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RF accelerating structures

Outline:

7. Multi-cell SRF cavities;
8. SRF Cavities for Low 3 Accelerators;
9. Beam-cavity Interaction
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Chapter 7.

Multi-cell SRF cavities.

a. Multi-cell SRF cavities;

b. Why mr-mode?

c. Equivalent circuitand normal modes;

d. Parameters of the SRF SW cavity;

c. Cavity efficiency at different particle velocity versus the
number of cells;

d. Why elliptical multi-cell cavity does not work at low

particle velocity.
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I\/Iultl cell SRF cavity:
* Single — cell cavities are not convenient to achieve high

acceleration: a lot of couplers, tuners, etc.

coupling
iris hole

* Multi-cell cavities are used in both RT -
and SRF accelerators. fm\“/f\\ /\/ \
* Multi-cell SRF cavity is a standing—wave -
periodic acceleration structure, operating Uj\\j\ Jf\ j
at the phase advance per period equal ton cell#a-1 cell#n ~cell #a+1
(i.e, the fields in neighboring cells have the same distribution,
but opposite sign).
* To provide synchronism with the accelerated particle, period is
P12 (in general case it is pfA/2m; ¢ is phase advance per period).
* The end cells have special design (full length, not half ) to

provide field flatness along the structure for operation mode
with the phase advance .
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Why SW m - mode?

 The SW modes except it have small acceleration efficiency because
most of the cavities have small field (in ideal case X,,; ~ cos (zqj/N), q —
mode number, | - cell number).

 Bi-periodic structure t/2-mode does not work becausei it is prone to
multipacting in the empty coupling cells and difficult for
manufacturing (different cells) and processing (narrow coupling cells).

e 1 -mode structure is simple, easy for manufacturing and processing.

 Drawback (see Appendix 11):
-Big aperture to provide big coupling;
-Considerably small number of cells N (5-9).

1 Elliptical cavity is not prone to multipacting in contrast to a pillbox.

MP in the corners /J /_ MP electrons drift from equator to
. the axis
10 \ S
a
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Why SW m - mode?

Schematic of the SRF multi-cell cavity

Coupler port  Accelerating cells Coupling holes

|

0 ! J N-1 N Beam pipe

VUVUUUVUUUU

* The cells have elliptical shape to get rid of multipacting;
 The end cells have full length, but the shape is different;
* The coupleris placed in the beam pipe.
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Why SW m - mode?

Equivalent circuit of the SRF multi-cell cavity
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* C,representsthe fringing
fields in the beam pipe.

* The shape of the 0" and Nt
cell are selected to achieve
flat field distribution for -

mode only.
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An example of calculated eigen modes
amplitudes in a 9-cell TESLA cavity

compared to the measured amplitude

profiles. Also shown are the calculated
and measured eigen frequencies.

The cavity has full size end cells especially

tuned to get field flatness for the

operating mode.
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Multi-cell RF cavity:
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Normal modes ina standlng -wave elliptical cavity:

Mode 1
llo”

Mode 2
”T[/4”

Mode 3
lln/zﬂ

Mode 4
”3T[/4”

Mode 5

ou__7

10 7/24/2024

PIP Il 650 MHz cavity

“Brillouin diagram”:

650 l
645T

k -1
(@) ~ fo (1 - cos Tqu_ 1)))

g-the mode number,
N- the number of cells;
k- coupling: k=0.7%
Operation mode “m”

2% Fermilab
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Axlal acceleration field distribution

At the aperture, E,(a,z) ~ const over the cell, /= = = — =
E,(a.2) ~J,'Ascos(2nkyz/p); i

[*
a
i i

E,(0,2) ~ Z A,.cos(2nk, z/ )/ [ak,a(4n?/52-1)12] :A\:'Bchos(anO z1B)

BZn = AZnIO[akOa(AfnZ/IBZ'l)l/Z] ;
for examplefor p =1 By= A, and B,,~ 4,.exp(-2nk,a) << B,

E,(0,2) ~ Aycos(k, z) — sinusoidal distribution on the axis! Valid for f<1.

10 10

Geometry of an iris of a CEBAF multi-sell cavity
(gray line). Longitudinal electric field at a different
radial position: r=0cm (green line), r =2.5 cm
(blue line), r =3.45 cm (red line). Fields are
normalized to 4 MeV/m accelerating gradient.

Ez [MV/m]
&o & IS o o o IS [ o

by : —= : : : :
o - r w B (4] [s2) ~ w w
R [em]

* Field at the aperture close to rectangular
Field on the axis is close to sinusoidal

Z(cm)

'
-
o
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Parameters of a multi-cell cavity:

“Geometrical beta”: S5 =2l/4,
| is the length of a regular cell,
A IS wavelength.

< >
L"'\-\ _'.-:
—— l
= ==
i —
A T —
= ey
— B e
LE‘_: L:_:_-| '__Jl;_:—:;'ll_——j
:—T-\__-j —— — — I,.'-'_T—_ __'-'.,' '-'_T__'-'.'
r _'\-'_"_-_.' \:.."' —_—— Ce—— Ty \:--_ —n) ]
q_.- .} ‘_:, ';\I 1'{:. -'."I .:'u__. '}." 1-1_. -.._\__l'l

R/Q= V?/wU, V is the energy gain per cavity (in optirﬁal ac;celer_étion
phase) , V=V(f); o — cyclic operation frequency; U is EM energy

stored in a cavity; R/Q is a function of g, as well as V. R/Q is the
same for geometrically similar cavities. Decreases when the cavity

aperture a InCreases.

“Optimal f”: value of £, where V (and R/Q) i1s maximal.

Acceleration gradient:

E=V/Ly, Lo = NBg AI2|— effective length, nis

the number of cells.

13 7/24/2024
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Parameters of a multi-cell cavity (cont)

14

Surface electric field enhancement: K, = Ejeq/E, Epeqi IS maximal surface
electric field.

Surface magnetic field enhancement: Ky, = Byea/E, Bpeak is maximal

surface magnetic field.

Unloaded quality factor: Qg = @wW/Pus, Pjoss — SUrface power dissipation.

G-factor: G=Qy*R,, Rq Is the surface resistance. G is the same for

geometrically similar cavities. At fixed gain the losses are proportional to

G*(R/Q).

Loaded quality factor: Qpaq = @WIP, P= Pjoss +Pload i Ploag— POWer

radiated through the coupling port.

Coupling: K=2(f_-f,)/(f +1,),

{& Fermilab
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Multi-cell cavity

A multi-cell SRF elliptical cavityis designed for particular f = S5, but acceleratesin a wide
range of particle velocities; the range depends on the number of cells in the cavity N. Field
distribution for the tuned cavity has equal amplitudes for each cell; longitudinal field
distribution for considerablylarge aperture is close to sinusoidal (see slide 10):

1.0 [\
o8 | | Lbe‘taol,,i,]]a,
0.5 !
s 03 - A \\ \-\3
E . 55(-" 08 s \ \ ~
5 S . /// | \\\ N
o 03 £)
05 / s .. / / // \\ \\5
|\ / 2\
-0.8 U U . \ P \
/]
e 0 20 40 60 80 100 120 140 0 §\660! | 11\/ g
. N — . N ‘—n=3 —n=5 =7 =—n=9 —n=11 |
V(,B) Zﬁ Sln(n (BZ,B ‘8 )) Sln(T[ (,82;[3 ))
VBopma) TN\ BB OO pB . 6
optimal G G Boptimar = Bg| 1+ a2
Vis the energy gain per cavity. The cavity containing more cells provides

effective accelerationin more narrow

article velocity range! .
E L=t 2= Fermilab
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Why SW m - mode?

Cavity tuning:

 Compensation of the errors caused by manufacturing
* Compensation of the errors caused by cool-down.

* Field flatness

* Tuning the operating mode frequency to resonance.

« smode frequency 1298.774 MHz = *mode frequency 1298.547 MHz

P e
A [des el

98 %

Field flatness in ILC — type cavity before and after pre-tuning.
& Fermilab
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Elliptical cavities:

INFN Milano, 700 MHz, fig = 0.5 PIP 11, 650 MHz, B = 0.9

P2 hoboboiol =

‘l:" . | < 4 i'h"
.~

. -l o Vi BT TET 'R ¢ -..b
“"‘“"'""'“"““""’h“‘!“ ——
! ! I ' | -
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Multi-cell cavity is not effective for low f3:

For smal

10 (kr/ﬂy) ~

g

1

\/27rkr/,[)’}/

k
e T/ﬁ)/

Synchronous EM is concentrated on the cavity periphery, not on the
axis! Consequences:

. Small (R/Q):

(R/Q) ~ exp(-4malip), a is the cavity aperture radius;
* High K,

K, ~ exp(2ma/A0);
 HighK_.

Ko ~ = T T

5 ;ﬁ;;’ \ \ ;\:\A \
V>C V=C v<C
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Multi-cell cavity is not effective for low B:

J RF cavity provides beam focusing,
1 T V1 input lens
N sin(o,) lens
F p°y>UyA

* For @, < 0 (necessary for longitudinal I

I >
stability) the cavity provides strong defocusing! ]
 Defocusing:

~1/B;

~1/ 4.
Defocusing should be compensated by external focusing elements,
-solenoids (low energy);
-quads (high energy).
U For small 8 longer RF wavelength (lower frequency) should be
used. But axisymmetric cavity has very big size, D~3/4 A.

For small 5 other types of cavities should be used!

output

{& Fermilab
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Parameters of an elliptical cavity (cont)

20

2389.9

@83

929 mm

LB650 (B¢=0.61)

—

1302 mm

HB650 (B¢=0.9)

Parameter LH650 HB650
Be 0.61 0.9
Bootimal 0.65 0.94
Cavity Length = ngg-BgeomA /2 mm

R/Q Ohm

G-factor Ohm

Ke

K, mT/(MeV/

Max. Gain/cavity (on crest) MeV

Acc. Gradient MV/m 17
Max surf. electric field MV/m 37.5 34
Max surf. magnetic field, mT 70 61.5
Q, @ 2K x 1010 2 3
P,k max W 24 24
oK [W] b
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Summary:
1 Single — cell cavities are not convenient in order to achieve high

acceleration: a lot of couplers, tuners, etc; multi-cell T—=mode
elliptical cavities are used in SRF accelerators;
J Why m—mode?

* The SW modes except t have small acceleration efficiency because most of
cavities have small field;

* Bi-periodic structure r/2-mode does not work because it is prone to multipacting
in the empty coupling cells and difficult for manufacturing (different cells) and
processing (narrow coupling cells).

* 1 -mode structure is simple, easy for manufacturing and processing.

[ Elliptical cavities are used to mitigate multipacting;

J End cells have the same length as regular ones, but a bit different
shape to keep field flatness for operation mT—mode.

J Range of acceleration efficiency strongly depends on the number of
cells: cavities with smaller number of cells operate in wider 3 range.

[ Elliptical cavities are not effective for low particle velocity.

{& Fermilab
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Chapter 8.

SRF Cavities for Low 8 Accelerators.

a. Why TEM-type cavities work at low particle
velocities;

b. Types of TEM cavities;

c. Velocity range of TEM-type cavities.

& Fermilab
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| One-gap QWR/[LLLLLLL2
RF cavity types =

Quarter-wave resonator (QWR)
concept:

" beam

FIj o
\.'\.‘
o
-

Resonance: T

wl

—+ i/ tan( ) 0 or cot (T) = wCZ,.
Lwe H H T q Compact (L< A/4) compared to plllbox
ZC ere is the coaxia Impedadance (D> 3/4}\)

l
==y, Ly Cot(x) = Ax

R - 1—L beam

3 | X El

. T T — J I — 3 beam
Y1 X2 X3 B —
\ \ \ NI

Two-gap QWR Half-wave resonator(HWR)

£& Fermilab
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RF cavities for low f:

TEM-like cavities:
eSplit-ring resonator;
eQuarter-wave resonator;
eHalf-wave resonator;
eSpoke resonator.

Split-ring QWR HWR SSR
(single-spoke)

eNarrow acceleration gap (~BA) allows concentrate electric field near

the axis;

eAperture ~ 0.02-0.03A allows acceptable field enhancement;

eNumber of gaps in modern cavities is 2 for small beta which allows

operation in acceptably wide beta domain. For B > 0.4 multi-gap

cavities are used —double- and triple-spoke resonators;

eFocusing elements (typically, solenoids) are placed between the

cavities. _
& Fermilab
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RF cavities for low f:

Quarter-wave resonator:

*Allows operate at very low frequency ~50
MHz, (and thus, low beta) having acceptable
size; |
*Has a good (R/Q);

*Low cost and easy access.

But:

*Special means needed to get rid of dipole
and quadrupole steering, and

*Provide mechanical stability

beta=0.14,109.125 MHz QWR(Peter N. Ostroumov)

& Fermilab
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RF cavities for low 8
Beam Steering in Quarter-wave Caviti

es*

 Beam steering due to unavoidable magnetic field on the beam axis.
* One remedy: The vertical field E,, normally small, may be modified by the cavity
geometry to cancel magnetic steering due to H,.
y . ~L/2
Ap},»uﬁ f E, cos(kz + @) + fic - B, sin(kz + ¢)dz
z L2
‘ :
L _’ 4 B 3 1.5 -
o { ) L :j- c fﬁ 1 /-\
J u‘?J -2 T ﬂ‘ﬂ‘d\
ﬁ 4 _ A &aﬂ
£ 05 N
1. = %31'%
E: i s
= 0 T Sp———
: = -0.5 L=
- -2 a O Total, simulation
= [, | " / a Eli:t:tric. simLElation
o : ) — Electric, simplified
s _ — Magnetic, simplified
= 15 ._ TOtall. simpli llied .
| [ 0 0.05 0.1 (.15 0.2 0.25 0.3 0.35
500 5 0 B:':lanc-i'u cm]-z's A 45 4 B
M. Kelly, 2013 - .
Y $& Fermilab
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RF cavities for low f:

Half-wave resonator (HWR):
*No dipole steering;
°Lower electric field enhancement;

°H |gh pe rfo rmance, i = 4.3 K, 14 February 2017 Test
I + 4.3 K, 27 February 2017 Test
*Low cost; eeto 1 + 4.3K, 24 April 2017
*Best at ~200 MHz. I
1 M e
1E+09 2 e
But: oo .

* Special means needed in some
cases to get rid of quadrupole
effects;

 Two times lower R/Q

PIP Il HWR cavity, 162.5 MHz
(M.Kelli, Z. Conway, P. Ostroumov)

2= Fermilab
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Cavity axis
7 Zz

ldeal HWR

I Ol . E.(r,z) = = cos(kz), a<r < b;

E.(r,z) =0, r<a;
E.(r,z)=0,r>a,k =%)

Magnetic field:

E, From Maxwell equations:
i OE ic

H(p(r,z) = —L =
Wy 0z  Zyr

| L=2/2

Beam °

sin(kz) =

Hﬁ ~ sinfkz)

=27rZCr
* Resonance frequency:
kL=n—>k=%—>w=%—>

E, ~ cos(kz)

l e Stored energy:

Ko T U
W =2 [|H[?dv = v

Mf"i/” o Ohmlc loss:
-b -a _1 2
’\J pa b r-P_ZSﬁRSH dS_8 ZZ[L(

Qo =

Unloaded quality factor:
L4
P

28 7/24/2024 V. Yakovlev | Multi-cell and low-beta SRF cavites; Design, Lecture 13

* The cavityisa TEM coaxial line shortened at z=*L/2
Electric field in a coaxial line:

E.(r,z) = g cos(kz),

b b
U= J Er(r,O)dr=C-ln<—>
a a

— _U_
_>C_ln(

23
o

s

E(r,z) = . % cos(kz),

v sin(kz) ; Z, =%TZOln (Z) - the line impedance; Z, = \/E = 120mOhm

€o

f= z_CL’ C is speed of light.

)+ an(2)

2= Fermilab



Cavity axis
iz
A‘L
120
o™~
S~
rﬁ .
Beam axis
Eg s
|
E.S
_a+b R
Ec~1/s
b | -a
\b 0 a b
“sinfks/B)

ldeal HWR

* Accelerationfield on the beam axis: E,(s) = (b)-

[

e Accelerationvoltage:

[ o))

where Si(x) = fox sin()

dx. We have two gaps =»factor “2” in the nominator.

Optimal acceleration:

av_ (@)_ n(5) = 2 (k(b—a)) <k<a+b)>_0
dﬂ_ sin B sin B = 4Sln Z,B cos 2,8 =
Lklath) _m fatb _fA

B 2 4

s
2

2p

* “Effective cavity length”: L.sr = A

(compare to multi-cell elliptical cavity: Lorr = %n, n is number of gaps)

Tt

Si(x) calculator:
https://keisan.casio.com/exec/system/1180573420

AT~

T
F—

01 2 3 4 5 6 7 8 910
— 50 —Gitxn #

2= Fermilab
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Loss reduction in HWR: conical HWR*

Cavity axis Cavity axis
z *Z ‘z
a ZL(Z) .
A’ - Increase the cavity
b(z)/a(z)=const .
» zLJ - 2b(2) transverse size at the ends

| keeping about the same

& o ratio b(z)/a(z) helps to
~ .

j Beam axis ~ Beam axis decrease loss without
] A . s change of the R/Q, which

| is determined in high
degree by Z,

Hfj ~sinfkz)

E, ~ cos(kz)

U

I )

H,(r,z) = Z—Wsin(kz) = oz sin(kz);

_Zy b(2)\ _ _ b(L/2)-b(0) . . a(L/2)—a(0)
Ze=2m( (Z)) = const. b(z) = b(0) + 227 a(z) = a(0) + DK
P—1 RHZdS—RSUZ 4 7 k i+i dz + 4l bL/2))| _RsU* L ! + ! + 41 b(L/2)

2)s - 8nZ b(z) a(z a(L/))| snz b(L/2)  a(L/2 a(L/2

i zfos‘”(z)()UZ"() 2|"\bc/n tawrn) F a2

Pidea Gcon a(L/Z)_ Kncon a(0) . Kgcon a(L/2
Pjonl_ Gideal S a(O) ! Kl\,llv:deal S a(L/Z))’ KEE;deal ~1 If % ~ 3, one may eXpeCt reduce |OSS and Surface

*P, Ostroumov, E. Zaplatin magnetic field 2 — 3 times.

3¢ Fermilab
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L oss reduction in HWR: conical HWR*

Inner Conductor
Quter Conductor

Reentrant Nose

(b)
HWR with enlarged outer (a) and central
conductor (b) dome diameters.

—
o

o
(=]

P cone/P cyl
o o
- o

o
n

o
o

1 12 14 16 18 2 22
Beam Port Slow Tuner Toroid Port Rout_cone / Rout_cy

Power dissipation in conical HWR relative to

PI P I I HWR cylindrical shape.
(P. Ostroumov)

& Fermilab
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RF cavities for low f:

Spoke resonator

Mechanical coupling of the cavity to the He
vessel in order to improve mechanical stability.

FNAL 325 MHz SSR1 cavity layout and photo. $=0.22

{& Fermilab
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RF cavities for low f:

Multi-spoke resonators

345 MHz, p=0.4,
3-gap spoke cavity

) ) for ion beam acceleration
Triple-spoke cavity ANL

& Fermilab
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RF cavities for low B:

 TEM-type cavities are prone to multipacting;
* Elliptical cavities have much better performance (MP electrons

drift towards the axis)
Idea (R. Laxdal): combine SR and elliptical cavity —balloon

cavity.

--- Initial Model
—— Balloon Model
—— 1st order

2ud order
—— 4th order
— 6th order

SE Growth Rate [per Impact

Cavity Voltage [0V

Balloon cavity is successfully tested:
condition time reduced from ~10 hours to ~30 mins!

& Fermilab
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Why not multi-spoke for $>0.5?

Comparison of RF properties (elliptical cavity versus spoke cavity)*

Spoke cavities (402.5 MHz) and elliptical cavities (805 MHz) are optimally designed under the same criteria:

Epeak 40 MV/m and B, = 85 mT. Here EoT is gradient, and r*Rs is R/Q*G per unit length.

2.4E+01
—o—b=0.17 2-gap Spoke (402.5 MHz) —=— b=0.35 3-gap Spoke (402.5 MHz
—=—b=0.48 4-gap Spoke (402.5 MHz) ====h=0.35 5-cell Elliptical (805 MHz
= ,=0.48 6-cell Elliptical (805 MHz) =====0.61 6-cell Elliptical (805 MHz —
1.8E+01 == =0.81 6-cell Elliptical (805 MHz) \
E
>
2 1.2E+01
(-
=]
w
8.0E+00
0.0E+00 ‘ T T ‘ T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Beta
1.4E+05
——b=0.17 2-gap Spoke (402.5 MHz) —=— 3-ga S oke (402.5 MHz

5 b=0'48 4-gap Spoke (4022 bz
1.28405 b=0.48 6l Ellptical (605 Mz
—b=0 81 6-cell Elllptlcal 805 MHz

o) A JA—
g 6-0E+04 f f %ﬁﬂ%\%’(—\ /
€, oms0s ! 7 f ~/ AN
) 2.0E+04 j j] i\/ )\‘ / \
0.0E+00 J j—’/d/\ / : / :

0 0.1 0.6 0.7 0.8 0.9 1

b=0.35
b=0.35 5-cell Elliptical (805 MHz
b=0.61 6-cell Elliptical (805 MHz

Norrnalized shunt impedancelL,

Beta

For 3>0.5-0.6 elliptical cavity is preferable!
*Sang-Ho Kim, Mark Doleans, USPAS, January 2013, Duke University
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SRF Cavity types depending on particle velocity

7\
/
|

1000

o
I

Half-wave

U(beta)/U(betag)
\\
™~

Frequency (MHz)
-
=)

e
YAl
=LA/

1\
04 / \ \5
/| 1\
) N4 1 1\) P
, RN |
Q ua I-ter_wave 0s 0625 075 0875 beta‘-"lbe‘taﬁ 1125 125 1375 15

|—n:S —n=5 N=7 ==——n=g ——n=11 |

n-number of gaps

10
(=0.1 Particle Velocity [[3=v/c] p=1
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Summary:

 For acceleration of the particles having low velocity, QWR, HWR
and spoke cavities are used in modern RT and SRF accelerators,
which have high R/Q at low 3.

] Double and triple-spoke resonators are also used up to 3 =0.5.

J QWR, HWR and SR are prone to MP; Balloon cavity has no MP.

] TEM-type cavities are used up to 3 =0.5. For higher 3 elliptical
cavities are used in SRF accelerators.

{& Fermilab
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Chapter 9.

Beam-cavity Interaction
a. Beam loading;

b. Optimal coupling;

c. Wake potential,;

d. HOM excitation effects.

& Fermilab
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Beam Loading

Wilson’s Theorems:

Q

iti : Perry B. Wil
1.The bunch exiting the empty cavity, i;‘;‘;_zm;so”

decelerates by Vi/2, where V; is the voltage
left in the cavity.

Two bunches with the distance between them

of A/2 excite total zero voltage.
If on bunches “sees” fraction a of V, one has:

bunches
b

o
-,

qy (Vi- aVi)= qpaV;, = a=1/2. /2

{& Fermilab
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Beam Loading

40

Wilson’s theorems:

2. The voltage V exited by the bunch with the charge gy is

Energy conservation law:
1/2 - V;-q, = Vi¥/(RIQ-w) — Vi= 1/2-RIQ-w-q,
The energy loss of the bunch is equal to
U=1/2 - Vi-q, = 1/4-R/Q-»-q,*= k-q,?
here K is loss factor,
k= 1/4-R/Q-w.
If the beam pulse is short compared to time constant t (field decay
time),
V, = 1/2.R/IQ-wq
is a total voltage induced by the beam pulse in the cavity,

q is a total charge, Q= 20, =I-t,eqm-
{& Fermilab
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Beam Loading

* RF source and beam wg=w,= w;

e Cavity: wg

e Cavity voltage : V,

* Shunt impedance: R,

. * Losses: P, = V2IRy, = V2/(QyR/Q)
Input line « Radiation to the line: V 4/(Qq'R/Q)
* Coupling: = Qqo/ Qext

Power from RF
source Pg

 Coupling Loaded Q: Q.= Qy/(1+ p)
| element Average beam current: |
—_— * Synchronous phase: ¢
Beam I, Cavity  Power consumed by the beam: P, =

— IbVCCOS(D
* Input power Py
* Reflected power: P, =P, - P, - P,

Details are in Appendix 8

{& Fermilab
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Beam Loading

Equivalent circuit for the beam-loaded cavity transformed to the resonance circuit:

- n C=2/(R/IQ: w)
E R./B L ==C Rel b R.=R/Q -Q,/2
I | =2l

From this equivalent circuit we have:

P py H fRe<R/Q>QOT+[ 0 (wzwé)glm(R/Q)Qoﬂ

* T 4p0,(R/Q) V.(1+ f) 1+8 o V+p)

where Iz = Ircose and Ip=Ipsing

{& Fermilab
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Beam Loading

If the cavity is detuned by Af versus the RF source frequency and r.m.s.
microphonics amplitude is Jf, the required power is the following :
V2(1+ By ( IRB<R/Q)QOJ ( 0, 20 |0 2, Lm<r/Q)Qo|]
T 4p0,(R1 Q) f =B 1 Va+p |

Typically, the cavity has “static detune”:
A}/p fmem/Q) Y

In this case.

720+ By [[ JRE(R/Q)Q(,T{&QH
*T4PO,(R/0) V.(1+ ) 1+8 f s oot (o]
The optimal coupling providing minimal power: ﬁopﬁl(H Re - 0 +(T°”

c

V.(1+ /)

250.00
200.00 \\ / / / | ,f/ / Pg(éf) for
= 150.00 AN /// // LB 650 (PIP II)
& 100.00 — ;./ Qo
5222 = Quoad = 777 ;
1E405 1E+06 1.E+07 1.E+08 Le+09  df = 0 ! '
load
Hoas Here df-cavity bandwidtt
—df<0Hz ——df=10 Hz df=20 Hz df=30Hz ——df=40Hz —df=50Hz ——df=60 Hz

{& Fermilab
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Beam Loading

* Inresonance for a SRF cavity ,,,>> 1 and S, =1,-R/Q -Qy/V, and
Q. =V/ (I,;R/Q) The cavity bandwidth Af ={/Q =fI,:(R/Q)/V.

* for optimal coupling for the SRF cavity V, = -V and P, = |V, - |, |
Note that in this case V; = 2V, and reflection is zero, i.e., P, =0.
V, V. V,
- .
 Without the beam in order to maintain the same voltage in the SRF
cavity at the same coupling Py, = 1/4- P,. For SRF cavity reflection
in this case is ~100%.

RF source
UO../

 Phase shift between the bunch and
the cavity voltage

Beam loading

& Fermilab
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Beam Loading, Travelling Wave

1 In presence of a beam (see Lecture 12, slide 15):

dw[)} —P N P wOWO,j (1)
dt Qo ’
Wo’j

d ’ - W =
O The 29 Bell’stheorem P; = vy, jw;, where w; =

E\(z) = % in smooth approximation:
dEy(z) _  Eo(2) (dvgr(2) | 1 R\’
ENE R ¢

dz 2v4,(2) dz Vgr(2)
! 2
here (E) =1.RisE per unitlength. Note that w = Fo 7
@/ L QQ o (%)

1 Beam loading changes acceleration gradient distribution along the

structure.
* For a constant-gradientstructure in absence of the beam :

Vgr(2) = v (0) — ZQ2 and Ey(z) = E;(0) = const.

0
* In presence of the beam:

E,(z) = E,(0)- ™ )Ibw(R)l

The gradient droop is inversed proportional to the group velocity v ..

{& Fermilab
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Beam Loading, Travelling Wave
CLIC 12 GHz structure

46

712412024

E [MV/m]

V. Yakovlev | Multi-cell and low-beta SRF cavites;
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Beam Loading, Standing Wave

. . . I t
i The SW CaV|ty contains N Ce”S, npt powe;COUpler port Accelerating cells Coupling holes
*  Operation passband contains N Jl
orthogonal modes; ¢ p y NP —
. . cam pipe
 Operation mode is N » =

Beam
(phase shift per cell is 7 );
* The cavity is excited by two sources: W
a) external RF source and
b) the accelerated beam;
* Power consumed by the accelerated beam in the jt" cell should be compensated by power flow balance
from (j-1)t" cell and (j+1)t" cell;
* For SW mode having phase shift per cell of ™ group velocity is zero — power flow is zero (2¢ Bell

theorem) = other modes should be considered. Mode combination provides non-zero Poynting vector
along the structure.

* The field may be expressed as an expansion over the resonant modes of the passband neglecting high-
order modes and non-resonant field,

E =Y, AE
where (see Lecture 11, slide 6)

w; fso(ﬁxf)-ﬁ;ds—w Sy JpEfdv

i = ’

i(w? —w?)uo Jy Hi-H}dv

So is the coupling hole square, Eis exciting filed, fb -is the beam current density.

{& Fermilab
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Beam Loading, Standing Wave

Resonant frequencies are:
w; sz[1—§(1+cos<pi)],(pi=n1f]l__11),1Si < N. wy ﬁ)
B 2
Therefore, “N_2N-n K( i ) , (N>>1) o,
wN 2(N-1)
i.e., the frequency difference between the operational mode and the second .
neighboring mode N — 2 is 4 times higher than the frequency the frequency o 72 .

difference between the operation mode N and the first neighboring mode N — 1 we may take into
account only the first neighboring mode to estimate the cavity field perturbation caused by beam
loading.

For the operation mode N for optimal coupling the RF source excites two times higher filed than the

beam (see Slide 44). It means that wy fSO (r_i X E‘) . ITI)I’QdS ~ 2w fV T - l_?),’\k,dV. On the other hand, in

%4

R/Q1Ip
For neighboring mode N-1 there is no synchronism with the beam, and therefore

Wy _1 fso (i X E) - Hy;_,dS ~ wy fso (7 X E) - HydS >» 2w I, Jp - Ey_,dv.

2
resonance (w? — w3) ~ —iZ—f. Q, =

2
On the other hand, (w? — w3 _;) = %wlzv K (ﬁ) :

Note also that [, Hy_q1-Hy_,dV = % I, Hy - H}; dV for fixed field on the coupling hole.
ANy _ :BR/Q-Iy(N=1)?

Therefore, —/— =~ | 5

: ) An_
For effective acceleration one needs |% K1, or

WA
Srons

N

2 a2 Ex = S 2
o < K (35) anrg = leri e ||

N-1/ 8R/Q Ay - s |
ac rer

milab
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Wake potentials

1. Fields of a moving charge in free apace:

S

E = 7
dnegriy?(l — p* sinz\b)?”rz

qd(z — ct) Locgd(z — ct)
o0 E,=1227 -
For Y—®© 2negr Be 2ntr

q v=0 q V=C

'y
"

A J

q'qd(z —ct) _q'qpoc?d(z—ct) _
2negr 2nr

F, = q’(Er - CBFJ) =

{& Fermilab
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Wake potentials

1. Fields in the smooth waveguide with ideally conducting walls:
No radiation (lack of synchronism: v,,>C)
Coulomb forces (including image):
F, :q(Er'VB¢)~1/y2
F, ~1/y? (staticfield is compensated by eddy field).

2. In presence of obstacle radiation takes place
echange of cross section,
finite conductivity
edielectric wall

{& Fermilab
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Wake potentials
T AVARETEWAVA Radiation fields in the

f777 ‘ .
ﬁg‘%___ . R TW acceleration structure
U VARV,
L T [ test chélrge drive charge
\ Acceleration = —— T z
cells w
| | ,
bunch 1 7
f Wer7s) = = ] dzE:(T 2 Dlem e >
Blue — deceleration, green —acceleration 7
* Energy lost by the bunch: _ . 7 B .
W = qu W‘L('F, 7'-'”3) = E / dz [E.L +c(2 X B)L:(z-i-s)/c .
k is the loss factor. “
« Transverse momentum Kick: W,=0, W, =0 for s<0
Apic = rq’ky ‘
K. Is a kick factor More details: Appendix 13 _
2= Fermilab
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Electromagnetic field excited by bunch

time

{1 T'Yw'x -
N $ S e

Cotai0at Y

The bunched beam excites electromagnetic field inside an originally empty cavity.

{& Fermilab
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Short- and long-range wakefields

= Short range wake-field — Fields along
the bunch and just behind it:

o Cause bunchenergy loss and energy
spread along the bunch

o Single bunch break up instability

o~
BVV aaan v ©
cx=wRB8R3F I 3

o Cooper pair breaking in the case of
extremely short bunches

» |Long range wakes (HOMSs):
o Monopole modes: Longitudinal coupled

bunch instabilities; RF heating; i e e csT
LongitUdinaI emittance di|Ution e EEZ{E?:Z 3'::.012 U/m at §79.910 / 0 / 1.45893

o Dipole modes: Transverse transverse
coupled bunch instabilities; Emittance
dilution; beam break-up instabilities ...

{& Fermilab
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Wake potentials e
Pillbox with the holes:

VA weo\ 1/2 — |
ko) = 20 f2 raaa- (52 | — 7

1

Zoc
k1(0) = (4.36.) 75 \/go
Loss and kick factors depend on For Gaussian bunch, I'(1/4)/4 =0.908..
the cavity geometry and the bunch omaen o flr
Length. - —*
Catch-up problem: "P N I

O |
“]Cl - |
}/obsmcle

A \ )
3 (\ Incident Monochromatic

Flane Wave

¥

L. o

il
e

el

Diffraction model:

(L2+a?)? =L +0  L=a%/20
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Wake potentials
Transition of the wakefield in semi-infinite periodic structure:

= Calculations of the loos distribution for a chain of

TESLA cells. The loss factor and wake amplitude
decrease with the cell number. The shape of the §
wake does not change significantly after the bunch = B
exceeds the catch-up distance, which is ~3 m (27 g ——
TESLA cells) for this case (=0.2 mm, a = 35 mm) ot
; -10 \ —E—m r
\ ]
ot T N
g 250 | ST 05 sz_:w 05 FX Y B T ;z_‘:a";)' s 10
Q ’ ' ’
. a? - B} \. E
_— o . * ]
- 0 . ] ]
ZO-Z "3 I %‘-’9‘ 10 - ]
§ g ) \ Jas L ' ]
15.0 - \ 7 \ =]
4 NS\
100 I 1 R R L ‘ ] L _25—1.0 —r‘:i.S sz:::w 0_‘5 )‘.0_25—1_0I - I—cli_;'l - ;ii}:} - I{J.ISI = I)‘-.{J
1 10 100
number of cell e .
3¢ Fermilab
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Wake potentials

Semi-Infinite periodic structure (steady-statewake): Y » Y &
—wakes per unit length. I .
* Karl Bane model (KB) : — L
— L
_ Zyc . al.Sgl.f} -
WL(s, L‘*U)—mexp(—\/ﬁ/ﬁn)a where s,=0.41 e
Z .
when g—0, k; :%
T

Steady-state wake — when the structure length > catch-up distance.

*** Wake potentials limit the cavity aperture and therefore,
determine the cavity design, especially for SRF electron linacs for
FELs, where the bunch length is small.

{& Fermilab
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Wake potentials
Wakefiled for non-relativistic bunch:

Ofield ™ Obunch Oficld ™ @

2a

y>>1 v~ 1
HE electron linac Proton linac
(ILC, XFEL or LCLS 1)
fmax ~ ¢f Obunch 1:maxm c/a

for a,ypen = SOM, ey < 6 THz fora =50mm,f ., <6 GHz

Diffraction losses are determined by ojigy P ~ (Gfieia) 2

2= Fermilab
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Wake potentials
Wakefiled for non-relativistic bunch*:

The 650 MHz, =0.9 elliptical
accelerating cavity for PIP II

21—
6
1.8
bunch profil
v - = beta=1 F
4 B : m== beta=09 16 4 —&— g=200mm,c’h=16
- . r —¥— o=200mm,ch=6

Z, [mm] | 076 077 | U.IS | o.lg 1.0
*S. Kurennoy Beta
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High-Order Modes in elliptical SRF cavities (long-range wakes)

 Possible issues:

* Trapped modes;

e Resonance excitation of HOMs;

 Collective effects — transverse (BBU) and longitudinal (klystron-type
instability);

 Additional cryo-losses;
 Emittance dilution (longitudinal and transverse).

 HOM damper is a vulnerable, expensive and
complicated part of SC acceleration cavity (problems —
heating, multipacting, etc; additional hardware —
cables, feed-through, connectors, loads). HOM dampers
may limit a cavity performance and reduce operation
reliability;

"To damp, or not to damp?”
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High-Order Modes in elliptical SRF cavities

« HOM energy gain dependence on frequency (see Lecture 7, slide 25)
kr/ —ka/ R V(0)? —zka/
V(ir)~ e /Bv;orV(0)/V(a)~ e /Bv. It means that for HOMSE = ~e By
Example: B =0.9, 650 MHz, 5-cell cavity.

137.7 - 31.89 [

1.425 = 0.1515 }...._.

max(R/Q), 2

25 3 35 4 45 5 55
Frequency, GHz

In proton linacs the HOM spectrum is limited in contrast to SRF cavities for
electron linacs;

R/Q of propagating modes having high frequencies is considerably small.

* A. Sukhanov, et al., “Higher Order Modes in Project-X Linac”, Nuclear Instruments and Methods in Physics
Research, Vol. 734, Part A, January 2014 i
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High-Order Modes in elliptical SRF cavities
(long-range wakes)

d Specifics of Higher Order Mode effects in the elliptical
cavities of proton linacs:

* Non-relativistic beam;

* Small current and small bunch population;

* No feedback (linac);

e Complicated beam timing structure (dense frequency
spectrum).

& Fermilab
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Trapped Modes in elliptical SRF cavities

For some modes k (coupling) may be very small (electric coupling is compensated by magnetic
coupling). Because of manufacturing errors, the field distribution may change, the mode will
not be coupled to the FC or beam pipe and have high Q,,,, — so called trapped modes.

An example of a bad cavity design containing a trapped mode:

P O 0 e owm| /AT

'- - -'u

HOMs in an ideal cavity. HOMs in a “realistic” cavity, i.e., in
presence of misalignments.
In both cases the operating mode is tuned to correct frequency and field flatness. 2% Fermilab
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Resonance excitation of HOMs in elliptical SRF cavities

: e | E
:‘; ~—— Nuclear
?é' 1=
g - F A
§ I N RN N
107 i P ety e e | 'H H ! o | [T e rereets Eereeer Ferer) e | A E5 H HH" =
| B 11| e e | B
| 1 1 1 e o o A )
| W1 0 0 0 0 0O 0 0 A R
T e § S AL a0 A ER LAY ol
me, ns 0 40 60 80 100 120 140 160 180 200
Frequency, MHz
Example of the beam structure for multi-experimental The beam current spectrum may be
proton driver (PIP II) dense: for PIP Il it contains
: : +» @ harmonics of the bunch sequence
Bo_pgﬁnlg mode io_ O'? . ) frequency of 10.15 MHz and
Eum E w0 PeIEnY et % e sidebands of the harmonics of
2., 9, 81.25 MHz separated by 1 MHz.
g g
I
<«<— R/Q spectrum of the cavities
””””””””””””””””””””””””””””””” FMHz "F Mhz
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Resonance excitation of HOMs in elllptlcal SRF cawtles

140 bt i AT S R S S S R SRS e SR 1238 62 MHZ
124114 MHz
. 1826.42 MHz

HOM have frequency spread caused by
manufacturing errors:

“*For 1.3 GHz ILC cavity r.m.s. spread o; of
the resonance frequencies is 6-9 MHz
depending on the pass band;

“*Cornell: 0;= 10.9-10*X(f,,op-To),

120
o T A — — % I _

R/Q (Ohm)

Af, = f £ ~0;  ol———— ..
max |HOM,caIcuIated HOM,measuredl f o 0.8 pp 0.9 —

Beta
(R/Q) for HOM modes depends on the
40 particle velocity B (650 MHz, B=0.9 cavity)

50

30

20

Variation of Q4 for 5" passband
(650 MHz, f=0.9 cavity)

10

13

1x10

1x10° 1x10 " Qg 19
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

I (R/
* Longitudinal emittancedilution does not take place if &f >> f%
gZ

For typical parameters for protonlinacs 0f>> 10-100 Hz.

cxol(R
* Transverse emittancedilution does not take place if §f « ol(R/Q), Not an issue!
For typical parameters for proton linacs §/>> 1-10 Hz. 8V2nByUoy/e/Bs
R 5 mA

1) e e = X
“‘*B‘E‘k.-ﬂ“ha. o 5 I I IA
. Y

—0— R=59mm, § =092
—— R=50mm, § =090

2
1

%
-/

Cumulative Losses Probabilty
=

0.0 -%
10—3_
Elue — old design
1107 Red — new design 0+ |
-
gy | 1 10’5 T T T T T T T T
=0 0.1 ] 10 107 10° 10 10% 10° 102 100 10° 100 AR

. . Monopole HOMs Losses, [W/CM]
Relative emittance growth, Az,

Cryo load caused by HOMS
PIP Il SRF linac
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

J Regenerative instability, transverse (BBU):

* Regenerative BBU develops in one cavity and requires feedback; in SRF multi-cell cavities this
feedback is caused by dipole partial travelling waves reflections from the cavity ends, which compose
a HOM standing wave.

* The excitation mechanism :
oTransverse kick in the beginning of the cavity; the Uyiec ~ Viom, Viowm is the HOM amplitude.
oDeflecting in the cavity; deflection X ~Vyom
oPhase slippage - deceleration in the cavity end, Ppeam ~X lpeamVrom ~lpeam (Vom)?
olnstability condition: average power lost by the beam is equal or less to the loss power P, in the

cavity: Pog ~(VHOM)2/(rl/Q'QIoad):
<F)beam > = F)Ioss (1)
olt gives the critical beam current: lg =« /(r /Q-QOjoag)- k depends on the beam velocity and HOM

field distribution, it is determined numerically. It does not depend on the relationship between the
HOM frequency and bunch spectrum line! “Instability selects its own frequency”

Acceleratng cll For ultra-relativisticbeam™:
I 3
mwepc/e
o (3)
Bunches— ¢ Defrection = [ . Deceleration z ZkHOML Q Qload
fg:elr;‘ W *R.L. Gluckstern and H.S. Butler, “Transverse Beam Blow-
! - - Up in a Standing Wave Linac Cavity,” IEEE Transactions on
Phase slippage Nuclear Science, vol. 12N, No3, 1965, pp. 605 — 612.
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

U Regenerative instability, longitudinal (monotronic):

* The excitation mechanism :
oVelocity modulation in the beginning of the cavity; 46~ Vyom, Vhowm is the HOM
amplitude.
oBunching in the cavity at the HOM frequency; the current harmonic lyom~ 48lpeam
~Vhomlbeam
oPhase slippage - deceleration in the cavity end, Ppeam ~lhomViom ~lbeam (Viaom)?
olnstability condition: average power lost by the beam is less or equal to the loss power

Ploss in the cavity: P)og ~(VHOM)2/(R/Q'QIoad):
<I:)beam > = I:)Ioss (2)

olt gives the critical beam current: g =% /(R/IQQ\oag)- | depends on the beam velocity
and HOM field distribution, it is determined numerically from (2).
* Similar to BBU, it does not depend on the relationship between the HOM frequency and
bunch spectrum line! “Instability selects its own frequency”

» Typically, in proton accelrators | is > 1 A._But it should be always checked!
Accelerating cells

Beam pipe Beam pipe
Velocity modulation Bunc

E

Bunches— Deceleration
Power
coupler

Phase slippage
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

U Cumulative BBU
* In contrast to regenerative BBU, cumulative BBU develops in the chain of the cavities.

Cavities

NSNINSNSNAIVIVIVVYVNLIVIVVVY VYN

Bunches

 Mechanism:
oBecause of the initial transverse modulation on the beam, a dipole HOM is excited in
the first accelerator cavity, which in turn provides transverse momentum modulation of
the later bunches.
oAs a result, transverse momentum modulation converts in the downstream cavities to
displacement modulation exciting there the dipole HOM, which in turn lead to further
transverse displacement modulation, and therefore to the beam transverse emittance
dilution, or even to the beam lost.
* The effect is coherent and cumulative as a function of length and time. As well as the
regenerative instability, the cumulative instability is determined by the beam current |4,
and the cavity HOM parameters: resonance frequency fyoy, transverse impedance rl/Q

and Qjoag-
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

Why collective effects is not an issue for SRF proton linacs with elliptical cavities:

* No feedback as in ERLs (or CEBAF);

e Different cavity types with different frequencies and different HOM spectrum are
used;

* Frequency spread of HOMs in each cavity type, caused by manufacturing errors;

* Velocity dependence of the (R/Q);

* Small — compared to electron linacs -beam current.

* No HOM dampers in SNS upgrade cavities (I, .., =26 mA);
* No HOM dampers in ESS cavities (I, .., =50 mA);
* No HOM dampers in PIP Il cavities (l, .., Up to 5 mA);
* Probably, HOM dampers will be necessary for future high — current
drivers for ADS. ry
«(2)

* Alignment!
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Summary:

(J Accelerated beam excites RF field in the cavity, which should be
compensated by the RF source’

 The required power is determined by the beam current, voltage, cavities
R/Q, loaded Q, cavity detune and the synchronous phase. There is the
optimal coupling which provides minimal input power.

d Ultra-relativistic bunch radiates the field in the cavity, which may cause
energy spread and transverse instability. Short-range wake changes the
beam dynamics in the same bunch.

1 Loss factor and kick factor limit the cavity aperture, that should be taken
into account during the cavity design.

 Long-range wakes (= HOMs) may affect the beam dynamics (cumulative
instabilities). The cavity should be optimized to get rid of trapped
modes, and modes with high R/Q and Q,,.4. For proton linacs (pulsed
and CW) HOMs typically are not the issue; for electron SRF linacs HOMs
should be damped.

 Proper cavity alignment should be provided to mitigate or get rid of
cumulative instabilities.
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