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F e rmﬂab Classical Approach to RF Distribution and Control

J€
L. 2

Vector Control in Low Level RF (LLRF)
Single power source for each load
Vector control cost low, performance high

LLRF RF Power Source

N\ Cavity
35
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F e rmﬂab Novel Approach to RF Distribution and Control
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Vector Control in High Level RF (HLRF)
Allows multiple loads on a single power source
Vector control cost high, performance unproven

LLRF RF Power Source

Cavity
%’ ,Cb —{> > E- %’ /Cb 0
I —_

o« Vector Modulators
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e . Project X
- Fermilab

; Front End Linac

1000 kW 8GeV Lina I Klystron (JPARC 2.5 MW)

RFQ+ I8 RT Cavitles

31 Klystrons (2 types)

453 SC Cavities 325 MHz 10-120 MeV
57 Cryomodules 2 Kiystrons (JPARC 2.5 MW¥)
31 Single Spoke Resonators 11 Cavites ! Cryomodule

3 Crvomodules

2.5 MW JPARC
Klystron

325 MHz 0.12-0.42 GeV

3 Klystrons (JPARC 2.5 MW)

42 Triple Spoke Resonators
7 Crvomodules TSR | TSR [ TSR | TSR [ TSR | TSR | TSR

6 Cavites-6 quads | Crvomodule

moomz 04213cev 1300 MHz LINAC

4 Klystrons (ILC 10 MW MBK)
36 Squeezed Caviries ( 5=0.51)
11
ILC JILC{JILC [ILC | JILC JILC{JILC |ILC{JILC |ILC | JILC |ILC
:ILC !ILE':ILC !ILEI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !ILCI:ILC !lLCl:ILC !ILC'

7 Cryomodules
May 8, 2009 R. ]. Pasquinelli

Multi-Cavity Fanout
Phase and Amplitude Control

1300 MHz  1.3-8.0 GeV
19 Klystrons (ILC 10 MW MBK)
304 ILC-identical Cavities
38 ILC-like Cryvomodules
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Fermilab  wmotivation for Novel RF Distribution Techniques
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# Fermilab Manufacturers of High Power RF Sources

HARRIS
THALES
)

TOSHIBA

Leading Innovation 22>

i : Continental Elestsonios

d:_;b
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50 KWatts 325 M Hz solid-state

JE 7 /
L3 Fermilab $5.50 per Watt - Turn Key
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FE Lermilab 90 KWatts 1.3 GHz $5.27 per Watt
L. 3 IOT alone $1.36 per Watt - Turn Key

—— —

VKL-9130 with VYW-9130A (NEMA 4X type of enclosure option shown)
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2 Tab 500 KWatts 325 MHz
ermitd $3.20 per Watt - Turn Key

Tetrode/Triode Amplifier
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het

2 Tab 2.5 MWatts 325 MHz
ermiid $0.35 per Watt + Modulator Labor

Fermilab Bouncer Modulator
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10 MWatts 1.3 GHz

Jt '
' Fermilab $0.14 per Watt + Modulator Labor

Toshiba TH 1801

Multi-Beam Klystren

10 MW peak - 150 kW av.
at 1.3 GHz

THALES

May 8, 2009 R. ]. Pasquinelli
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325 MHz 2.5 MWatt Toshiba Klystron

Fermilab Gain and Power Characteristics

1 dB compression occurs around 1.5 MWatt output power

Necessary to operate below saturation for feedback control
True of all amplifiers; increasing the cost per Watt

Output power MWatts
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Gain dB vs Output Power Mwatts
Output Power vs Input Power . - -
Toshiba 325 MHz 2.5 MWatt Klystron Tostsiba 325 Mz 2.5 Mivats Kiysivon
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Fermilab HINS Meson Test Facility

JE
L. 2
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H : High Intensity Neutrino Source (HINS)
e Fermilab 325 MHz Linac @ Fermilab

325 MHz
2.5 MW IGBT CAP Charging
1ms@10Hz Switch & 1okv|  Supply
or .. Bouncer BANK
Ams@2. — == —

Fast Ferrite
Vector

Radio Medium Energy s Cryomodule #1 _ _ _ _ Cryomodule #2
Frequency Beam Transport
Quadrupole Copper Cavities

May 8, 2009 R. ]. Pasquinelli



€ Fermilab Power table HINS Warm Cavities
Cawity design | B B Rsh Veff Ps dW W P opper Poa
number type | geom | particle | MOhm MV deg | MeV MeV kW kW
1 1| 0.0744 | 0.0729 1045 | 0.1807 -90 | 0.000 25 3.1246 3.1246
2 21 0.0771 | 0.0741 10.55 0.277 50| 0.178 2678 7.2729 9.0529
3 31 0.0804 | 00767 | 10994 | 0.2994 -50 | 0.192 2871 ] 8.1536 10.074
4 41 00842 | 0.0795 11.15| 0.3336 50| 0214 3085 99811 12.121
5 5 0.0882 | 0.0825 1564 | 03877 -50 | 0.249 3334 96107 12.101
6 51 0.0882 | 0.0861 16.96 0.459 45| 0325 3659 12422 15.672
7 8| 0.1015| 0.0905 1438 | 0.5929 45| 0419 4078 | 24446 28.636
8 8| 0.1015| 0.0955 17.16 | 0.6061 -40 | 0.464 4542 | 21408 26.048
9 8] 0.1015]| 0.1008 18.62 | 0.6387 -35 | 0.523 5065 21909 27.139
10 11 0.116 | 0.1064 17.78 | 0.6983 -33 | 0.586 5651 27425 33.285
11 11 0.116 | 0.1121 1977 | 0.7412 -33 | 0.622 6.273 | 27.788 34.008
12 11 0.116 | 0.1181 2031 | 08216 -33 | 0.689 6.962 | 33.236 40.126
13 14| 0.1316 | 0.1244 2088 | 0.9425 -33 | 0.790 7752 | 42543 50.443
14 14| 0.1316 | 0.1308 2212 | 0.9071 -33 | 0.761 8513 37.198 44 808
15 16 | 0.1422 | 0.1368 22.59 0.94 -33 | 0.788 9301 § 39.115 46.995
16 16 | 0.1422 | 0.1426 2329 | 1.0172 40 | 0779 | 10.081 | 44427 52.217

May 8, 2009

Total :

370.06

75.79

445 .85
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Fermilab Binary Distribution Scheme

het

This technique utilizes standard components: Cost Effective
But requires more insertion loss with the VM, i.e. wasted power

May 8, 2009 R. ]. Pasquinelli




Fermilab Variable Coupler Distribution Scheme

het

b=
= T
) | ]

-

2

- -:
=
N =
=

:f_\

13
-
N

2
i
L
I =. 1
1 8 |

This technique utilizes custom coupler: Expensive
Minimizes power loss, preferred to be remote controlled
for efficient commissioning
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C 3 :
e Fermilab

Variable Coupler

MICRO COMMUNICATIONS, INC.

MERRIMACK, NEW HAMPSHIRE

Draft—— 12/2/08 |

1st Unit, Prototype Model

FERMI Labs 3db 6-. hdjustable LINAC Couplers

Design Parameters and Goals:

This is a computer genera‘ed document
containing proprietary hf MICRO
COMMUNICATIONS, INC., ¢ 4rrimack, NH
No disclosure, reproduction, or use of
any part hereof may be made except
by written permission.

> Freq.: 325 Mhz +/- 5.0 Mhz

> VWSR: > VSWR Thru line: </=1.05
> VSWR, coupled ports: </=1.05
> Directivity: </= 26 db
> Pressurized ~ 5 PSI
> Coupling values from 20 db to 3db

> Adjustable coupling: Goal +/- 0.5 db, centered
at a coupling value to be provided by FNAL.

> Max line power: 625KW peak, 4.5 ms, 2.5 hz

Nl

Variable

|
(th‘))u Fegg?ép)ut 6-1/8 EIA Connectors Shown

18.25

FERMI 3dB COUPLER MODEL

MANUAL
/ PHASE TUNER

LOAD

20.000

INPUT

.J-El-j-&.ﬂ-—-ﬂ

26.674

91.034

May 8, 2009
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e _ : Project X 325 MHz RF Distribution
e Fermilab 8 klystrons, 112 cavities, 400 MeV

Klystron loads
range from 7 to
32 cavities

May 8, 2009 R. ]. Pasquinelli
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Fermilab

HINS 325 MHz RF Distribution
3-D Model
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Fermilab

HINS 325 M Hz RF Distribution
3-D Model
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: HINS 325 MHz RF Distribution
# Fermilab 3.D Mode]
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# Fermilab High Power Components

«FERRIT-QUASAR»
@ECHSZM
SIN 119
2007
3

Circulator
May 8, 2009 R. ]. Pasquinelli
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Fermilab High Power Components

Many commercial manufacturers, but most do not have
high power testing capabilities at your frequency of interest.

Poor match between components means

higher VSWR and reduced power handling

Check track record to see if similar components have been
fabricated for other customers.

Establish a close working relationship with
manufacturers. Devise means to include high power
testing as part of the procurement process.

May 8, 2009 R. J. Pasquinelli
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Fermilab Vector Modulator Model

Beam loading compensation: Approach A
Using high power ferrite vector modulators (FVM)

* each cavity has its own: Q,, V,, @,, ¥/, O,

* P, 4 A/® modulation is unique to each cavity
Im{} o

* using one FVM for each cavity

» Re {}
Ferrite Vector Modulator Model I
&
4 N\
amplifier slew rate ferrite conversion
clamp bandwidth limit bandwidth 68
0<4<1 A=°°S( ) 4)
0 - 20 kHz 1 deglus 4 kHz O
=3 I _
- conv —»
0J > ! d‘ jfuuf = G’ X ‘Ik
R R LPF1 SRL LPF2
P 6,+6,+7
. 2 /
£& Fermilab Julien Branlard — 11/20/2008 8/23
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Fermilab

System Model

HINS with FVM: individual Cavity Feedback Control

Vo expl) ¢,)

Y l:,'
v %

£& Fermilab

A

[,‘i‘{")

(1.Q)

Vo expl) ¢,)
[MV]! AE v '[ (le/:\
(deg) | |
1 . 1

Julien Branlard — 11/20/2008
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VM Simulation Results

HINS with FVM: simulation results

, , S - ’tiill'léiii.‘i. SR e
VM alone with step in beam : / — 7
current does not regulate _— ; \
adequately : E
VM with ramped beam | e
s/ Beam current I, = 20 mA o :
appears better  / o
o ' I

Best solution klystron

feedback and VM feedback
plus feed forward

» “warm” cavity Q; ~ 5000
* rise time 7~ 30 usec
* beam arrival during steady state

* slow FVM response time

£% Fermilab

Julien Branlard — 11/20/2008

* ramping beam over 50 lsec
» anticipate FVM response
» introduce pole cancellation

¢ ability to regulate beam loading
t1% amplitude
10/23

May 8, 2009
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# F er mllab HINS 325 MHz 75 KWatt Coaxial Vector Modulator

May 8, 2009 R. J. Pasquinelli



# Fermilab 325 MHz Single Phase Shifter Response

Phase/Atten vs. H, low power
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H (Oersted)

H = I(solenoid) * (#turns/cm)*4pi/10
Gyromagnetic resonance

(lossy region) May 8, 2009 R. . Pasquinelli



# Fermilab 325 MHz Phase Shift Response

solenoid
(#12 AWG wire)

useful phase shift range; low loss ’/' .

gyrdmagnetié | Ch1SoIenO|d
resonance 7 - . .\ Current(50A/div)

. Outer conductor is slotted to eliminate eddy currents
v \ . Useful phase shift range above resonance: ~50us, 110°
SRR WS one A cha S asv Lhis gives an average slew rate of 2.2 "lus

ch3[ 50.0mv & twice as fast as design spec
i[10.40 % | ( f gn spec)

May 8, 2009 R. ]. Pasquinelli



# Fermilab 325 MHz Vector Modulator Test

Mgt

Modulates phase and amplitude
independently:

circulator

,-\.:

@ = (Ad, + Ad,)/2 h N
Output power ~ cos?(Ad) |
Output phase ~ ® o

tpt ~—— 1 & — ] ¢
Outputic —— 4 3 || Ag
to circulator and
cavity

May 8, 2009 R. ]. Pasquinelli



# Fermilab 325 MHz High Power Tests at Meson Lab

RF component
test cage
up to 2.5 MW

Cavity test cave
25 kW line,

250 kW line 325 MHz klystron

May 8, 2009 R. ]. Pasquinelli



325 MHz Vector Modulator

T '
e Fermilab with Cavity @ 6 KWatts

e Input\/' ; aterlload -
¥ i

flexible coax'

== HEE 0 cavity
phase shifters ; ./‘
2UEES .\

circulator -

e
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# Fermilab 325 MHz Vector Modulator High Power Test

A¢ (degrees)

T T T T T T

: : — Vector Modulators

A ] work well to > 75 kW
2001~ _

i | o o < 7

i [ <I_><I> - -
100 |~ - <I> -

- @® o {— here, solenoids on

| | ] both phase shifters

[ B/ | driven by one power

ol ,7-;.‘ gv” OO0 48kw . — supply

- g ?STTNI . (Ad, = Ad,)

::.C } O 88KW : — phase ~ (A(I)1 +A(I)2)/2
_100 I 1 l 1 l 1 I 1 I 1 I 1 I 1 |

0 200 400 600 800 1000 1200 1400 R p -
H (Oersted) - J. Pasquinelli



Fermilab

het

325 MHz Vector Modulator

with Cavity @ 6 KWatt

current, solenoids

* Phase shifters (solenoids) driven
independently by 2 supplies

* Relative levels (range) = 13.6 dB

* Phase shifters (solenoids) driven in
series by 1 supply

e Output power ~ cos2 [(Df1 -Df2)/2] ephase ~ (Df1 + Df2)/2

ephase range ~ 155 degrees

May 8, 2009 R. J. Pasquinelli




het

Fermilab 325 MHz Vector Modulator Dynamic Range

*

Normalized Amplitude Squared(power)
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Power output vs Phase.
May 8, 2009
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Phase with 60 Degrees added to one side

{
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VSWR >2:1
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L, . Fermilab Vector Modulator Schematic

P FemQuase Circulator on input necessary
.&iltr_omc U ’CCH.»\3 .
SOV1SKIV due to poor VSWR
:}vfeocrig{atm 0 IN90 E
: out |
| |Power %‘ Power | |
! Supply Supply !
";;r;;i’c'f’@'g{c;b;;s;{ | Circulator near Cavity essential
9715EIG /7 ) o e
SoQIsKW] ] L0238 for SRF cavities
?_:n I:] \}V)atsl"rzil?mclﬁgu
5-10 Systems #201-075-10
'\.. Mega
; 33dy Industries
1-706 {10GOYF-17432-706
CAVITY
Bl
6 KW
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# Fermilab 325 MHz Vector Modulator Costs

all prices in $K

Quantity unit cost line cost

HP Vector Modulator >75KW

circulator 1 $40.00 $40.00
90 degree coax hybrid 1 $3.20 $3.20
reactive loads 2 $4.00 $8.00
power supplies 2 $9.00 $18.00
coax load 1 $3.00 $3.00
total cost $72.20

LP Vector Modulator <75 KW

circulator 1 $3.00 $3.00
90 degree coax hybrid 1 $1.50 $1.50
reactive load 2 $2.00 $4.00
power supplies 2 $9.00 $18.00
coax load 1 $1.00 $1.00
total cost r $27.50

May 8, 2009 R. ]. Pasquinelli



# Fermilab AFT 1.3 GHz Vector Modulator $100K

Fast Amplitude and Phase Control
(AFT prototype for FNAL PD)

807 OTfset

Return Loss |£ | [48]

Phase arg(s, | [

120
50
180 I

0,08 -
OO n 0 50 @0 20 0 20 40 B0 B0 100
Coil Current || [A]

FFT1 = 12300 AHE
80 — — T T

80| ;

| e ]
aol-| ! ..l‘;'f-*_f‘ﬂd“‘m*- T
ol ! ;.—f | 1
_3;.'_ f;.-

-0 f‘:‘/ ' 5
W - 1
_g.;._}_.{_ | remerme [}
arc ]

1 1 | - 1
-100-80 -30 -0 20 0 20 &40 S0 S0 190
Coil Current 1, [4]

Rated for 550 KW at 1.3 GHz and has a 30 us response time

May 8, 2009
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# F l b Project X 2.5 MWatt 325 MHz
# ermicd $0.35 per Watt + Modulator & Distribution Labor

8 Klystrons deliver 14.4 MWatts with Distribution System
Total cost is $21 million dollars for hardware $1.46 per watt
Plus the cost of Engineering and Technical Manpower

Toshiba 325 MHz klystron
May 8, 2009 R. ]. Pasquinelli
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Fermilab Summary

High Power RF distribution deals with expensive components

Need to maximize efficiency and reliability at minimal cost

Close cooperation between vendors and Laboratory

Put high priority on prototyping system

May 8, 2009 R. J. Pasquinelli



=
r

R

SR L R o Ny B R N Rl

- S ._.i‘.. s -.
o

G
L3

e Lop
i




