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HINS - Purpose #

« 60 MeV Linac under construction at Fermilab’s meson
building

* R&D Linac which will demonstrate novel technologies
used for the first time

e Technical feasibility proof of (front end) for

8 GeV Linac, Project X, etc.

High intensity proton source for neutrino physics/
muon storage ring experiments
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Unique Aspects/Challenges #

» Solenoidal focusing = cleaner, axisymmetric beam
e Use of SC spoke resonators
e Fast ferrite phase shifters
- will allow multiple cavities (and RFQ) to be driven by

a single 2.5 MW, 325 MHz klystron => cost savings

e Fast Beam Chopper
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Parameters
RF Frequency 325 MHz
Particles/ Pulse 37.5"E13
Pulse Length 3/1 msec
Average Pulse Current ~20 mA
Pulse Rep. Rate 2.5/10 Hz
Chopping :
/00 ns MI abort gap ~6% @ 89KHz
MI bunch structure <33% @ 53MHz

* full un-chopped 3 msec pulse at klystron-limited 20 mA

Robyn Madrak - FNAL APT Seminar - 12/16/2008

he



FNAL HINS 2

MEBT
IO"(HS?)U"CC RFQ Room Temperature 16-Cavity, 16 SC Solenoid Section
=
50 KeV 2.5 MeV|

Two B=0.2 SSR 9-Cavity, 9-Solenoid Cryostats
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B=0.4 SSR 11-Cavity, 6-Solenoid Cryostat
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60 MeV !
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HINS Chopper — Part | #

« Should the HINS be extended to an 8 GeV Linac, output beam
would be transferred to Fermilab’s Main Injector, with 53 MHz RF
frequency

* HINS Linac Bunches are spaced by 325 MHz (3.1ns)
- In MI, RF frequency is ~53 MHz (~19ns)
= Don’t want bunches in the 53 MHz separatrix
= Chop out ~1 of every 6 bunches
— Additional complication: 325 # n G 53
= Sometimes chop 1, sometimes 2

2 ! I I I I ! ! I ! I ! I ! ! I I !
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Traveling Wave Chopper Structure #

chopper plates
» beam is deflected by traveling pulse (meanders) V=+24kV

(electric field)

* f(beam)=0.073 => must slow down
pulse
[IUse traveling wave “meander”

structure:
Pwid <6 ns

- 850 cm long deflection 6 = 24mRad
- 16 mm between chopper plates
- 2.4 kV per plate
- deflection of 6mm at end of plates 1000

p=0.073

015" i— :I 6
T v -I mm
s L
20 mm

1/ n H —_
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Chopper in MEBT

chopper

i B‘ CHOPPER

‘ MEBT

2003 [78.94]
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length of chopper plates: 50 cm
drift space downstream: 30 cm



Deflection

length of chopper plates: 50 cm
drift space downstream: 30 cm
plate separation: 16 mm

d[m]= E L22pf  [10° Vm/(GeV/c)] E = 2 X (1.9kV)/16mm
6 = tan(EL/pp) = 2X (C_2.4 KV)/16mm

“coverage factor”

d(L=50cm) = 6mm
?(L=500m)}X300m =7mm

24mRad
Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Pulser Development #

We need

» Two pulsers to drive the ~50 Q meanders: +/- 2.4 kV
 Max ~5.5 ns pulse width (including rise and fall time)
« 83 MHz rep rate
* burst of 3ms @Z2.5Hz, or Tms@ 10Hz
 Programmable pulse width

(may sometimes chop 1 bunch, sometimes two)

— Specs do not lead to an “obvious” solution

Robyn Madrak - FNAL APT Seminar - 12/16/2008 10



Similar Choppers #

CERN-SPL LANL-SNS RAL/ESS | FNAL HINS
Beam Energy 3 MeV 2.5 MeV 2.5 MeV | 2.5 MeV
Electrode Length 2X40cm 35cm 34 cm 50 cm
Electrode Gap 20 mm 18 mm 14 mm 16 mm
Deflection Angle 5.3 mRad 18 mRad 16 mRad | 24 mRad
Electrode Voltage 0.5 kV +2.35 kV +2.2kV +2.4kV
Pulse Rise Time < 2ns 10 ns 2ns < 2ns
Pulse Duration min 8ns 300 ns 12 ns <5.5ns
Pulse Rep Rate 44MHz 1 MHz 2.4 MHz 53 MHz
Bunch Frequency 352 MHz 402.5 MHz 280 MHz | 325 MHz
Burst Duration 0.6 ms 945 ns 1.5 ms 3ms, 1Tms
Burst Rep Rate 50 Hz 60 Hz 25 Hz 2.5, 10 Hz
Chop Description 3/8 bunches 1 or 2/6 bunchesl

On 300,0ff 645 ns

S R e W
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Combining lower voltage pulses7

Basic Concept:

Polyfet SP204 Two 60V—50Q pulses
PN Combined to

NSS4 One 120 V—>100Q pulse

(o scope:
SOURCE sees % of ~120V signal

. (25£2/10042)

ferrite

17J 06165407

Curs1 Pos
2.87Y

T o ,3:\, T

repeat for 10ms



before fully assembled:

Kentech 500V Pulser

trigger and
power dist
cards

pulse
control

Robyn Madrak - FNAL APT Seminar -

12/16/2008
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one side of combiner:

five 25Q semirigid cable
in parallel, with ferrite




500V Pulser Output

5.5 ns

Tek Stopped Single Seq 1 Acgs

Ay wﬂvwm«w'j

: ==\ M:-518.0ma: 0.0
& Ampl 518.0mVI5 55 & 00
I Rise 1003ns .M: 2.835n ¢‘0.0

: : = : " 520.0mV i 520.00002m]m; 520.0m M:-520.0m G
3 Fall 1.895ns 1= b1 2o e T 1.0p8lt i 1.02ns - i 1.0199819n Im: 1.02n M 1.02n ¢

MeHl PosWid® 2.835ns & fi Fnd St et 11//53 VIHZ rep rate:

Tek Stopped Single Seq 1 Acgs

1 ms of pulses
@ 53 MHz

90, sunr

& 10omv Q -4 200us/div IE 100mvQ & 1 20 .0ps 1.0ms/div
% 5.0GS/s 200ps/pt 2: 3.02ms 2.5GS/s 400ps/pt
7 134mV At: 3.0ms 7134mV
1/At: 333 .3Hz




1.2 kV Pulser

ek Stopped Single Seq 1 Acgs

L Pulser output
200V/div
5ns/div

Tek Run Sample

3ms burst
200V/div
400us/div




Kentech Pulsers

500 V Pulser was a success
Subsequent 1.2 kV pulser was a success
Plan: two (1.2kV—50%) into one (2.4kVV— 100%2) output

This requires a and a

Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Microstrips in General

phase velocity and impedance are _
determined by effective dielectric constant: view from end
w

_ Er741 er—1 1 dielectric -
Ee = T3~ T 75 ( ) \

V1+12d/w

microstrip

-

__ _c /
V. — | d
p roundplane
VEe wordpiwe [ view from top
|
60 8d w
7o \/Eeln(ﬁ—i_ﬂ) w/d§1 I !
0= 1207 w/d > 1 I |
Vee w/d+1.393+0.667 In(w/d+1.444)] [
|

Delay time (B) and Z, may be adjusted by

» Adjusting d, W, and also meander pathlength
» Using only one trace or two in parallel

* Adding an air gap beneath the dielectric (changes ¢_); can be used to tune p
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FNAL Fabricated Meanders #
We have pursued the following:

1. Use double meander design with air gap
between meander and ground plane
(56022 w/no gap, 100Q/w gap)

2. Using single meander

. Material: Rogers TMM10i, Cu clad;
¢ =9.8, 18” long (46 cm)

. Meander is formed by
routing out traces




Chopper Meanders

Important Aspects

Material: Outgassing ?

Impedance (avoid reflections)

Delay time (match beam p)

Pulse Behavior along length (dispersion)
Coverage Factor

O R D~

Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Meander Substrate #

1602 g 180 @55C 8E-08 torr
bakeout —IG2 0.63 L/s
1E-03 4 - : IP3 [} 160 Hh1L fi
{ begins _ (with’s final surface area)
: \ nitrogen Temp
1.-04 | ) 140
backfill
— \ o
& 15054 120 =
£ |
@ 12064 100 ®
3 § h 5
: 3
A 1E-07 80
® =
1.£-08 [ 60
1,5-09%. ; : 40
‘ ‘_ _ Terry Anderson
1.E-10 . — ‘ - . = ; ; 3 20
11/4 11/9 1114 1119 11/24 11/29 12/4

Time (Days)
» Meander traces are generated by routing out traces on Rogers TMM10i, Cu clad
» Cheaper, faster than paste/firing/electrochemical deposition

» Test indicates acceptable vacuum properties

Robyn Madrak - FNAL APT Seminar - 12/16/2008 20
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Double Meander, Delay

* Want p = 0.073 to match beam speed  |ZaarEErEET

» Measure pulse delay in meander: ——

 Varying distance between meander and

ground plane shows sensitivity

input pulse

Ch1 100mY

Ref1 50.0mY

4.0ns

spacing t delay (ns) B
0.062” 18.8 0.081
0.040” 21.2 0.072

0 32.3 0.047

T
£ a

16 Acgs 16 Mar 07 16:06:09

t1
2

M 4.0ns 2.5GSk IT 4.0psiot
4 Ch1 » 92.0mY

-~100 Q

Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Single Meanders: Impedance and Delay

@~100 MHz Meander 2: 100.5 Q @~325 MHz

Meander 1: 95 Q)

CHO S11 1 U FS 1: 95.641 & -2.41

97,924126 MHz

\

Curs1 Pos
/, 3.0ns

Curs2 Pos

23.8ns

|
L
K
{' 0.010"shims

AL A_J_L.\_I_l_l_k_.l_l_l_|
4 T 4 0nsiat

Ch1 500mY Q M 4.0ns S.0GS/s IT 5.0psot
A Chz » 14Y

Ref1  S00mY



T
£ a

Dispersion

single meander 1

“ow dispersion” * Meanders are 18" long
| m& * Look at pulse behavior along length

using high f scope probe

M2.0ns 5. OGS!'S IT 4.0pshpot
4 ChZz » 92.0mY

input pulse
beginning

1 2= R= 1 == Ll 1 1 H - ===
Ch2 100mY Q M 2.0ns 5.0GS4A IT 4 0pshpt 23.0ns
4 Ch1 » -58.0mY
100mY 2.0ns




Coverage Factor 2=

» The electric field between the chopper plates is less
than that for a structure in which the entire surface is
conducting

 This must be accounted for in the chopper design /
when determining the voltage needed for the desired  conductor
kick

chopper -V  ‘coverage factor’

plates

Robyn Madrak - FNAL APT Seminar - 12/16/2008 25



Coverage Factor Measurements #

Ef‘..ﬂl H :'i' i
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Coverage Factor Normalization

Normalize to stripline with wide trace

ground
planes

Use geometry for 502 — convenient

For striplines .
Z =120xn%8(In2 + nw/4h)* 2h

Use w = 25mm, 2h = 16mm

* R. Collin, Foundations of Microwave Engineering

Probe pickup signal (S, ), 50 — 150 MHz

S21 LIN 168 ulU/REF 6.2 mU 3: 7.2962 mU 84,9560 883 MHz
| MWW o - /v“.“'\.\
B A
M B 2 | ""\A“/
Aivg

16

[
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type

Coverage
factor

All Measured Coverage Factors

Double
50Q

1%

Double
100Q

87%

Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Single 1 Single 2

(low dispersion) (high coverage)

48% 4%



Position Dependence

Coverage Factor vs. x Position

E @® Low dispersion single meander g
0.80 ® double meander (50Q) o
® High C-factor single meander
3l
- ' -
I o ® o o ® o
§ )
Q
& 0.60 |- o -
GJ - -
o
£
= gele * '
O i ® e, o I
® 9 @
&
040 @ al
)
- @ . -
- . -
- . -
020 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 ’ 1
0.00 0.20 0.40 0.60 0.80
Ax(in.)
beam RMS size 100%
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: .
Combiner =4
» MNG6O ferrite: three 117 OD, 4.5” ID, 1” thick cores
« 88 turns of 74" “superflex” cable 2V,—1000
. _____ TN
1 V1—>50.Q 1 500 cable — —7\/?/\/%
-~ IS 3
- D4 scope
N | v1—)50.Q m 500 cable
Test combiner by splitting and recombining (using our 500V pulser):

Tek St VOUt= 95% vin 31.Janﬂ?18126:[!6

|

Expect behavior to be bettr a this:
* currently we have extra unneeded cable length
» matching resistors (10022 to scope 50()) add extra inductance 30



Combiner Optimized =

46 turns of 38" superflex around
five 1" MNGO cores

1700 V —100 Q

500 V pulse — 50 Q —

1200 V pulse —» 50 Q J
Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Heating in Meander #

Current in meander will be 2.4 kV/100 Q =24 A

Need to test heat/current handling capacity

Use 1ms/3ms pulses: (24A)* x %: x 53=1°__ = | _=32A
Eﬁi% T fjeggﬁ Minimal heat sinking:
I\/{eander sits on S§ stand (not clamped)
(Ve A
50A —
IHH‘HHHHU IIHHHHWHIHHHIH I

L,./ thermocouple

ims, 10 Hz, 1ms, 10Hz, 3ms, 2 Hz,

S50A 41 A 50 A
T (neartrace) 83C 58 C 44C
T (on trace) 65C

Fuses @ 180A, 3ms pulse
Robyn Madrak - FNAL APT Seminar - 12/16/2008 32



Chopper: Summary #

We have built prototypes for the necessary components for the
chopper: the pulser, meander structures, and combiner

e The prototype pulsers from Kentech performed to specs;
For a complete chopper system we need 3 more

 We have built a combiner suited for combining these fast pulses
 We have explored different layouts for the chopper plates
(meander structures). The higher coverage factor single meander is

the best candidate.

e For more details, see proceedings of Linac’08 :
R. Madrak et al., “A Fast Chopper for the Fermilab High Intensity Neutrino Source (HINS)”

Robyn Madrak - FNAL APT Seminar - 12/16/2008 33



Aside: Application of Chopper R&D
to the current accelerator

« |nitially explored the option of using a few fast, 1 kV FETs from DEI for
Chopper pulser

« Realized these could be used for notching in the 750 keV line:
create a notch for booster kicker rise time
(minimize losses)

* This effort was begun initially in collaboration with Doug Moehs
(first attempt was chopping in the source)

Robyn Madrak - FNAL APT Seminar - 12/16/2008 34



Combining three DEI FETs

DE375-102N10A
RF Power MOSFET Use the same

(x 30 = 50 Q)

» ~40ns pulses

he

scheme as HINS pulser,

combining three ~1kV — 16.7 Q signals

2.2us spacing

 Burst of 15 pulses, repeat at 15 Hz

» Two pulsers: £1.9kV

1 11.9kv,
e e g e e e g o PG ~40 ns wide pulse
] : (on test bench w/60 dB atten)
- 23 @i 200V  M[40.0ns| Al Chl 5 240mv
®® Ch3[ 500mv | 16 Jun 2008
Ref2 | 500mV 40.0ns |»v[26.4376Ms | 12:51:49

from DEI/IXYS RF Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Notching Plates in 750 keV line (H’)

M4 Vacuum Valve g

B Bun

C Chopper

EP Emittance Probe
Q Quadrupole

S  Steering “l"'u

T Toroid

W Wire

.....................

...................................

LINAC
Tank |

Plates: 0.9
spacing

Fig 3-1 Linac tham

750 KeV Transpon Valve Stop
Line Layout

: R Sf) \"&I"C
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Notchmg Study

TRIGGER SETUP

SMART

—trigger on—
B Ext Ext10
Line
—coupling 2—
AC LFREJ
HFREJ HF
—slope 2

Neg

S wide nof

At 500.00 ns Y% 2.0000 MHz

50 ns/div

Cursors Measure Masks Math MyScope
31 Oct 08 12: 51 21

OC B.056 ¥
0

HorizfAvq Trig Display

Utilities

holdoFF
Time Evts
4 GS/s
STOPPED

Help

ns wide notch
n booster

[rrrrjrrrrprrrr e T

4 14

Curs1 Pos

~ 7330ms

Curs2 Pos

: -529.0n5

t1: -733.0ns
12 -629.0ns
&t 104.0ns
9.615MHz

100rgY ' ' l m 400ns 5.0GSk IT 5.0ps.
. O I Chd r 141Y

-BOTmY

—~ slope 2

TRIGGER SETUP

SMART

—trigger on—
B Ext Ext10
Line
—coupling 2—
AC LFREJ

HFREJ HF

Neg

notc

pe

I 5.000 MHz

OC 0.856 V

File Edit Vertical Horiz/Acq Trig Display Cursors Measure Masks Math MyScope

31 Oct 08 12:36:08

20 ns/div

Utilities

holdoFF
}i;e_Evts
4 65/s
STOPPED

Help

||vv||vv|]vr||‘r||vl||vr

) ns wide notch
§In booster

4 14

Curs1 Pos
35.26ns

Curs2 Pos

] 124 86ns.

4 5 35.26ns
t2: 1249ns
4t 896ns
11.16MHz

:... s gwal o0 | .4\_._.4\EE....MH.]H.‘\...\[._w-z .
B Pellico; RETomlingsm o= 40 ns/div [Ey



Part Il - Vector Modulators #

'R
]

EYSYNO-LIEEIS
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HINS 325 MHz RF

e
£ 3

I«
325 MHz % S MODULATO
2-5 MW 8 E’ []\10 kV 10 kV T T 1 1
1ms@;;r10Hz = IGBT AP .« Charging
4ms@2.5 Hz Switch & AN 10kV Supply
circulator Bouncer 300kW
w f\239\0 Rlstrlbutlon Wavegft\ude A A A A A A
RF

500kW

Fast Ferrite
Vector
Modulators

Efl

ML m

RFQ |[w&g|1 [19]9

Radio
— Frequency Medium Energ
Quadrupole Beam Transport

Copper Cavities -

Cryomodule_#'l_ Cryomodule #2
independent phase and amplitude
control in each cavity

Robyn Madrak - FNAL APT Seminar - 12/16/2008 39



How it Works

het

In a coaxial line filled with some dielectric (g,n)
v = clNep
We vary J and thus v and phase by varying
H applied to the ferrite.

supplied by
solenoid
L ferrite outer i ner
I conductor

/ conductor

slot
in outer
conductor

Robyn Madrak - FNAL APT Seminar - 12/16/2008 40



Fermilab’s Ferrite Phase Shifter #

e Operates in full reflection mode (end is shorted)

 Use solenoid along with shifters: phase of reflected wave determined
by u of ferrite (u depends upon applied H Field)

* Ferrite is Al doped Yttrium Iron Garnet (YIG) — TCI Ceramics AL-400
* Required rate: 1°/us

 Power Rating: ~50kW (Room Temp Cavities)

or ~500kW (RFQ)
15.0 REF '
P e RN 7
pa.0 ver b eooro s f??:.:;?:?"?ﬁi?:‘#ﬁ%_%f;%;fzjf‘%% 2
LJ‘ \ NN {

Robyn Madrak - FNAL APT Seminar - 12/16/2008 41



Vector Modulator: #

Modulates phase and amplitude
independently:

_ Output power ~ cos?(A®)
With AD = (A, - Ag,)/2 Phase shift ~ ® + 311/2
® = (A, +Ag,)/2

Input
(split between ports 2 and 3)

4

circulator

Robyn Madrak - FNAL APT Seminar - 12/16/2008 42



he

Two Phase Shifter Types

e  For Cavities (~75 kW):
1.5" OD X 0.65" ID X 5" long garnet

17 5 - 0.65 rogs | 17
|

e For RFQ (~500 kW):
3" OD X 0.65" ID X 8" long garnet

) 0.65 1.41

Robyn Madrak - FNAL APT Seminar - 12/16/2008 43



Shifter Design Details #

Center conductor: shrink fit during
assembly

» Use quarter wave matching section
(for 50Q))

» Outer conductor has 0.020" slot
(length = 9") to reduce eddy currents
(gives faster response)

solenoid
(12 awg wire around G10)

flux return

Robyn Madrak - FNAL APT Seminar - 12/16/2008



hybrid for 1% vm: Dielectric

11000001739
S/N 060714

Other VM Parts

circulator for 1% vm:
Ferrit-Quasar

6 "hybrid for RFQ vm: MCI
Filled with SF to prevent sparking

circulator load:
Skw CW

water cooled
Altronics

45



Phase vs. Applied Field

he

Phase vs. H
- 1 I 1 I 1 1 1 I 1 1 I I 1 I 30
325 MHz PN T — Phase Shift, 1.625 in. shifter -
Low Power meas: . * ]
- ...
200 | N
[ o e Attenuation, 1.625 in. shifter -
[ ------- 3.125 in. shifter — 20
o 100} |
o I i
o - 1
(®) 0 Q
S of | ™
© L e |
< g
_100 ; % ) ] 10
/ s il
] ] ] ‘.\"’lﬁ~-J N 1 | ] 1 1 | ] ] 0
: 0 200 400 600
Gyromagnetic resonance I H (Oersted)

(lossy)

@ 2.8 MHz/Oe useful phase shift range ~120 deg. (loss <-0.2 dB)
Robyn Madrak - FNAL APT Seminar - 12/16/2008 46



Small Signal Frequency Response

1-5/8 Shifter

0.00
'] 4
—~ -10.00 1 —
o
3 2000 A u
p— -
& 30.00
£ 4000
N A o
@® -50.00
& AT
60.00
A o
ol B with Feedback A
70.001 A no Feedback
80.00 &
A -
0.00
— -10.00
402 g
4015 20.00
=
S | +  -30.00
4.005 ‘E
/ %) 40.00
3.995 @® -50.00
)
3.99 @©
[ & -60.00
3.985 |-
i O 7000
398 'R EEEY A EE RN CE R NN NN T Llasaaslasay :
0 001 002 003 004 005 006 007 008 0.09 01
r(S) x 10 - 80.00
90.00

solenoid |

Program. 10 kHz

—ims

S
R

Open loop bandwidth: 15 kHz

/ > 35 kHz w/feedback

3-1/8 Shifter

a l . - l n
"
A 1 Al
A
A
i &
A
Apsaiih 4
1 10 100
f(kHz)



Slew Rate

File Edit Vertical Horiz/Acq Trig Display Cursors Measure Masks Math MyScope Utilities Help

Tek

Cursl Pos

: 9.64ps

Curs2 Pos

= 38.16ps

+ 2]
E '1"4"FL"4"‘—1 B T T i B 4,4,,L‘.,4,4,4_1,4,4,4;‘.,,

solenoid bias -
Current 50A/div -

LJ_LLA, ’ B -
400psiot

Robyn Madrak - FNAL APT Seminar - 12/16/2008

Phase Shifter Slew Rate:
(above resonance)
6 deg/us

Current risetime limited by supply
output, solenoid inductance

Fast 300A power supply thanks to
Brad Claypool, Steve Hays, Howie
Pfeffer

he
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Beam Loading - Simulation

cavity gradient

500 T
beam OFF
28 F5 | — —beam ON []
\ 7 —FVMon
e _,/
_ Results courtesy
= Julien Branlard
SOL ) cavity phase
| . . 1 . . beam OFF
% 50 100 150 200 250 —4 L~ f— —beamON [
time [usec] I ¢ _—_FVMon
ol | ff |
Cavity 6 4l ll f l
5 f
2 ﬁ
Starting and stopping the 2 T l ; 1
compensation 4 usec prior to beam s gl 1\ | |
arrival time \ |
_‘]0— \ | -
Beam current 26 mA ol N J l
phiS = -45 deg
k 40 5I0 1 (I)O 1 rI50 2(I)0 2:50 300

Robyn Madrak - FNAL APT Seminar - 12/16/2008 time [usec] 49



25MW
Klystron

Circulator

Meson Building Test Facilities #

325 MHz
RF Test Cage
2.5 MW ultimately to
RFQ and Linac Cave
Load | _
f——l Waveguide
Shutter
¢ i -~ pe] 25MW
: He—10db i .
Waveguide Waveguide Component
Switch Coupler Test Area
Cage

Coax /‘
Switch | o

Load |

25 kW

——

»

to Cavity Test Cave

»

— 250kW
10 db Coax

Coupler
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Meson Bu:ldmg Test Facllities #

Jluelsl:c'l'ng theBF Q vecton modrulbrtor
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Power Capabilities #

here, both shifters’
solenoids driven by
one power supply

(Ap, = Ao,)
phase ~ (A¢, ,
Vector Modulator Output

150

130 Py s *

110 &
~ 90 -
2 70 X A 11kW
Q) -
@ 50 X B ASkW—
£ 30 2 ¥ 60KW
a 10

4% x* 75 kW

10 ;Q

-30 €88 kKW |

-50

0 200 400 600 800 1000 1200 1400
H (oersted)
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Power Capabilities #

1% VM for cavities:
e good to >75 kW

« Shifters alone could be used in a 200 kW VM if used with oil in ferrite part of coax line
(higher power quad hybrid & circulator would be needed)

File Edit Vertical HorizfAcq Trig Display Cursors Measure Masks Math MyScope Utilities Help

Tek- ; :3(71:‘1;1;19:(1 Singleseq 10 Acgs T lIv!E,:‘E:y;ep‘_I'J;E:jﬁ;d?i::w‘ . { @ RFQ VM

! Clu1s.;g:os
- curs2 Pos  Shifters and Hybrid filled with SF6:

Good to > 500 kW
 Current hybrid is 6"

« Stripline “500 kW” Circulator failed:
Getting a new one from Ferrite

Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Vector Modulators: Summary #

 The 125" vector modulators can operate well up to 75 kW (more than
needed for the RT cavities)

e The RFQ vector modulator elements:
e phase shifters good to ~600 kW
 hybrid good to ~600 kW
* initial circulator failed; new Ferrite™ model on order

*The speed of the response for the cavity shifters is 6X as fast as the
original spec
» bandwidth > 35 kHz for a first attempt at feedback

* For more details, see proceedings of Linac’08 :
R. Madrak and D. Wildman, “High Power 325 MHz Vector Modulators for the Fermilab High
Intensity Neutrino Source (HINS)”
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et

Conclusions

- HINS is a key part of Fermilab’s Accelerator R&D
program, and likely a key part of its future physics
program

 We have demonstrated the workability of two of its more
challenging components
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Kentech 500V Prototype Pulser Scheme

10 pulse cards: 50V—5Q

5 FETS/card (in parallel)

each FET drives 25Q r
250 !
—
_%7_‘ i
outer conductor |
center conductor
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Coverage Factor, Meanders

S21 LIN 588 uU/REF 2 mU . 1: 4.6138 mU 16.080 988 MHz

SaE uURitssdiu [ | | I | | CH2Z Markers

2t 4.7735 mU
50.8008 MHz

3 4.7236 mU
1686.688 MHz

4: 4,9861 mU

| : 208,860 MHz
| : 5t 3.5828 mU
568,800 MHz

]

START .G616 666 MHZ STOP S06,000 666 MHz

CHL S21  LIN 1 mU/REF 8 U 3:8.4795nlU  85.470 003 MHz

O 6 R W - Which gives*:

type C

| double 87%
ICHL $S21 LI.N .1 mU/ REF a u ) ) 3 4.?312‘mU 1.83.?28 8.82 MHz

A i e s 5 0 B s o Single 1 48%

*Relative to normalization
measurement;
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Heating in Meander

Final Pulse: 2.4 kV—Z= 100Q, Tms@10Hz or 3ms@2.5Hz, Chop < 30%

Meander Traces: 70um thick, R(DC) = 2.7 Q

Don’t have 2.4 kV pulser, use test pulse of 1 or 3ms (low freq)

Estimate | factor for RF losses @ 100 MHz(skin depth): 2.6 in/\f = 6.6 um
Skin depth factor = 35um/6.6pum = 5.3

2 1 — |2 —
(24A) x V3 x 5.1_3 =194 = 32A
actual Chopping Skin
pulsed DF depth
current factor 1ms @ 10HZz
-Or-
« Measure power spectrum of pulses; normalize to (2.4kV)%/100 Q x %5 x 0.01 = 192W
| hoppi
low power, spectrum analyzer/ SSIt::d ) Oglgmg or

power
» Convolute with S21 thru meander; this give Pdiss =46 W

. |2 — _
2 x DF,_ x27 Q=46W = |__=41A

= With safety factor, test at 50 A
Robyn Madrak - FNAL APT Seminar - 12/16/2008
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Notching Study

+ pulse ——— top plate —— 60 dB

FRI OCT 31 15:10:00 2008
Stop £ 1.30v

4.5 Agilent Technologies

0 5009/ B soov/ @ 10v/ /56608 2000y

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

AX = 49.000ns ] 1/AX = 20.408MHz | AY(1) = -3.08125V

49 Acq Mode # Avgs Segmented
Averaging 64 ] ~

- pulse ——— bottom —> 60dB ——— scope 50 ohms
plate
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Using one or two single power switches:

DE375-102N10A Tak Prevu Trig? ’
T A 200mv TekRun | O [ { ] Trig?
RF Power MOSFET o @ 1.86V o ‘A 60.0us  A: 0.00V
AT Uil A 10.8ns + @ 3.52ms @: 1.84V
= Rl @:  1.95Hs e :
Vbss 1000 V N ! CHZRISE
Y. O SN (B W fad 1l 1.700us
Io2s 10A i . S ER Low
RD 1.2Q v Ch2 Rise Tl resolution
Son) =  hedd el el sl o et i e s of :4 7.617ns v E £ Ch2 rall
Poc = 940W o 1 136708
RS : ow
i < A bbb aichel ch2 Fall I resolution
e 2 gI7ns e wp— e e
: « '
.................. R Sl T ¢
.................. R J
. : M1.00ms A Chl s 1,20V

RotfyormadRiE Y/ FEminar

....................

W[20.0ns] A Chl £ 1.20V

i+~ 1.89040ps |

2 May 2005
14:48:38

— cannot get to a narrow enough pulse ...

Pulses are narrower, but
Still not narrow enough

- 12/16/2008

Trig'd

T1ivdyyead

avrdrrriag e
H ; 1

.....................

-m- ......... .
With two switches:\ -----

T e S T T s

¢

0

o

o4

o

o
......................... |
Bl

: : 1

Ch4 RIse 1
"""""" 5.350ns )
£ . o

J4

: i isreiiseriiceed]
SRARSRA LSS (:h-‘lﬁﬁ rj
3 . 6.218ns 4
g st g ot 1
Jd

4

4
......................... :
M4.00ns A Chd £ 76.0V)
|

1124.20 % Ji
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Using one or two single power switches:

08 May 06 16:59:06
L B B

L

With a slightly lower current
version of the switch:

24 May 06 14:10:09
|

DE275-102NO6A
- RF Power MOSFET

M 20.0ns 5.0GSAs 1T 4 0psiot
4 Chd ~ 800mY

| « The DEI FETS can be used to make a very
i narrow pulse by charging cable in the drain

i * But in this case we cannot attain the desired
53 MHz rep rate

M 4.0ns 5.0GS/s IT 4 Opsht
v ~ =el.0ry



1 Acgs

071 Nov 06 11:53:08

Tek  Stopped Single Seq

L LI L

[Trrrrrrrprrrt

{
!

|
I{

(I Vil T ) I P T s |
R P s I P |

|
|

|
T

|

|
|

VI |

LA L L L L I L L L L L L

I S Y T v 13 KA | v I I N CRST  T L Rr M  CayY [X T v 12 Md Ly JS 1 T 12 B
| I St I e e
4"}
E iy
pmpl(C4) 768.0mY p: 767.99989m m Tiﬁi Om M:7680m -o¢:00 n: 10
PESTIA WA M O T T Ut 7 W Vv AT V52 I 2 v W e W N o Rt v 1 M v I i W Sy AT B

Chd 200mYy  Q

e

M 20.0ns 2 5GSk
& ChZ2 ~ 940mY

IT 4. 0psht 30.7ps

toroid response shows notched beam

2 w %W%M‘\W;WW
| I

776.0mY

mpl{C4)!

gL;LLL_l_JJJ_l_u L_J\‘lgv;\_‘ 11

pr 775.99989m m

Chi 200mY O

| I )
| EELEELE L

.
-

e e o

Om M:7760m -o: 00 n: 1.0

LJ_LLL_LL cla g v l

M 10 0us 2 G54
A Ch2 Y

' 25 Opsipot 30.7ps

HE

b

]

.

MW‘% ‘‘‘‘‘‘‘‘‘

i
&

#

\

Ichi

/
trigger signal (ti

1.00 V Q 'Ch2i10.0mV

Doug Moeh

I

me offset)

s

“M1.00us A Chl 5 1.82V

v 3.64700us




