinating properties. First, it shows that the energy gain of
passing particles is maximized when tg is selected such that wty+1/2 is zero — in other words, the
electric field experienced by the beam should achieve a maximum when the particle has travelled a
distance L/2 from its starting point. Second, even if this optimum value is chosen, the energy gain
of the particle will be reduced by a factor of T' from what would be achieved if a DC field of Fq was
used for acceleration. Thus, the “efficiency” of acceleration (relative to a DC field) is maximized
by minimizing the transit angle.

We can use Equation 37 to calculate the energy gain from a TMg,; mode in a cylindrical
cavity. Recall that such a mode is composed of a left-travelling wave and a right-travelling wave
superimposed within the cavity. Thus,

eV = e% {T, cos(wty + 1, /2) + Tr cos(wto + Yr/2)}, (38)

where v, and ¥ g represent the transit angle for leftward- and rightward-travelling waves, T, and
Tr their respective transit angle factors, and we have replaced the real portion of the complex
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exponential with a cosine function. We can express the transit angles ¢, ¥ as functions of the
wave number £;:

vnn=L(2xk), (39)

where the + sign corresponds to leftward-travelling and the — sign to rightward travelling. We can
combine our expression for k; = jm/L with the expression for wy,; in Equation 29 to expand the
transit angles:

2
VLR = 1M6\/ (ZOgL ) + (jm)° £ g, (40)
From Equation 40, we can see that, for leftward-travelling waves, the transit angle will be 2jm
plus zop,L/b added in quadrature. For most combinations of parameters, this will give a negative
value for sin(t1,/2) — that is to say, a decelerating wave. Apparently, if we want both the leftward-
and rightward-travelling waves to contribute to the acceleration, the best mode choice is j = 0,
corresponding to a standing wave with no longitudinal dependence (since the latter goes as cos(k;2),
and kj—o = 0). Note that, for this solution, ¢;, = g, and the two cosine terms in Equation 38
can be maximized simultaneously by an appropriate choice of ¢g. We can replace wtg + 1, g with
a single phase offset and write the energy gain for a TM,y mode as:

eV = eEgLT cos ¢, where (41)
sin(y/2)
T = ———=, and
¥/2
Lw
p o= =
c

3.2 R/Q

In order to maintain an accelerating field in the cavity, it will be necessary to store electromagnetic
energy in the cavity. Since that energy ultimately comes from the electrical grid and has to be paid
for, a useful quantity to calculate is the net acceleration achieved for a given quantity of stored
energy. The energy density U is given by [3, 4]:

1

L{:§

(E-D*+B-07). (42)

For a TMquo mode, only E, and Hy exist, and we can write:

E-D* = ¢ []E’()Jo(/cc,o:,)r)]2 cos? wt, (43)
wek) 2

B-H* = p [ Ojé(kc,opr)] sin” wt.
kc,Op

If we select ¢ = 0, Equation 43 requires that the magnetic energy density be zero throughout the
cavity and we can compute the total stored energy using only the electric field components. Since
total energy is conserved, and the £ and H components in Equation 43 are out of phase with one
another, one can see that the total stored energy in the cavity is oscillating back and forth between
a purely-magnetic state and a purely-electric state.

we now wish to evaluate the total stored energy:

€ b L 2
U= SR / dr / dz / rd0.J2 (ke opr)- (44)
2 0 0 0
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The longitudinal and angular components can be evaluated by inspection, and one is left with a
radial integration:

U= WeEgL/Ob rdrJg (ke opr).- (45)
We can simplify Equation 45 by introducing dimensionless variable R = r/b:
U = meEV°L /0 1 RAR I (20pR). (46)
Finally, we can use the fact that fol RARJE (20pR) = JZ(20p)/2 [5):
U= geE§b2LJ12(zgp). (47)

Since U o« EZ2, we can sensibly form the ratio of the square of the effective accelerating voltage,
V2 = (EoLT)?, to the stored energy required to achieve that acceleration:

V2 2FE2L2T?
77 2 0 2 (48)
27?2 L

meJ2(z0p) b2

Equation 48 can be usefully transformed by replacing one of the factors of b with zqp/(wopo\/I€),
and moving the resulting factor of wqyo to the LHS:

V2 27?2 L
- — /& (49)
wOp()U 7TZ()pJ1 (Zop) b €

The quantity /p /e is the impedance of the medium, with units of ohms in MKSA, and is usually
abbreviated Z, thus:

Vi 2 T2L
wopoU — m20pJ2(20p) b

Z. (50)

We can make one additional simplification by noting that the term 2/[mzo,JZ(20p)] is equal to 0.982
for p = 1 and asymptotically approaches 1 for larger p values [6]. Thus, to excellent approximation,
we can state that: ) )

V T°L
=—2Z. (51)
wOp()U b

The quantity V2/(wopuoU) is generally known as R/Q (read “R over Q” or “R upon Q”), for reasons
which will be discussed later. Although it is referred to as the ratio of two quantities, R/Q is
actually a purely geometric quantity of a given accelerating cavity, and it relates the resonant
frequency, the achievable acceleration, and the stored energy which is required for operation.
We can improve the form of Equation 51 by noting that T2 = sin?(1)/2)/(¥?/4) contains 2
factors of 1/L? (in the 1/(?/4) component), thus:
R _Lsin*(y/2) 2c

@ 4 b ¢/2 Lu)op() ' (52)

Recalling that b = 2o, /wopo/ft€, we find:

R_ 2 sin(0/2)

Q% o e .
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Equation 53 shows that the accelerating efficiency of a cavity is maximized when the p = 1 mode is
used, since zp, monotonically increases with p. It also shows that there is an optimum transit angle,
since 1) = 0 results in a zero R/Q, and ¢ = 27 also yields zero R/@Q. The maximum value of R/Q
occurs at a transit angle of roughly 37/4 (actually, 133.56°); at this angle, sin?(¢)/2)/1/2 = 0.725.
R/Q is a relatively weak function of the transit angle: angles from 90° to 180° will yield values that
are within 12% of the maximum value. Finally, we note that for a right circular cylindrical cavity,
R/Q can be expressed as a function of transit angle alone, without any other dimensions or free
parameters entering. Considering the definition of R/Q, one therefore surmises that accelerating
voltage per unit of energy is optimized by maximizing the accelerating frequency and optimizing
the transit angle.

In a real accelerating cavity, the value of R/Q will not be exactly the value given in Equation
53, since that relation does not include the effect of the hole through the cavity which lets the beam
pass through. Even in a more realistic system, though, the principle of R/Q) — that the relation
between stored energy and voltage is a property of the cavity geometry alone, and that V2 /wU is
a constant for a given cavity — will remain true.

4 Multi-Celled Accelerating Cavities

In Section 3.2, we saw that the stored energy in a cavity is proportional to the square of the
accelerating voltage in the cavity. Because of this, the most sensible approach to very high beam
energies (such as 250 GeV, as proposed for the ILC) is the use of large numbers of cavities, rather
than small numbers of cavities which are filled with a large energy density. By increasing the
total number of cavities proportionally with the desired voltage, the total stored energy required is
linearly proportional to the voltage rather than proportional to the square of the voltage. As we
shall see, there are other practical limitations to RF acceleration, including the achievable gradient
in a cavity; so distributing the acceleration over a large number of cavities, and reducing the voltage
in each of the cavities, is a necessity.

One option for achieving large accelerations in a multi-cavity system is to have a large number
of cavities which are each independently powered. This would require a large number of power
sources (one per cavity), and a large number of waveguides which would transport power from the
power sources to the cavities. Fortunately, this proves to be unnecessary. The necessary act of
cutting a hole in each endcap of the cavity to allow the beam to pass through (!) will also allow us
to solve the problem of providing power to each cavity.

4.1 Longitudinal Periodicity in Accelerating Structures

Consider a system shown in Figure 5: an infinitely long cylindrical waveguide with inner radius b
contains a series of cylindrical plates which are evenly spaced a distance d apart in the guide; each
plate has a thickness h, and each plate has a hole of radius a in the center. We assume that a < b,
that h < d, and that the wall conductivity is infinite. We need to understand the electromagnetic
fields which can be sustained in such a periodic structure.

In the limit of a — 0, we expect the solution for the field in between each pair of plates to
reduce to the single-cavity form which was determined in Section 3. We also know from Floquet’s
theorem that the infinite periodic system with holes will take a solution which satisfies [7]:

E(r,0,z+d,t) = E(r,0, z,t) expld(—a + ik.)], (54)

where « and k, are real numbers and « is non-negative. A similar relation holds for H.
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Figure 5: Longitudinal section of a cylindrical waveguide “loaded” with periodically-spaced discs.

Let us call the solution for the fields in the cavity in the absence of holes El, H 1, and the fields
in the presence of the holes Eg, ﬁg, and consider the surface integral over the cavity’s inner surface
§dA - (Ey x Hi — Ey x H})[8], where A points out of the cavity. We can apply the divergence
theorem to find:

%dg. (Bi x Hy — By x HY) = /dvoﬁ (B x Hy — By x HY). (55)
We can then apply a vector calculus identity to find:
F AR By - By ) = [ dVollHT(Vx Ey)— By (Vx H) + By- (¥ x H7) ~ (VX Byl (56)

The curl operators in the above equation will precipitate the usual combination of ¢, w, y, and €
but will convert the vector operations to dot products of H - Ha, and related permutations. If we
require that the perturbation be small, then we can say that H; ~ Hy and F; =~ F. We can thus
write:

]{d/‘f- (By x Hy — By x HY) = i(ws — wl)/dVol(uﬁf B+ eEr - B). (57)

The quantity on the RHS is simply twice the stored energy in the unperturbed cavity. Thus we can

derive the change in resonant frequency of the cavities with the holes, as compared to the cavities

without the holes: . ~ _ _

—ifdA-(El XH;—EQ XHik)
2U;

By inspection, we can eliminate the first term on the RHS of Equation 58. This is because
the integral is over the surface of the unperturbed cavity, and on that surface Ej is normal to the
surface at all points; therefore, dA - (El X ﬁ;) must vanish for all points on the surface. Outside of
the region of the hole between cavities, Ey ~ El; since E; is normal to the surface at all points, the
second term of the RHS of Equation 58 must also vanish, except in the region of the hole between
cavities. The quantity H 1 is the unperturbed magnetic field of the TMg1¢9 mode, for which a solution
exists. Thus, once the radial electric field component in the vicinity of the hole is determined, we
can estimate the change in the TMg1¢ frequency in the infinite multi-cavity accelerating structure.

w2 — w1 =

. (58)
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4.1.1 Radial Electric Field at the Cavity Hole

The present problem is to determine the electric field in the hole between two resonant accelerating
cavities. In the absence of the hole, the field would of course be zero within the conducting material
between cavities, and the electric field in the left and right cavities would be related by Floquet’s
theorem: Er = Epexpl[d(—a + ik,)]; in both cavities, the field would be purely longitudinal. In
the presence of the hole, we can require that the total solution be a superposition of the hole-free
system and a system containing only a conducting sheet with a hole. In the latter system we specify
that the longitudinal electric field should go to Ef, at z = —o0 and to Egr at z = 400.

This problem has been solved in excruciating detail by Jackson [9], and here we quote only the

result
. EL — ER T

P 2 _ 2

E, (59)

4.1.2 Computing the Frequency Shift

We can now solve for the frequency shift in Equation 58. For E5, we can write Ey(1 —exp[d(—a +
ik2)])Jo(ker)r/va* — r?; for H 4 we can write iwye/kcEgJo(ker); put it all together, and we find:

2U1(w2—w1) = Zfdgﬁgxﬁf (60)
a 2 /
— —Ew—lEoEg {1 _ exp[d(—a 4 Zkz)]}/ 7‘2d7’/ d@JO(kCT)JO(kCT)7
2mk. 0 0 a? —r?

where we have included the fact that, due to sinusoidal oscillations, Ey x Hf = (EyH})/2 if we
define Eg = [yE, exp(iwt), etc. Without too much controversy we can require that Ey be real,
that only the real component of the RHS of Equation 60 be used, and we can at the same time
perform the angular integral:

€W

ker)Jb (ker)
k. '

2U1(W2—0.)1) = — a2—r2

a 42
E2[1 — exp(—ad) cos(kzd)]/o dr Jo (61)

The solution to the horrendous integral in Equation 61 is shown in detail in Appendix D. Here
we jump to the solution:

€Wl

ke

Up(wy — wy) = ——EZ[1 — exp(—ad) cos(k.d)] (—%kca?’) . (62)

Our expression for Uy, Equation 47, can be used to find:

2 @ 1
3 J12(Z()1) b3d \/IIE

where we have included the fact that there are two holes in each cavity, and therefore the frequency
shift is twice what was originally calculated for one hole.

We can make a more useful expression by replacing the exponential decay, exp(—ad), with the
amount of attenuation expected at frequency wy when passing through a hole of radius a and length
h. Assuming that the hole is small (so that wy is well below cutoff), the exponential term becomes
exp(—zo1h/a). Finally, since wy = 201/(b\/1€), we can write:

wy —wy = [1 — exp(—ad) cos k,d] , (63)

201 2 ad
~ bype Ly ool L —z01h k.d] | . 4
w b Me( +37r.]12(z01)62d[ exp(—2o1h/a) cos ]) (64)
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Because we have made so many approximations to arrive at this result, Equation 64 is not accurate
enough to actually use for the detailed design of a multi-celled accelerating cavity. It can be used
to estimate the lowest-order properties of such a cavity, but the final design requires much more
accurate estimating techniques, such as electromagnetic solvers.

4.2 Properties of the Multi-Celled TM,;;, Solution

Equation 64 shows us that, in the multi-celled TMg;¢ system, we have returned to having a spectrum
of allowed frequencies which can be supported by the accelerating structure, similar to the spectrum
which is supported by the TMg; mode of regular waveguide. In the case of the TMg; mode in regular
waveguide, the spectrum is semi-infinite: all frequencies above the cutoff frequency of zg1/(by/1e
can propagate. The multi-celled TMg1p mode, on the other hand, has a pass band: frequencies in
the range

3

201 2 ad 201 9 a
1+ e 11— exp(— <w< L2 a _
bye ( " 3r T Ceon) O ZOlh/a)]) =Y e < " 352 (o) a [t ¥ op(=zoih/o)

(65)

can be propagated, all other frequencies are evanescent. Furthermore, there is a relationship be-
tween the frequency and the cell-to-cell phase difference demanded by Floquet’s theorem.

Let us use the Floquet theorem wave number, k., and the frequency w, to calculate the phase
velocity of the resulting solution in the accelerating structure:

w 201 2 a’
= =" (14— = 1- —zo1h k.d] | .
Uon = o = 1 m( Ve pa L oP(h/a)cos ]) (66)

We can also calculate the group velocity — the velocity of energy propagation — for the structure:

dw 201 2 a3

YTk, byl 3mT2 (z01) B2

exp(—zo1h/a)sin k. d. (67)

To make this more concrete, let us consider a waveguide with an inner radius b of 10 cm, a
spacing between discs d of 10 ¢m, and a hole radius a of 5 c¢m; assume that h is approximately
zero. Figure 6 shows w as a function of k for (a) a circular waveguide with no discs (b) a single
cavity with endcaps but not holes (c) an infinitely long multi-cell structure with discs and holes.
Also shown is the speed of light line. (Note: the present parameters do not satisfy the requirement
that a be small compared to b and d and thus a perturbation; the larger value is more illustrative
because the small-a behavior is preserved but in a way that plots better.) As Figure 6 shows, the
line representing the speed of light crosses the w — k, curve of the multi-celled structure, implying
that there exists a frequency for which the phase velocity in the structure is ¢, which is essential
for particle acceleration. The intersection occurs at k., ~ 27.6 m~!, indicating a wavelength of 22.7
cm and a frequency of 1.33 GHz. The factor k.d is 0.887w, or 158°; Equation 67 tells us that the
group velocity is 6.3% of the speed of light.

4.2.1 Finite-Length Structures

Figure 6 implies that an accelerating structure will propagate TMgjo-like waves of any frequency
between the lower and upper cutoff frequencies. This is true in the limit of an infinitely-long
accelerating structure, but not in the case of a structure with a finite number of cells.

For a finite number of cells N, the structure acts like a set of N coupled oscillators, each
of which has a resonant frequency equal to the lower cutoff frequency. Such a system has a total
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Figure 6: Diagram of w vs k, (“dispersion diagram”) for regular waveguide, a single cavity with
solid endcaps, and a disc-loaded waveguide. The line representing the speed of light is also shown.
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of Ncei normal modes of oscillation; these modes are uniformly distributed in k,d, from k,d = 0 to
k.d = m, as shown in Figure 7. Because of the sinusoidal structure of the w — k. curve, the resonant
frequencies are closely-spaced at the 0-mode and m-mode ends of the curve and more widely spaced
in the center. In Figure 7, for example, the m-mode frequency is 1.373 GHz, while the 87/9-mode
frequency is 1.366 GHz.

Why is this important? Note that the difference in frequency between the m-mode and the
87 /9 mode is only 7 MHz out of 1.37 GHz, or about 0.5%. The phase velocities of the two modes
are quite different, however: the former has a phase velocity of 0.92 ¢, while the latter has a
phase velocity of 1.03 ¢, a difference of 10%. Were we to tune the parameters of the system to
achieve a phase velocity of exactly ¢ for the 87/9 mode, so that it would be ideal for accelerating
ultra-relativistic electrons, then the phase velocity of the m-mode would be under 0.9 ¢. With a
velocity difference between the beam and the RF of 0.1 ¢, the beam would slip from the “RF crest”
(maximum acceleration) to the “RF trough” (maximum deceleration) over a distance travelled of
about 1 meter, which is the total length of the RF structure (10 cells of 10 cm each). In short, if
we tune the cavity in such a way as to make the 87/9 mode ideal for accelerating ultra-relativistic
electrons, then the m mode will be useless. More generally, only the mode which is tuned to have a
phase velocity of ¢ is useful for the acceleration of ultra-relativistic electrons or positrons, and all
other modes are useless.

Given all that, it is clear that the bandwidth of the system has to be small compared to the
frequency separation between modes — if the RF source is off by 0.5%, for example, it will excite
a useless mode rather than a useful mode. Similarly, there are practical limits to the number of
cells that can be connected to form a single cavity, since the frequency separation between modes
gets smaller as the number of cavities gets larger. At some point, the frequency separation between
modes would be so small that the bandwidth requirements on the system as a whole would become
impractically tight. We shall quantify “impractically tight” later...

4.2.2 Modes Other than TMyq

The analysis applied to the TMg19 mode, as extended to the multi-cell accelerating structure, can
also be applied to the other modes that a single-cell cavity can support. Like the TM ;9 mode, each
cavity mode can be extended to a continuous spectrum of structure modes within a “pass band” of
allowed frequencies; at each frequency there are an infinite number of modes with identical group
velocities but varying phase velocities.

This has some rather interesting implications. Imagine that a structure which was built for
linear acceleration is powered from a source which is at a frequency far above the TMgy pass
band. If the source frequency falls into the pass band of one of the other modes (TMj19 or TEgqo,
for example), then it will excite those modes. This allows accelerating structures to be used for
purposes other than simple linear acceleration. Some examples include RF deflectors, which are
accelerating structures operated at a frequency corresponding to a mode which includes a deflecting
field at » = 0 — essentially, the device can be used as a steering element with a high-frequency,
periodic deflecting field.

It is important to remember that any accelerating cavity has a rich spectrum of modes which
can be excited, in addition to the operating mode that the user wants to excite. This will become
important in our discussion on transverse and longitudinal wakefields later in this lecture and in
the next one.
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Figure 7: Normal modes of a disc-loaded waveguide with parameters identical to those used in
Figure 6, but only 10 cells (rather than an infinite number of cells).

5 Accelerating Cavities with Finite Conductivity

So far we have assumed that the accelerating cavities are made from some material which has
infinite conductivity (or, if you prefer, zero resistivity). What happens to an RF cavity if it is made
from a material with a finite conductivity?

In the limit of infinite conductivity, we have seen in Equation 15 that RF electromagnetic
fields are completely excluded from the material which forms the walls of the cavity. When the
conductivity is very large but finite, this is no longer true: both electric and magnetic fields can
now penetrate a short distance into the material of the cavity walls. The basic physics remains the
same — the fields in the cavity are driving current flows in the walls which tend to cancel those fields
at the transition from vacuum to the material of the cavity — but because of the finite conductivity,
that cancelation occurs in a thin but finite layer of the wall, rather than a zero-thickness layer.
This implies that, if the conductivity is high (so that the perfect-conductivity solutions are a good
approximation to what really happens), then the fields in the material should be related in some
way to the fields at the boundary in the infinite-conductivity case. In the interest of simplicity, we
simply assert the result [10]

Eom \[E25(—1 = i) ( x Hy) exp(—€/6) exp(—i€ /0), (68)

where the subscript “c” refers to fields or permeability of the conductor, the subscript “s” refers to
the field at the surface of the conductor, 7 is the normal vector pointing from the surface into the
vacuum, £ is a coordinate that points into the surface, and § is the skin depth of the material at

frequency w:
[ 2
. (69)
MW

Since the electric field in the material and the conductivity of the material are both finite, it
follows that there will be energy dissipation in the skin of the material. The power dissipation per
unit are can be computed by taking the electric field in Equation 68, multiplying by the current
density (which is just UE), and integrating over & from the surface to infinite depth in the material.

0

22



A simple result can be obtained from this integration:

dP  pewd =
=P (70)

We can use Equation 69 to eliminate the magnetic permeability of the cavity walls and the frequency
of the RF, yielding:

P -
A = Rs|H,|*, where (71)

_ w1
R = 20 o0b’

The quantity R is the “surface resistance” of the material, which is the surface resistivity divided
by the skin depth.

5.1 Finite Conductivity and Superconducting Cavities

The accelerating cavities in the ILC are constructed from elemental niobium and operated at a
temperature of about 2 K, well below the transition temperature to superconductivity (9.2 K for
elemental niobium). The DC conductivity of elemental niobium under these conditions is as close to
infinite as can be measured. In practice, however, the conductivity of the ILC accelerating cavities
is finite due to two effects. First, the conductivity which is important to RF cavities is the AC
conductivity, which is finite even for materials which are superconductors of direct current. Second,
the niobium sheets which are used in the construction of RF cavities have impurities which cause
even the DC conductivity of the resulting cavities to be finite. The impurities can be reduced,
and the DC conductivity increased, but this increases the cost of the niobium material used in the
accelerator.

5.1.1 AC Conductivity of Elemental Niobium

The physics issues which lead to a surface resistance for materials which are in a DC-superconducting
state will be discussed in the SRF lectures. For now we simply state without proof or discussion
the surface resistance [11]:

2
_sv°[GHZ] T.
Ry ~9x107°——"e (—a —), 72
5[] TIK] Xp sep (72)
where 7 is the operating temperature, T, is the critical temperature of 9.2 kelvin, and a,. = 1.92.
Equation 72 shows that limiting the surface resistance of niobium cavities is accomplished by
selecting a frequency and an operating temperature which are each as low as possible.

5.1.2 Residual Resistivity

The residual resistivity of a superconducting cavity is independent of temperature, depending
mainly on impurities, imperfections in the crystalline lattice of the niobium, and so forth. As
we shall see, it is practical to obtain niobium of sufficient purity that the residual resistivity is
extremely small — residual surface resistance values of 3 n2 can be readily achieved [12], and in
this case the total surface resistance is dominated by the AC conductivity term described above.
Another way of looking at this is that there is no point selecting parameters for an accelerating
cavity such that the natural AC surface resistance is smaller than the expected surface resistance
from impurities.
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5.2 Accelerating Cavity Quality Factor

Let us now compute the power dissipation in a single-cell cavity operating in the TM 1o mode, with
length L and radius b. All that needs to be done is the integration of HZ over all of the surface. If
we choose a time such that Hy is maximized, then Equation 30 shows
€W010
|H9| = Eok—z](l)(k‘c’oﬂ‘). (73)
c,01
In the TMg19 mode, w19 = kc,01/+/f€. Thus, we can eliminate the factor of ew/k in Equation 73,
and replace them with a factor of 1/Z. We can calculate the total power loss in two integrals, one
for the endcap and one for the barrel. The barrel integral can be performed almost by inspection:

E2 L 21
Poarel = Rsz—g / dz / bdf[J} (ke 01b)]? (74)
0 0
2 E3RsLb
Z2

2rE2R,Lb
%Jf(zm)’

making use of the J| identity from Appendix E. The endcap integral,

[Jo(z01))?

P, —RE—g brdr 27Td0[J’(k: ]2 (75)
endcap — 522 0 0 o\Fe,017)]

can be solved with the use of the Bessel function identities from Appendix E to find the surprising
result:

b b2
/0 rdr[J}(zo17m/b)]* = Ejf(zm). (76)
Thus we can solve the endcap integral,
TE2Rsb?
Pendcap = 0272']12(’201)' (77)

We can put this all together, remembering that there are two endcaps and that the time-averaged
power loss is 1/2 of the losses calculated at the peak of the H-field, to find:

2
%Jﬁ(zm)b@ +b). (78)
Note that the effect of the beam hole in the single-cell cavity has been neglected in this calculation.
The power dissipation in a multi-cell cavity is very nearly equal to the product of the dissipation
in the single-cell cavity and the number of cells.

Equation 78 shows that the energy dissipation per unit time in the cavity walls is proportional
to the square of the field amplitude in the cavity. Section 3.2 showed that the stored energy in the
cavity is also proportional to the square of the field amplitude. This means that the dissipation of
the stored energy in the cavity due to the resistance of the walls is an exponential decay process.
The process is characterized by the ratio of the stored energy to the energy dissipated in 2 RF
cycles, known as the cavity’s quality factor or Q. In this case, since we are considering only losses

to the resistive walls, it is more specifically called, “Wall Q”:
wU - 201 ZL o
P 2R,(L+b) - )

Since P = dU/dt, we can use Equation 79 to determine the time-evolution of the stored energy in
the absence of an external power source:

U = U= exp(—wt/Quy)- (80)

Pcav =
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5.2.1 Quality Factor and Choice of Cell Phase Advance

Let us return to the 10 cell, 1 meter RF cavity describe in Sections 4.2 and 4.2.1. Assuming that
we construct this structure of elemental niobium operated superconducting at 2 K, Equation 79
indicates that the wall Q will be 1.9 x 10'° (remember that L is the length of one cell, not the full
length of the cavity). This means that the time needed for the stored energy in the cavity to decay
due to wall losses is on the order of a second!

Now consider the group velocity of the 87 /9 mode, which is the mode which has a phase velocity
close to ¢. According to Equation 67, the group velocity is about 0.081 ¢. This means that RF
power which is introduced at the upstream end of the cavity will reach the downstream end in 41.7
nanoseconds.

What happens to the RF power which reaches the downstream end of the cavity, 41.7 nanosec-
onds after being introduced at the upstream end? We have two options for what to do with it:

e Remove it from the cavity, or
e not.

If we inject RF power at the upstream end of the cavity and remove it at the downstream
end, then we have a device which resembles the one pictured in Figure 8. Such a structure is
usually called a “traveling-wave accelerator.” Such accelerators have a long and honorable history
in the annals of accelerator physics, but this is not a particularly good design for a superconducting
accelerator. This is because the travel time for RF power is very short compared to the time needed
for wall losses. In order to maintain a constant amount of stored energy in the cavity (and thus
a constant accelerating field), the operator must continually supply power at the input coupler to
make up the power which has propagated to the end and gone out via the output coupler. The
biggest benefit of superconducting cavities — the fact that they can store energy for a very long time
without significant wall losses — is completely lost because the RF energy is hardly being stored at
all.

It should be noted that one way to make the design in Figure 8 work adequately in the super-
conducting limit is to connect the output coupler back to the input coupler and re-introduce the
power which has left the cavity. Adding such a connection is a substantial design complication and
not to be adopted without a very excellent reason!

The other design option is to replace the output coupler in Figure 8 with a piece of niobium, thus
trapping the energy which has made its way to the downstream end of the cavity. The trapped
energy will reflect off the end of the cavity and propagate back towards the upstream and the
input coupler. This sounds like an improvement until we consider the fact that the reflection has
a phase velocity of ¢ but in the direction opposite of that of the beam! Since the beam and the
reflected wave are (to put it mildly) not velocity-matched to one another, the reflected wave does
not provide any net acceleration. Worse, the reflected wave doesn’t stick around very long, either
— 41.7 nanoseconds after reflecting off the downstream end of the cavity, the reflected RF power
reaches the input coupler and exits the cavity entirely. In short, this is not in any way a better
option than the two-coupler design.

From the preceding discussion, the root of the problem is clearly the very short transit time
for RF power in the structure, which is a consequence of the very high group velocity of the 87 /9
mode. The solution is therefore to design the structure to have a mode with a very low group
velocity, and operate in that mode. As Equation 67 shows, the ideal solution is to operate in the
m mode, which has a group velocity of zero, which means that the only time constant relevant to
the operation of the cavity is the decay time for stored energy, which as we discussed is enormous.
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Figure 8: Schematic of a traveling-wave accelerator, in which RF power propagates from the input
coupler to the output coupler through a series of cells.

Operating in a mode with zero group velocity would seem to introduce a serious problem of its
own: how does the energy get from the input coupler cell to the other cells if the group velocity
is really zero? Omne answer is, “don’t worry about it” — for purposes of calculation, it is valid to
take the approximation that the m mode is excited by the power supplied at the input coupler,
that the excitation is uniform along the length of the cavity despite the apparent need for energy
to propagate at speeds in excess of ¢, and that the standing-wave accelerator fills with energy “in
time” while the traveling-wave accelerator fills “in space”, as Loew and Neal put it [13]. This works
for calculation but is intellectually unsatisfying.

To construct a more satisfying qualitative understanding of m mode operation, we must remem-
ber that each of the modes of the multi-cell cavity — from 0 mode to m mode and everything in
between — is excited by the initial burst of RF energy into the empty cavity. We can see the time
evolution of the cavity’s response to the initial burst by constructing the superposition of all these
excited modes. When we construct the superposition, we find that, as expected, the cavity which
contains the input coupler is the first to fill with energy, and that neighboring cavities then fill
from it. We also find that the acceleration seen by the beam due to this superposition of modes
is exactly the same as the acceleration which would come from the m mode alone! In other words,
in the time domain picture a particle which arrives in the cavity shortly after the first burst of
RF energy is only accelerated in the coupler cell; but the acceleration it achieves in that cell is
exactly what you would calculate considering only the 7 mode, and assuming that all the cells of
the cavity are excited. The excitation from other modes causes the fields in the downstream cells
to sum exactly to zero, and causes the fields in the excited cell to sum to exactly the level required
to match the expected acceleration of the full 7 mode. Since the modes other than the 7 mode are
driven far from their resonance frequency, they gradually decay away, leaving only the fields from
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the desired m mode [14]. During this time, the different modes oscillate at different frequencies;
in the time domain, the resulting time-dependent superposition results in the RF power traveling
from one cell to another, but the acceleration seen by a beam passing through this ensemble of
modes is always equal to the acceleration expected from the synchronous 7 mode alone® .

5.3 Shunt Impedance

Equation 79 shows that the wall Q is the ratio between the energy stored in a cavity, the power
dissipated in the walls, and the frequency of the cavity. From Section 3.2, we have R/, which
relates the cavity voltage to the stored energy and the frequency. We can combine these expressions
to get a much more useful one, which is the relationship between the voltage in a cavity and the
power dissipation in the walls: )
Rew =5 = 52 (81)
The quantity Re.y has units of resistance, and so is known as the shunt impedance of the cavity.
Equation 81 is amazingly useful in everyday life, since it allows us to treat the RF cavity like a
resistor for purposes of calculation: given a shunt impedance R.,, and a desired voltage V', the
required power is V?/Rc.y, just like in undergraduate electronics class! Note that there is a factor
of 2 difference in convention between the resistor from undergraduate electronics and the RF cavity:
for an AC voltage, the average power dissipated in the resistor is V2/2R, whereas the factor of
2 is incorporated into the definition of shunt impedance for a cavity since we never deal with the
dissipation of DC fields in RF cavities.
For a single-cell cavity with no beam holes, the expression for shunt impedance can be evaluated:

222 e sin? /2
Ry 2o 1+ e\ /e v’

R

(82)

where R, is once again the surface resistance. Equation 82 has a maximum value of R, at
1 = 158°, but the maximum is broad enough that ¢ values from 120° to 180° can be used with
small (10% level) loss in efficiency.

For a multi-cell cavity, the shunt impedance of the whole is equal to the sum of the shunt
impedances of the individual cavities. This, again, is similar to the lowly resistor encountered in
undergraduate electronics class. One complication is that the ¢ used to calculate the R, for one
cell should be the distance from one face of the cell to the next, not the actual phase advance per
cell (ie, leave out the portion of the cavity occupied by discs). In addition, there is a correction
factor for the beam hole, which is empirically given by [15]:

RC&V

1+30.5(a/\)2’ (83)

Rcoll ~
where R,y is the single-cavity shunt impedance calculated without the correction for the hole, a is
the radius of the hole, and X is the RF wavelength. In the case of our hypothetical 10-cell structure,
Reay is extremely large — about 4.6 x 10'2Q for one cavity, so 10 times that for the entire structure.
On the other hand the very large hole in the cavity results in a large correction: Equation 83 shows
that the shunt impedance is reduced to about 39% of this ideal value. The full 10-cell cavity has a
shunt impedance of 1.78 x 10!3Q, and an R/Q of 771 .

!Can one go further and model a traveling-wave structure as a series of stationary modes, and the apparent
“traveling” of the RF power as a consequence of the different modes oscillating at different frequencies and driven
off-resonance? Yes.
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6 Introducing the RF Power

So far we have talked about multi-cell RF cavities with perfect rotational and translational sym-
metry — devices which are featureless except for the hole that the beam passes through. A real
cavity needs to allow at least one more thing in, which is the RF power from an external source
which provides the stored energy which creates the fields which leads to acceleration.

In order to introduce RF power, we need to cut a specialized hole in the RF cavity, known as
an RF coupler. The coupler will allow some of the incident RF power to pass into the cavity, and
will reflect the rest back towards the RF source. One might think that reflecting a lot of power
back towards the source would be a Bad Thing (it is at least not very energy efficient), and so
one should design a coupler which transmits most of the power into the cavity. Unfortunately, a
coupler is a two-way passage: if it is very good at letting power into the cavity, it’s also very good
at letting power out of the cavity. Since the biggest benefit of a superconducting cavity is that it
can store energy with very low losses for a very long time, having an RF coupler which allows all
that stored energy to pour out defeats the purpose of going superconducting in the first place.

6.1 Time Evolution of the Stored Energy

To understand more fully the implications of this, we follow the approach of Nantista [16]: a
monochromatic power source supplies a wave with amplitude FEj,, which is incident upon a resonant
cavity of some kind; the boundary between the cavity and the input waveguide is an iris with
reflection coefficient I'. In general I' is real and negative, which causes a reflected wave which
is out of phase with the incident wave, F,of = I'Ey, = —|I'|Ejy,. Meanwhile, there is also an
electromagnetic wave, E,, which is the wave emitted from the stored energy in the cavity (ie, the
stored energy is “leaking out” through the iris). The net amplitude flowing backwards, from the
iris towards the power source, is Fout = Fe + I'Ejn.

Now let us require that energy be conserved, which on an instantaneous basis means that RF
power must also be conserved. The amount of power incident on the iris from the power source
must be equal to the sum of the power in the reverse wave, the power lost in the walls of the
resonant cavity, and the instantaneous increase in the stored energy in the cavity:

dU.
dt -
Let us define the proportionality between the power in the waveguide and the resulting square of
the field amplitude as Kyg, such that P, = ICWgEizn, and similarly Poyt = Kyg(Ee + I'Ein)?. In the
absence of incoming power, obviously P,y = IngEg. From the definition of wall (), Equation 79,
we know that P, = wU./Q,. It can be shown that, in the absence of incoming power, the outgoing
power is also proportional to the stored energy and thus to the power lost into the cavity walls.
We can define the ratio of power emitted from the cavity to power lost in the walls as the cavity

coupling coefficient, [,:

Pin: out+Pc+

(84)

Pout
c = ) ]Din = U.
G P, 0 (85)

Putting all this together allows us to write:

Qu,  QuKugE?

U =—F. = 86
c=— L 5 (86)
Let us now recast Equation 84, with some substitutions:
K 2K dE,
KwgEL = Kyg(Be +TER)? + —2E2 ¢ WgQwEe ¢ or (87)

Be ¢ wf dt’

28



1 2Q. . dE,
F2 = (E.+TEy)*+ EEE + wﬁond—tO,

where we have taken the time derivative of Equation 86. If we assume, as discussed above, that I ~
—1, then we can write a simple differential equation which describes the emitted wave amplitude:

1\ 2Q. dE.
2B = Eo (1 - ’
(e g) oo (88)
wpPe dFE, w
— kb, = Ee—7
Qw dt * 2QL

where Qr = Qu /(1 + ¢) is called the loaded @ (ie, the @ — the proportionality between the RF
period and the e-folding time — when the cavity is “loaded” by the coupler as well as the wall
losses). If we define the characteristic time of the system, t. = 2Q1/w = 2Q,, /[w(1 + (5.)], then we
can rewrite Equation 88 in an even-more compact and useful form:

dFE, 20,
te— + Be = ——— Fyy,. 89
c dt + Fe 1+ ﬂc in ( )
If we assume that Ey, = 0 for ¢t < 0 and is a constant for £ > 0, we can solve Equation 89:

_ 2ﬁc _t/tc

Fe= 1y 7 m (1—e ) (90)
Similarly, we can now solve for Fou = Fe — Ein:
_ 26C _t/tc

Eout = T&Em (1 —€ ) — Ej,. (91)

Note that, for 8. = 1, the backwards-wave amplitude F,,;; goes asymptotically to zero, as the
reflected and emitted waves become equal and opposite. The characteristic “e-folding” time for the
cavity with input coupler is t., which is the filling time of a standing-wave cavity.

How do the stored energy and the accelerating voltage of a standing-wave structure vary with
time? Equation 86 defines the stored energy as a function of the emitted wave amplitude, which
we solved for in Equation 89. With appropriate simplifications,

25, R
Uc(t) = tcﬂnm (1 — e t/t ) . (92)

Similarly, by the definition of R/Q, we find:

V) = (1) [ Banena 2 (99

For superconducting RF structures, as we shall see, it is typical for 8. > 1, so that we can
rewrite the stored energy and voltage expressions as:

Ue(t) ~ 2te P (1 - e_t/t°)2 V()= (1-et) 2gwtcpm, (94)
Ud(t) ~ 4%19in (1 - e—t/tc)Q, V(t) =2 (1 - e—t/tc) 1/SQLPm. (95)
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From the definition of ¢., we see that reducing the loaded () value decreases the amount of time it
takes to fill a cavity, while from Equation 95 we see that it also decreases the maximum attainable
voltage in the cavity. This makes sense, since the loaded @ is in some sense a measure of the
“leakiness” of the input coupler.

To make this concrete, let us return to the example RF cavity from previous sections. In the
interest of round numbers, let us tune the input coupler to give Q7 = 10%, and use an input power
of P, = 1 MW. Using a m mode frequency of v = 1.373 GHz, the characteristic time ¢. of the
system is 232 microseconds. At equilibrium (¢t — 00), the cavity voltage will reach 55.5 MV. Figure
9 shows the time evolution of the emitted field, the total field going towards the RF power source,
the stored energy, and the voltage in the cavity.

Since the loaded @ value is the one which is most important to the RF power dynamics of the
cavity, why do we care as much as we do about the wall Q7 After all, if the loaded @ is 3 orders of
magnitude below the wall @), as in the example above, it seems like we could construct the cavities
to have a much lower wall @), and lower cost, while maintaining the same loaded @, gradient, etc.
The answer is that the power lost into the walls is still determined by the wall ), and this power
is the power which must be extracted at 2 K — the power loss which is measured by the loaded @)
is power which is sent to a room-temperature load. As we shall see in later lectures, removing heat
from a 2 K system is an extremely inefficient process — typically the refrigeration system consumes
500-1000 watts for every watt which has to be removed at 2 K. Thus, it is important to build the
system with the highest wall ) achievable, even if we are then going to load down the system to a
much lower loaded () with an input coupler.

What about the actual RF power which is directed away from the cavity and back towards the
RF source?” We can use the proportionality that at £ = E¢, the power is equal to 1 MW, and
the fact that the power is proportional to 2, and plot this quantity as well; the result is shown in
Figure 10. At t = 0, the power transmitted back towards the source is the full 1 MW, as almost
all the power gets reflected. As the cavity slowly fills, it emits fields which are out of phase with
the reflected fields, causing the total power directed at the source to reduce; after some time, the
emitted fields are larger than the reflected ones, so the total power increases again. At equilibrium,
the power directed at the source will be only slightly below 1 MW. This is a typical result for
Be > 1 — at equilibrium, the power directed back towards the source equals the power from the
source. Since energy is conserved, the power which actually passes through the input coupler into
the cavity has the opposite behavior: at ¢ = 0 and ¢ — oo, zero power passes through the coupler,
while at an intermediate time all of the RF power from the source flows through the coupler and
into the cavity.

6.2 Handling the Reflected Power

Figure 10 shows that the amount of reflected and/or emitted power from the cavity is comparable
to the power from the RF source itself. In the next section we will see that most of this power
is absorbed by the beam, but not all of it. Since reflected power is bad for the health of a high-
powered RF source, it is not acceptable to simply let that power return to the source. There are
at least two ways to prevent this outcome.

6.2.1 Circulators

The first option is to redirect the backwards-propagating RF away from the source with a circulator.
The circulator consist of ferrite material in a strong magnetic field parallel to the RF propagation;
the magnetic field is generated by permanent magnets for energy efficiency. The circulator breaks
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Figure 9: Time evolution of the emitted field and total field directed towards the RF source (top);
stored energy and total voltage (bottom).
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Figure 10: Time evolution of the power directed back towards the RF source from the coupler.
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the forward-backward symmetry of the waveguide and allows backward-propagating waves to be
directed away from the RF source and sent to a water-cooled load.

6.2.2 Magic Tee

A “magic tee” is a 4-port RF splitter/combiner. It is a passive device, which is constructed such
that when one injects equal RF power into two of the ports (conventionally ports 2 and 3), all of
the power goes into one port (port 1) if the inputs at ports 2 and 3 are in phase, and the other
port (port 4) if the inputs at port 2 and 3 are 180° out of phase.

So how does this help? Imagine that the RF power source is located at port 1; ports 2 and 3
go to two different RF cavities; port 4 goes to a water-cooled load. If the path from the magic tee
to the cavity at port 3 is 1/4 wavelength longer than the path from the tee to the cavity at port 2,
then RF power from the source (at port 1) will be split equally and sent to ports 2 and 3; power
going to the cavity at port 3 takes a longer path than power to port 2, and reflected power has the
same added path length, so the reflected power which returns to the tee at port 3 has a 180° phase
shift relative to reflected power which returns to the tee at port 2; so the reflected power from the
two cavities is summed at port 4, the load, not port 1.

The magic tee solution has a few disadvantages relative to the circulator solution. The magic
tee requires two cavities with a specific wavelength relationship between them, so that the reflected
waves combine exactly and are directed at the load. If one of the cavities produces reflected energy
but the other does not (for example, if the power or filling times of the cavities are mismatched, or
there is some other problem which causes mismatched reflections), then the mismatched reflected
power splits between the load and the RF source, whereas a circulator would always direct all the
power away from the RF source. The major advantage of the magic tee is that it is an inexpensive,
simple device compared to the circulator.

7 Introducing the Beam

So far we have talked about the RF cavity in isolation, as a device which can be filled with energy
in order to produce a longitudinal electric field. What we really want to do, of course, is apply that
longitudinal electric field to a beam!

Let us consider a beam with a steady-state current Iyeam, With a time structure of bunches with
a uniform charge per bunch ¢ and an inter-bunch interval ¢, = ¢/Ipeam (this is usually known as a
bunch train); and let us assume that the RMS bunch length o, is very small compared to the RF
wavelength A. The beam also has a duty factor H: in other words, the current in the accelerator is
Ipeam only for a small fraction of the time, given by H, and is zero for a fraction of time 1 — H. We
intend to accelerate the beam in a cavity with voltage V'; this will result in an increase in the energy
of each bunch given by ¢V, and a transfer of power to the beam of Ieam V. Our requirements on
the acceleration of the beam are the following:

e We want to provide the same acceleration to every bunch in the bunch train — a high ac-
celeration for early bunches and a low acceleration for late bunches (or vice versa) are not
acceptable.

e We want to keep the RMS energy spread within each bunch as low as possible.

e We want to maximize the energy efficiency of the acceleration process, since ultimately we
have to pay for every joule of electrical energy that we use from the power grid.

How do we go about putting these requirements into practice?
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7.1 Steady-State Beam Loading

From Equation 95, we see that the cavity voltage is not a constant, but evolves in time according to
1 — e~t/te; thus, it would appear that only at t = oo can we achieve a uniform accelerating voltage
for the beam, and infinity seems like a long time to wait before injecting the first bunch train.

Fortunately for us, introducing the beam changes the dynamics of the RF cavity, and it does so
by absorbing some of the stored energy in the cavity. This in turn reduces the voltage in the cavity.
We can achieve a uniform accelerating voltage, then, by making the beam-induced reduction in
cavity voltage match the increase in cavity voltage caused by the incoming RF power.

More concretely, we see from Equation 95 and Figure 10 that the voltage is increasing because
the stored energy in the cavity is increasing, and the stored energy in the cavity is increasing because
the portion of RF power which is not reflected towards the RF source is entering the cavity. We
can achieve a voltage which is fixed in time by selecting a beam current such that at the desired
voltage Vy, Iheam Vo = P. — that is, the product of the desired voltage and the beam current exactly
equals the power into the cavity at the desired voltage. Since the beam absorbs all of the power
which is entering the cavity, the stored energy in the cavity becomes fixed in time, leading to a
voltage which is also fixed in time.

From Figure 10, we can see that the power transmitted to the cavity varies from zero at ¢t = 0
and t — oo, to the full power of the RF source P;, at some intermediate time; and that all the power
which does not go into the cavity is reflected back towards the RF source and ultimately dumped
in a water-cooled load. Since the power which is dumped in the load is wasted, our requirement
for efficient acceleration naturally leads us to want to operate under the condition where all of the
power is going into the cavity and none of it is going into the load. From Equation 91, we can
see that the moment when the power to the cavity is maximized occurs when e tte =1 /2, or
t = t.In2. From Equation 95, we can see that at that moment, the cavity voltage is exactly half of
the voltage it would achieve at ¢ — oo in the absence of the beam: Vy = \/QrPinR/Q.

7.1.1 Selection of Parameters

More generally, we see that we have four parameters which need to be specified: Vi, Iveam, Pin,
Q1. Two of these are free parameters, which we can specify, and typically Vy and Ipeam are the
ones we choose. The other parameters, P, and ()j, are determined by the requirement that:

Vo = ,/ang, (9)

Ibeam‘/O = ]Din'
We can use Equation 96 to find the requirement on the loaded @) value,

Vo

[boam % .

QL (97)

In the case of our sample cavity, of course, we chose Q1 = 10% and P,,=1 MW for the convenience
of the numbers, so we have to do the reverse: find the voltage Vy and the current Ipean from the
Q1 and P, values. In this case, we find Vo = 27.8 MV, I,cam = 36 mA.

7.1.2 Life Cycle of an RF Pulse

With the parameter selection in hand, we can now describe the life cycle of an RF pulse:
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Figure 11: Life cycle of an RF pulse in the case of our example RF cavity.

e From t =0tot =1t; =t.In2, the power from the RF source Py, fills the RF cavity, and the
voltage and stored energy evolve as shown in Equation 95; no beam is present during this
time. At t = ¢1, the voltage in the cavity is Vp, which is exactly 1/2 of V (¢t — o0).

e At t =t1, the beam with current I,,cam is introduced. The stored energy in the cavity is now
fixed, since the beam absorbs all of the power coming from the source, and the voltage is
fixed at Vj.

e At a later time 9, both the beam and the RF source are turned off. At this point the power
and voltage both decay, the latter decays as V = Vyelt—t2)/te,

e After a time (ty — ¢1)/H, the whole process repeats itself.

Figure 11 shows the time evolution of the cavity voltage for our example RF structure, with
t. = 232 usec and Vy=27.8 MV. In this case we have chosen ty = 2t¢; for convenience of plotting,
and have truncated the exponential decay of the voltage after 3t;, again for convenience. We have
also taken the approximation of a constant, uniform beam current. In actuality, of course, the
beam has bunches with a bunch interval between them: what actually happens is that the voltage
becomes a small “sawtooth” rather than a “flat-top”, with each bunch causing the voltage to step
down and the input power between one bunch and the next causing the voltage to rise back to Vj.

7.1.3 Beam-Induced Fields

As Wangler points out [19], the beam is more than just a medium that absorbs RF power from the
cavity and acts like a resistive load, but it is in fact a source of fields in the cavity as well?.In order
to see this, consider a cavity with no power source which has a beam passing through it. The beam
is composed of bunches which are here assumed to be infinitely short, but any bunch length o, < A
would be acceptable. Because each bunch is charged and ultra-relativistic, it is accompanied by
a “pancake” of electromagnetic fields; because the bunch is infinitely short, the spectrum of the

2I liked Wangler’s formulation of this so much that I have used it, almost word-for-word, here.
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bunch (which is the Fourier transform of its length) is infinitely wide. This means that there is
a component of the bunch’s field which is at the resonant frequency of the RF cavity. When the
bunch passes through the cavity, the component of its field which is at the cavity frequency acts just
like an RF power source and excites the cavity. The implication is clear: the passage of the bunch
causes some electromagnetic energy to be stored in the cavity; and that means that the bunch must
decelerate, since energy is conserved and the stored energy of the cavity has just increased.

How can we compute the amplitude of the beam-induced fields on this unpowered cavity? The
simplest way to do this is to note that we have already computed the amplitude of the fields in a
cavity which had an active RF power source but no beam, and the amplitude of the fields in a cavity
which had both an active RF power source and a beam. This last case must be a superposition
of the fields from the RF and the fields from the beam; so the fields from the beam must be the
difference between the fields with both beam and RF and with RF but no beam.

In Figure 12, we return to the example of our beam-loaded cavity, but in this case we plot both
the loaded and the unloaded voltages. The difference between these must be the beam-induced field.
Note that, since the unloaded cavity voltage adiabatically approaches twice the loaded voltage, it
must be the case that the voltage from beam loading adiabatically approaches the loaded voltage
as well. In other words, if your cavity was supplying an accelerating voltage Vy when powered, it
will supply a decelerating voltage Vy when unpowered but beam loaded.
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Figure 12: Unloaded (blue,solid) and beam-loaded (red, dashed) voltages in the case of our example
RF cavity.

In the steady state, the beam current I, is decelerated by a voltage Vj, so the steady-state
power removed from the beam is Iyecam Vo; we also know that, in order to sustain a steady-state
voltage of Vj, the power required is given by Vo = \/QLPR/Q. Setting these two power terms
equal, we find that at steady-state,

R
Vbeam = _IbeamQLé- (98)

Furthermore, since the voltage slope from loading can exactly cancel the voltage slope from the RF
power source, it follows that they must both have the same exponential behavior. This leads us to

35



an expression for the beam loading voltage as a function of time:

R
Vbeam(t) = _(1 - €(t - tl)/tc)jboamQLay t > tl (99)
= 0, t<t.

7.1.4 Off-Crest Running

So far we have implicitly assumed that the beam is being accelerated at the RF crest. This is
obviously desirable in the linac, since it maximizes the energy efficiency of the acceleration, but
it is not always possible. For example, in the bunch compressor, it is necessary to run the beam
through the RF almost at the zero-crossing of the RF, since what is desired is not to accelerate
the beam but to induce the dE/dz which is needed to achieve compression. In the linac, it is often
desirable to have extra accelerating voltage available to compensate for slow variation in the overall
voltage or to compensate for RF stations which have unexpectedly stopped working: this often
requires additional RF stations which operate far from the RF crest normally, but which move
closer to on-crest operation when additional “make up” voltage is needed. Assuming a phase angle
¢ between the beam and the RF, the resulting mean acceleration of the beam is given by:

V = Vunload COs ¢ + Vbeam (100)

= 2(1- e_t/tc)“QLPg cos ¢ — (1 — e(t_tl)/tc)fboamQLg.

Equation 100 shows us that we have a problem: the excitation driven by the RF source changes its
phase with respect to the beam, but the beam-driven excitation is always purely decelerating. In
the case of ¢ = 0, Equation 100 will result in the unloaded voltage and the loaded voltage exactly
compensating each other for all times ¢ > t1; since the first voltage is now reduced but the second
voltage is not reduced, the result is that for ¢ > t1, the net phase and voltage in the cavity vary.
Meanwhile, the slope of the voltage is given by:

% = —2(1 — e/t QLPg sin ¢. (101)
In other words, the voltage slope does not change with the buildup of beam loading, but the net
decelerating voltage does change.
How is this situation to be handled? In other words, given that we want the voltage seen by the
beam to be Vj cos ¢, and the slope of the voltage to be —V{ysin ¢, and that we want these values to
hold for all time, what should we do? The prescription is as follows:

e From ¢t = 0 to t = t1, use the RF power source at its nominal power P, and phase phi to
achieve an initial cavity voltage Vi at the desired phase;

e At t = t1, turn off the RF source, and reactivate it with a new power P; and phase ¢1, such
that the new power and phase will correctly compensate the loading voltage.

The first item of the prescription, at least, sounds simple! We can accomplish the second item by
considering the voltage for ¢ > ¢ as the superposition of 3 fields: the initially-established field,
which is now decaying exponentially; the field from the beam; and the field from the RF power
source. Putting this mathematically:

V(t>t) = e /tycosp+2(1 — e_(t_tl)/tc)’ / QLPlg cos ¢1 (102)
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- (1 - e_(t_tl)/tc)jbeamQLgy

le_‘(;(t >t) = _e—(t—tl)/tcvosin¢ —2(1 — e—(t—h)/%”/@sin 1.

We know that we want V' = Vjcos ¢ for all time, and we want dV/dp = —Vjsin¢ for all time.
Including that constraint, we find the following expressions:

[1 _ e—(t—m)/tc} <2‘ /QLPlg cos g1 — IbeamQLg — Vp cos QS) = 0, (103)
—(t—tl)/tc R . . _
[1—6 } QLPlasmm—Vosmqﬁ =0.

Remarkably, we see that a single value of P; and a single value of ¢, will suffice for all ¢ > ;! We
merely have to solve the equations

2,/QLplgcos¢1—IbeamQLg—vocosas ~ o, (104)
R . .
\/QLplésmﬁﬁl—VoSlncb =0

for P; and ¢;. This is the solution of two equations with two unknowns, which is straightforward
if tedious due to numerous trigonometric functions and square roots.

7.2 Single-Bunch Beam Loading

Beam loading also occurs within a single bunch — loading from the head of the bunch decreases
the accelerating voltage available to the particles in the tail of the bunch. Such loading is typically
described as a wakefield, in other words an induced field that is left in the “wake” of the bunch.
The single-bunch loading can also be modeled as the shock excitation of all of the accelerating
modes of the cavity by the beam.

Calculation of the longitudinal wakefield is a difficult process in that the bunch is usually
short compared to any other dimension in the problem (RF wavelength, cell length, cell diameter,
aperture radius), and thus there are very serious speed-of-light and causality issues which enter into
the estimate. A convenient formula for estimation of the wakefield is provided by Bane et. al [17]:
the decelerating electric field a distance z behind a particle of charge ¢ is given by Eyf = ¢Wr(2),

where
Zc z
Wi(z) = — 3 XD (—1 /S—Z) , where (105)

1.8,1.6
ayg
S, = 04lw,
and a is the aperture radius of the iris, g is the interior width of the cell, and d is the cell period
(i.e., g = d — h, where h is the disc thickness); Z is the impedance of the medium, which is the

canonical 377 ) for an evacuated accelerator structure.
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7.2.1 Self-Loading

In the previous discussion of single-bunch loading, a formula for the decelerating voltage behind a
charge is provided. That formula has a nonzero value for z = 0, indicating that a single electron
can experience a wakefield from its own passage!

To understand this, consider a thought experiment proposed by Wangler [18], in which two
particles with charge q and energy Up in each pass through a resonant cavity with frequency v, and
there is a longitudinal distance ¢/2v between the two particles. At the start of the experiment there
is no stored energy and therefore no voltage in the cavity. The first particle passes through the
cavity and induces a voltage —V} in its wake (decelerating, as indicated by the sign). The voltage
can only be established if the cavity stores some amount of energy Rca\,‘/}f, which by conservation
of energy must be removed from the first particle;U; = Uy — Rcavaz. We can also equate the loss
of energy in the first particle to a decelerating voltage, Uy = Uy — qV. Note that V; is not required
to be equal to V.

Now the second particle passes through, but at a time difference such that the field in the
cavity is now an accelerating field with voltage V3. Since the second charge is identical to the
first, it will leave in its wake a decelerating voltage —V} which cancels the voltage left by the first
particle, so after the second particle is gone the cavity is once again empty of energy and at zero
voltage. However, the second particle has also been accelerated by the voltage left by the first,
hence Uy = Uy — qV1 + qV}.

Now: since the cavity is empty, and energy is conserved, we know that the total energy in the
two particles must be 2Ujy. Therefore, ¢V, — 2¢gV; = 0, or V4 = V,/2. That is to say, a point
charge experiences half of the energy loss indicated by the z = 0 wakefield. This is the fundamental
theorem of beam loading.

7.2.2 Single-Bunch Loading Compensation

In general the effect of the single-bunch loading can be computed by convolving the wakefield
W, with the RMS bunch shape, but some semi-quantitative understanding of the interaction is
always welcome. We can achieve this understanding by modelling the bunch with 2 macroparticles:
one with charge ¢/2 at z = 0, and another with charge ¢/2 at z = 20, thus giving the overall
distribution an RMS length of ¢,. The decelerating voltage experienced by each particle is given
by:

L
o= w0, (106)
L L
Vy = ZqWL(OH—?qWL(Zaz),
L
= ZqWL(O)(1+2e_A),

where A = /20, /s, and L is the cavity length. The resulting average and RMS energy loss are
given by:

L
<V> = ZqWL(O)(lJre_A), (107)
L
oy = ZqWL(O)e_2A.

Thus, both the average and the RMS deceleration are worse for short bunches than for long, which
makes intuitive sense. Also, for very short bunches, when A — 0, the mean energy loss goes to
LqW1,(0)/2, as required by the fundamental theorem of beam loading.

38



The RMS energy spread term arises from the fact that the second macroparticle is decelerated
by the voltage left in the wake of the first macroparticle, as well as by the self-loading term. We
can compensate this effect by adjusting the relative phase of the accelerating field in such a way
that the bunch is not riding on the crest of the wave, but slightly ahead of the crest. This will
impart a greater voltage to the tail of the bunch than to the head, and through careful adjustment
of the phase the effect of single-bunch loading and the effect of the acceleration can be made, in
first order at least, to cancel.

What phase is required to compensate the beam loading? If the bunch centroid is accelerated at
phase ¢, then the first macroparticle is at phase ¢—2mo, /A, while the second is at phase ¢p+27o, /.
We can equate the change in energy gain by the two macroparticles to the change in deceleration
due to wakefields:

Vicos(d — 2m0. /A) — cos(é + 2m0. JA)] = %WL(O)e—A. (108)

We can apply appropriate trigonometric identities and find:

LqWr(0)e 2 1

i = . 1
sin g AV sin(2m0./N) (109)
A reasonable approximation for V' > LgW(0), 0, < s, and 0, < A is:
LgWr(0) A
= —" — 110
¢ &V o, (110)

Since running far off-crest reduces the average energy gain even further, it is worthwhile to note
that a high voltage, low charge, long bunch, or short RF wavelength all reduce the distance the
bunch must be from the RF crest.

8 The ILC Accelerating Cavity

So far we have concentrated on the theory of accelerating cavities, with an emphasis on supercon-
ducting accelerators operating in the 7 mode. Now we can turn our attention to the real design of
the accelerating cavity which is to be used in the International Linear Collider. Note that many
of the parameters will be much more fully discussed in later lectures, in particular the lecture on
superconducting RF.

8.1 Basic Cavity Parameters

In Section 5.1.1, we saw that the surface resistance of superconductors is proportional to the square
of the operating frequency, which means that a lower frequency is strongly desired. On the other
hand: in Section 3, we saw that the diameter of the cavity, and thus its cost, is linearly proportional
to frequency; in Section 6.1, we saw that the filling time is inversely proportional to frequency.
Since we want to build a cavity with a low surface resistance, small size, and short filling time,
these requirements are in conflict with one another, so a compromise is required. The compromise
frequency of operation is v = 1.3 GHz. At this frequency, and considering the requirement that
the phase velocity be matched to the speed of light, the length of one cell (or length of one half
wavelength) is 0.1154 meters. The number of cells per cavity is similarly a compromise: on the
one hand, using a large number of cells per cavity reduces the number of couplers of all types,
but increases the complexity of the electrical design of the cavity and its sensitivity to errors. The
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Figure 13: Cutaway diagram of the ILC baseline RF cavity.
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compromise solution is 9 cells, for a total active length of about 1.04 meters. Figure 13 shows a
cutaway diagram of the ILC baseline cavity.

The R/Q of the ILC cavity is 103652. Figure 14 shows the surface resistance of an ILC cavity
as a function of temperature. The surface resistance is dominated by the AC resistivity of super-
conducting niobium down to about 1.8 K, at which point the residual resistivity of the material
impurities and handling become dominant. From Figure 14 we see that there is little benefit to
operating the ILC cavities significantly below 2 K, and so 2 K is their operating temperature.
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Figure 14: Surface resistance of an ILC cavity as a function of operating temperature.

Figure 15 shows the wall () as a function of the accelerating gradient. At low gradients the wall
Q approaches the expected value of about 2 x 1019 for a 1.3 GHz cavity at 2 K. At higher gradients,
for a number of reasons, the wall @) decreases. At even higher gradients, around 43 MV/m, a
cavity with the geometry of the ILC cavity develops fields comparable to the critical magnetic field
and leaves the superconducting state (“quenches”). Thus, the gradient is not a completely free
parameter. The operating gradient is selected based on the following tradeoffs:

e Raising the gradient reduces the length of the linac, thus reducing the number of cavities,
length of tunnel, etc. Thus, increasing the gradient reduces the cost.

e Raising the gradient increases the power dissipation at 2 K, which increases the cost of the
refrigeration system which is needed to remove the heat from the cryogenic system. Thus,
raising the gradient increases the cost.

41



e The maximum gradient which a cavity can sustain is not the same for all cavities: some
cavities can operate with very high gradients, while other cavities which have been constructed
using the same processes will have lower limits. Thus, raising the gradient can increase the
system cost, since it increases the number of cavities which are constructed and rejected.
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Figure 15: Wall @ of an ILC cavity as a function of gradient.

Considering just the cryogenic system costs and the capital costs, one finds that the ILC linac
costs are minimized for a gradient of about 42 MV /m, with the exact minimum depending somewhat
on the assumptions made about how the wall ) varies with gradient. The mean maximum operable
gradient for ILC-style cavities constructed to this point is much lower, around 28 MV/m. The
cost minimum is fortunately rather broad, and so a gradient of 31.5 MV/m has been selected.
This gradient causes an increase in the ILC’s cost of about 3%, while representing an incremental
improvement over achieved gradients to date (as opposed to 42 MV /m, which is a 50% improvement
over current performance).

With R/Q of 1036€ and a wall @ of about 10'°, the shunt impedance of the ILC structure is
close to 10'3Q). From the definition of shunt impedance, this implies a wall-power dissipation of
about 110 watts per cavity when the cavity is filled to 31.5 MV /m.

8.2 Beam Current, Loaded @), Duty Factor

Given a final beam energy of 250 GeV, it is clear that the average current of the ILC has to be
fairly low. For example, if one decided to use currents comparable to the stored currents in one
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of the B-factories (1-2 amperes), the beam power would be 250-500 GW — over 10 times the total
power consumption of the state of California! The selected average current of 45 pA yields power
per beam of just over 11 MW, or 22 MW when both beams are considered. This is more reasonable,
if still large.

What format should the beam have — train length, duty factor, etc.? One option would be
to have a 100% duty factor — a continuous current of 45 pA. At this low current, the power
transferred to the beam is about 1.5 kW, meaning that the power dissipated in the cavity walls
(the aforementioned 110 W) is no longer negligible. Worse, it means that the average power
dissipated in each linac is about 800 kW. Removing 800 kW of heat from a 2 K system would
require around 600 MW of refrigeration power per linac. In order to achieve efficient operation,
we want the refrigeration requirements of each linac to be small compared to the beam power.
This is accomplished by reducing the duty factor, and therefore raising the beam current above
the average current by some factor. This implies that a duty factor no larger than (11 MW) /(600
MW) = 0.0167 should be considered, or equivalently that no beam current below 2.7 mA should
be considered.

At the other end of the spectrum, it is necessary to use a damping ring to achieve the low
transverse emittances which are required if we are to achieve a luminosity of 2 x 103*cm™2sec™!
with an average current of just 45 pA. For bunched electron beams, storage ring currents of 1-2
amperes are the contemporary operating limit. Thus, we find that the acceptable range of beam
currents for the ILC is bounded at the lower end by about 3 mA and at the upper end by about 2
A.

The ILC parameters call for a beam current of 9 mA. This is actually rather close to the low
end of the range described above. This was chosen because, as we shall see, use of a low beam
current and a high duty factor (1/200) makes the bunch train extremely long; this is advantageous
for reasons which are obvious (making measurements and applying corrections to cavity properties,
beam orbits, etc.), and for reasons which are not obvious (which we will discuss in the linac
transverse dynamics lecture tomorrow).

With the voltage (32.8 MV) and the beam current (9 mA) chosen, it becomes possible to
compute the necessary RF power input to each cavity (295 kW) and the loaded @ (3.52 x 109).
Thus the e-folding time of the cavity t. is 862 usec, and the fill time before introducing the beam
is 597 usec. Since none of the energy used to fill the cavity is transferred to the beam, but all of
the energy put out by the RF sources during beam time is absorbed by the beam, we want the
bunch train length to be at least longer than the fill time for efficient operation, and ideally as long
as possible. The train length selected for the ILC is just under 1 msec, which is not enormously
longer than the fill time; unfortunately, lengthening the train while keeping the beam current at
its constant 9 mA requires either longer trains in the damping ring (driving up the damping ring
cost as their length increases), more bunches in the damping ring (driving up the damping ring
currents and associated instabilities and costs), or higher-charge bunches in the damping ring (which
would cause beam-beam instabilities at the IP, and cause other problems which will be discussed
tomorrow). With 1 ms trains and a 1/200 duty factor, the ILC has a repetition rate of 5 Hz.

8.3 Single-Bunch Loading Compensation

The aperture radius of the ILC cavity is 35 mm, which implies a value of W (0) ~ 2.9 x 10'3
V/C/m. The single bunch charge in the ILC is about 3.2 nC, and the RMS bunch length is
300 pum. From Equation 110, the bunch needs to be kept about 5.2° off-crest to compensate the
single-bunch loading.
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8.4 Bandwidth, Tuning, and Lorentz Force Effects

With a loaded @ of 3.5 x 10°%, the bandwidth of the ILC cavity is v/Qp, which is about 370 Hz.
Matching the resonant frequency of a cavity to the level of 1 part per million is not achievable
from first principles — Equation 64 implies that frequency shifts of this magnitude can be caused by
micrometer scale errors in the cavity hole size a. For this reason, each ILC cavity has a mechanical
tuner which can be used to deform the cavity slightly, thus shifting its resonant frequency. The
tuner is used to achieve the initial adjustment of the frequency to 1.3 GHz, and also to correct for
small errors that enter over time due to settling or other slow mechanical distortions.

The cavity tuner has an additional role: for cavities which are not powered, the tuner is used
to change the resonant frequency of the cavity away from any frequency which is resonant with the
beam. This is necessary because, as we have seen, otherwise the beam will induce a time-dependent
voltage which will grow over the length of the bunch train until it is almost equal to the nominal
cavity voltage!

An additional issue is the deformation of the cavity itself due to electromagnetic forces during
operation. When the cavities are filled with energy, the fields generate radiation pressure which
acts on the walls. The resulting deformation changes the frequency of the cavity. This is known as
“Lorentz Force Detuning.”

The first line of defense against Lorentz force detuning is to make the cavity mechanically
stiffer, and the ILC cavities have stiffening rings around their irises for this purpose. The stiffening
rings reduce the sensitivity of the cavities to a level of 1 Hz/(MV/m)? [20]. At 31.5 MV/m, the
resulting detuning is around 1 kHz, which is still several times the bandwidth of the system. The
use of mechanical stiffness is ultimately limited by the fact that changes to the cavity which make
it stiffer, such as stiffening rings, also tend to reduce the thermal conductivity between the inner
walls of the cavity and the surrounding liquid helium bath.

The next line of defense, for the ILC cavities, is piezoelectric tuners. These are tuners which have
a very small range compared to the main tuners, but which can operate within the millisecond RF
pulse to maintain the desired resonant frequency of the cavity. Tests have shown that piezoelectric
tuners can maintain the cavity resonant frequency within the 370 Hz bandwidth at gradients as
high as 35 MV/m and even higher.

8.5 The ILC Standard RF Unit

Figure 16 shows a schematic of the standard RF unit for use in the ILC. Each RF unit includes:
one RF power source; 26 9-cell cavities; a superconducting focusing quadrupole, superconducting
steering dipoles, and a beam position monitor, constructed as a package; and a suitable cryogenic
system for all of these devices.

In order to power 26 cavities at power levels of 295 kW, a total power of 7.7 MW is needed. The
RF power source can produce a peak power fo 10 MW, which leaves some overhead for regulation,
losses in the normal-conducting waveguides and distribution system, etc. Since the total length of
the RF unit is large (about 38 meters), it is constructed in 3 “cryomodules,” each of 12.7 meter
length: there are 9 cavities in the first and third cryomodule in a unit, while the center cryomodule
has only 8 cavities so as to leave room for the quadrupole package.

The beam energy at entry to the main linac is 15 GeV, and the desired final beam energy is
250 GeV. With each cavity contributing about 32.8 MeV, an RF unit of 26 cavities contributes
about 850 MeV, and so a total of 276 RF units is needed in each linac. In actual fact, the positron
linac has 278 RF units, and the electron linac has 282 RF units. The two additional units in the
positron linac are needed because of short-range wakefield losses and operation 5° off-crest. The
electron linac has these requirements as well, and also needs 4 RF units to make up the energy
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Figure 16: Schematic of an ILC RF unit.

losses generated by an undulator in the electron linac: this undulator generates photons which are
used to make positrons.
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A Useful Constants and Numerical Values

‘ Symbol ‘ Description

Value ‘ Notes ‘

€0 Electric permeability of vacuum | 8.85 x 1071% F/m

o Magnetic permittivity of vacuum | 47 x 10~7 H/m

c Speed of light in vacuum 3.00x10% m/s =1/\/éto
Zy Impedance of free space 377 Q = \/uo/e€o
201 First zero of Jy Bessel function 2.404
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B Longitudinal Field Components in an Infinite Conducting Pipe

This section goes through the grinding mathematics involved in solving for the longitudinal field
components in an infinite conducting pipe of radius b, for which the setup and the result are shown
in Section 2.2.

A solution for Equation 17 can be sought by separation of variables: define Eg ,(r,0) =
R(r)©(), and expand the V3 operator (available in any decent textbook on PDE’s or electro-

dynamics):
10 ([ 0 1 [ 02 )
19 <T§R@> Co <WR®> + 12RO = 0. (111)

The function R can be pulled out of the §-derivative, and similarly the function © can be pulled
out of the r-derivative:

0 0 0 R [ 9?
A P — = k2 =0. 112
r or (TOTR) + 72 <8929> TR RO =0 (112)
Dividing by RO, multiplying by 72, and rearranging terms yields:
r d ( OR . o 1 [0%6
R it —_[=—=) =o. 11
R8T<T8r>+kcr+@<802 ! (113)

Equation 113 shows that the terms with 6 dependence and the terms with r» dependence have been
completely separated. We can advance the solution of Equation 113 by requiring that the two
components be equal and opposite, defining separation constant O:

1 [(0%0 r 0 OR 2 9
5 <W> = fior (5 ) =0 (114)

The two components of Equation 114 can be solved separately. The first component, which
defines ©(#), can be solved almost by inspection: © = cos(nf + 6,,), where Q = n? and periodicity
— the requirement that ©(f) = ©(0 + 27) — constrains n to be an integer. This constraint can be
inserted back into the other component of Equation 17:

_r 9 ( OR 2.2 2
(7“ 8r> + kire =n”. (115)

" Ror
Multiplying through by R and expanding the derivative yields:
r?R"+rR + R(k*r? —n?) =0. (116)
Equation 116 is Bessel’s equation of order m; the solution is a linear combination of Bessel Functions

R = apJp(ker) + dp Yo (ker). (117)

Since Y,,(0) diverges, we can limit ourselves to solutions for which d,, = 0, and write down a solution
for Ep . in terms of a series in n:

Ey .= Z apnJp(ker) cos(nf + 6,). (118)
n=0
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C Solving for the Fields of a TM,,, Mode

Let us define our coordinate system such that 6,, = 0 for simplicity. We have four unknown
components of the modal fields, and therefore 4 equations are required.

The 6 component of the magnetic curl equation Tells us that 0H,/0z — 0Hy ,/0r =
€0Fyp/0t. Since Hy, = 0 and we can replace time and longitudinal derivatives via Equation 13,
we can write:

]{THOJ« = —EwEQﬂ. (119)

The r component of the magnetic curl equation tells us that 1/roH ./00 — 0H,¢/0z =
€0Ey /0t. By similar operations to those in the previous paragraph, we find:

kHyp = ewE,. (120)

The 6 component of the electric curl equation tells us that 0Ey,/0z — 0Ey ./0r =
—pdHg p/0t. We can replace the time and longitudinal derivatives, and can also replace Ey, with
Hj g via Equation 120 to find:

OFy. k2
or we ¥

The magnetic divergence equation tells us that V- Hy = 0. Since Hy . is identically zero,
we can write:

(121)

0Hy g 0
— = —— (rHy,). 122
89 67‘ (T‘ 077") ( )
Equation 121 can be used immediately to obtain H g, which in turn allows Hy . to be determined
from Equation 122 and Ej, from Equation 120. Finally, Equation 119 relates Eg g to Ho .

48



D Solution to the Horrendous Integral

Here is the detailed procedure for solving the messy integral in Equation 61,

a 2 1A
7= / dr” ']O(kC;)JO(fcr). (123)
a’—r
The first step is to switch to a normalized variable, R = r/a, which recasts Z as follows:
2 Jo (ke ke
S / dr X! aR);]zlz( aR) (124)

where we have also replaced J) with —J;. The new form does not appear to be much of an im-
provement, until one realizes that this permits a trigonometric substitution: [dRf(R)/vV1—R? =
JdX f(sin X), where sin ¥ = R. Replacing a bunch of Bessel functions with Bessel functions of
trigonometric functions seems like a losing proposition, but one can then use the series expansion
of the Bessel functions [21] to find:

/2 1 1 1 1
7= —a2/ dX sin® X {1 — Zk‘gaz sin? X + akga‘l sin? X — ] [ikcasin/\f — Ekz’as sin® X + ] .
0
(125)

Since kca is proportional to a/b, we can neglect any term with a power of k.a above that of the
lowest order present. Neglecting all but the lowest order in k.a transforms our integral to:

9 w/2 1 3
I~ —a / dXEkcasm X, (126)
0
and this form is convenient for “integration by table,” yielding [23]:

1
T~ —gkca?’. (127)
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E Useful Bessel Function Identities

These identities can be found in D. Jackson’s Fourier Series and Orthogonal Polynomials [5, 22].

/01 RAR[J,(QR)]? = % {[J;L(Q)]z + (1 — g—2> [Jn(Q)]Q} (128)
H(Q) = §lar(Q) —Jua(Q)

Jni1(Q)+ Ju1(Q) = %"Jn(Q)
JR) = —h(R).
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