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Equivalent Circuit for an rf Cavity

Simple LC circuit representing

an accelerating resonator

Metamorphosis of the LC circi
into an accelerating cavity

Chain of weakly coupled pillbox

cavities representing an accelerat
cavity

Chain of coupled pendula as
its mechanical analogue
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Metamorphosis of the L-C circuit of Fig.1 into an accelerating cavity (after R_P.Feynman“)L

Fig. Sd shows the cylindrical "pillbox cavity” and Fig. Se a slightly modified pillbox cavit:
with beam holes (typical 8 between 0.5 and 1.0). Fig. Sc resembles a low 8 version of th

pillbox variety (0.2<B<0.5).
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Chain of weakly~coupled pillbox
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cavities representing an accele-

rating module
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Chain of coupled pendula as a

mechanical analogue to Fig. 6a
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Parallel Circuit Model of an Electromagnetic Mode

P = LV
Power dissipated in resistor R: diss — o p
V2
Shunt impedance: R, =— = R,
})diss
Quality factor of resonator:
w,U R c\"”
022 — oen - £ - i€
[)diss La)c L

Z=R{1+iQO(wﬂ—%H
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1-Port System

s '
3 TTotaI impedance: k°Z,+
[ l | %N
Lk 1+2i =
17, a)c

kV
= e V=kV, K
kK*Z, + 0 R+k’Z, 1+21QO
142i =0 A et
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1-Port System

Energy content U :% Cy? :1 D 2

@R
1Oy 2,2 R?
= S R k Vg .
1)
(R+k220) +4k* 2508 (ij
Wc
. Ve
Incident power: P, .= %
Define coupling coefficient: ,3—
ko Z
U @y 45 1
Fpe  Oc (1+,B)2 14 ZQO 2 Aw 2
1+ 4 w
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Power dissipated Py = o _ P,. 4P 5 12 5
Qo (1+ /) 20, ) (Aw
1+ﬂ ¢
: : U :
Optimal coupling: ——  maximum or P,.=P,.
E}’lC
=Aw=0, f=1 : critical coupling
43 1
Reflected power Beop = Fipe = Biiss = Fpe | 1- 5 5
(1+ ) 1.[200 dw
] 1+ﬂ ¢
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At resonance

U_Qo 45 P

4
Fliss = (1 +IZ)2 Fipe
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1-Port System
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Equivalent Circuit for a Cavity with Beam

- Beam in the rf cavity is represented by a current generator.

 Equivalent circuit:
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?g(ﬂ :Tg cimr@ L E % —C @Tb .:"i'be it ’QFC :”Jcﬁiwt RL = —(1 -|-Shﬁ)

i, produces ¥, with phase ¥ (detuning angle)

i, produces V, with phase y

g

V=V, 7

tan w:-2&%
1+ﬁ Wy
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Equivalent Circuit for a Cavity with Beam

Jefferon Lab
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g 8 +,3
IR,
= cos
2(1+ ) v
sing
lb = 210 ebz
2

ip,: beam rf current
ip: beam dc current
6, beam bunch length
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Equivalent Circuit for a Cavity with Beam

2

Vo1
P, =—¢ {(1+,8+b)2+[(1+,B)tanw—btan¢]2}

Rsh 418
b = Power absorbed by the beam _ Vi.iycos¢ _ Ry cos §

Power dissipated in the cavity 2 v,
Rsh
(1 +160pt) tan Wopt =b tan ¢
Minimize P, : Popr =145
povt _ V2 L+b/+(1+b)
£ Ry, 2
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Cavity with Beam and Microphonics

* The detuning is now tan i = -20;

ow, + ow ow,
R tanyg =20, —
@y @y

where ow, is the static detuning (controllable)

and ow,, is the random dynamic detuning (uncontrollable)

Probability Density
Medium B CM Prototype, Cavity #2, CW @ 6MV/m
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Q... Optimization with Microphonics

« Condition for optimum coupling:

Bope —\/<b+1) +[2Qo 5&)

W

2 2
and port = Ve (b+1)+\/(b+1)2+[2Q05wm]

& 2Rsh o)

* In the absence of beam (b=0):

ow,,
Bopt = \/ 1+ (2Qo w—oj

2 2
V 0w
PP =€ 1+ [1+]| 20, —™
and & “oR, \/ [ o j

=U ow,, If ow,, is very large
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Example

P (kW)

7-cell, 1500 MHz
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\ /
6 —21.0 MV/m, 460 uA, 50 Hz 0 deg
—21.0 MV/m, 460 uA, 38 Hz 0 deg
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P (kW)

14.0

12.0

10.0

6.0

4.0

2.0

0.0

Example

3-spoke, 345 MHz, 3=0.62
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Example

ERL Injector and Linac:

of =25 Hz, Q,=1x101°, f,=1300 MHz, 1,=100 mA, V_=20 MV/m,
L=1.04 m, R,/Q,=1036 ohms per cavity

ERL linac: Resultant beam current, I, , = 0 mA (energy recovery)

and (3,,=385 = Q,=2.6x10"7 = P =4 kW per cavity.

ERL Injector: 1,=100 mA and 3
2.08 MW per cavity!

opt= 9X10* 1 = Q,=2x10° = P =

Note: |V, = 2.08 MW = optimization is entirely dominated by
beam loading.
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RF System Modeling

To include amplitude and phase feedback, nonlinear effects from the
klystron and be able to analyze transient response of the system,
response to large parameter variations or beam current fluctuations

— We developed a model of the cavity and low level controls
using SIMULINK, a MATLAB-based program for simulating
dynamic systems.

Model describes the beam-cavity interaction, includes a realistic
representation of low level controls, klystron characteristics, microphonic
noise, Lorentz force detuning and coupling and excitation of mechanical
resonances
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RF System Model

P gl
To WorkspaceS

To Workspaced

.

MEeC P

by >
g : > » L —|—> Mus ot
ar b r & To Workspaced
T Work: 2 ot
R \-' o Workspace Degress
] + e ,.-"'JI ph_ret >
-3 To WorkspacaT Demux | | | Mud
Ganteam timevary b
sl :-L,l-r"" I ), iy O
Demux | Demux? ""-'E]: mAmps
nam
close + e . E
koop -t Vo s
L]
B Sumi Grad SET Cavity Amplituda
4 Mu MY
— [
< Mux1 -t PHIO"pil 180
hop gain Sum2 Phase _SET
Clock
B » B
Dhmiu Mux |
had Boam Currant
D open loop Munc2
B
Mux
|-
B
-
Muxs

.geffgizun Lab

Thomas Jefferson National Accelerator Facility

youl1

To Workspace&

A




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


