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. . . ) Acddouble-widih high voliage power supply
One single-widih cabinet contains two constant- e biming most of the res nant-charging systerm.

current power supplies,



Input RF Input RF Output
Output Gap

Heater [ Last Cavity

N
Cathode First Drift \ Intermediate

Anode Cavity Tube Cavity

' |
Electron Gun —+———RF Secticn e— Collector
| I




S-Band 35 MW Klystron
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Velocity Modulation

t=t,, z=0
Velocity i Velocity
entering, | i leaving,
U, 5 : u_t+Au

v

vsinot

When electrons are passed
through the modulating field,
some electrons have their
velocities increased and some
will have their velocities
decreases when the voltage is
reversed.

As the electrons leave the gap,
those with increased velocities
overtake the slower electrons,
as a result electron bunching
(density modulation) occurs.
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Typical Klystron Saturation Curves
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Breakdown and Protection

Electron Gun Ly

High-Power
RF Elements

\
o
N
%
=
\LF
§\
54
§
\Zs

* In the gun (between electrodes,between leads or from electrodes or leads to
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¢ In the collector
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RF Components:

e Driver amplifier to power klystron
e Klystron is used to generate high peak power ( A small accelerator)
e Need to transport power to the accelerating structure

e Waveguide is used (under vacuum) to propagate and guide
electromagnetic fields

e Windows (dielectric material, low loss ceramic) are used to isolate
sections of the waveguide

. Terrr?ination loads (water loads) are used to provide proper rf
matc

and to absorb wasted power

-hPower splitters are used to divide power in different branches of
the

waveguide run
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Rectangular Waveguide

Cut-off frequency:

C
2a b
For S-band:
a
v ——
f = =1.87/5GHz

: 16¢cm
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Guide Wavelength:

Using f.=1.875GHz,
10.5cm

: ,_(L1875GHz )’
2.850 GHz

=18.5cm
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Waveguide Propagation Modes s

TE - Transverse Electric Field

i1 :

a
TM - Transverse Magnetic Field
* =% _95 T _2z
e \@o e/ o\@ e/ @ — v = LT v
@ @ @ @ @ @ 2 272-
Ky=—, K, :—
o |o e o e o l
——— E-field Ko —/( 2

® H-field

,B = real = propagating mod e
S =imaginary = evanescent mod e
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RF Components:

e Power dividers are 4-port hybrids of various coupling
(1. E. a 3-dB hybrid splits the input power in half)

Matched Load
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RF Components:

Couplers
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SLED Operation

Incident Wave

Reflection Wave

Incident Wave

AVAVAVAVS:

Propagated Wave

Reflection Wave
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I:)in — I:)out —+ I:)c i -
I:)in = K Ein2
I:)out = K (Ee +rEin)2
Coupling Coeff. g = i
I:)c(diss)
2
P — KE,
Yz ;
U = & P = Qo KEGZ
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dU, _ 2xQ, o dE

dt wf = dt

e

Att=0,U_=0

. E, =0

To account for & phase shift, setI" =—-1

Ezin — (Ee — Ein)z —I—i Ee2 + ZQO Ee dEe
Y54 o dt

Ezin _ Eez n Eli —2EeEin +i Ee2 n ZQO Ee dEe
wf dt
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E. °=E‘°+E2-2E.E, +iE +
p 60,3
0=E, —2EE +1E —
Js] of dt
01 ,En, 1 2Q 1 dE,
Ee ,6’ wf E, dt
0= Ee(1+—)—2Ee+ 2Q, dE,
[ wf dt
dEe+ - Ee a)ﬂ |n’ QL: QO
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dt
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Defining T, = 2Q and o = 2—'8

0, 1+ 5
dE
dte e - &Eln
Input tatheSLED isa constantamplitudepulse with phasereversaltowardstheend.

1, 0<t<t,
1 -

0, t <t

- 2 0 t t, t
-1
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t

Emax - Eout(t :tl) — 0((1—6 K ) +1
Typical numbers :
o 2p 10

1+ 6
Qp 10°
QL: j—

1+ 6

» 3.9 1L SEC, KiystonPulsewidth T~=1.865eC, T;=0.82usec

=1.66

= Q| =16667

t,=2.68s€ecC
E. .. ~2.3
PcE? ~5.3
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Power
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Disk-Loaded Constant Gradient S-Band Structure
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Accelerating Structure

21/3 phase shift per cell
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X-Band (9.3 Gy,
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W-Band (94 GHz) Accelerating Structure
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How to Accelerate?
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Voltage Standing-Wave-Ratio VSWR

VSWR is defined as the ratioof £, E ;.
Emax= Vi+ Vr= Vi (1+’D)
Evin=Vi-V,=V, (1-P)

1+P
VSWR; 5= Emax/ Emin =l— P
If p=0 (matched line), S=1

If p=1 (open or short-circuited line, S = co
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Example 1:

A 400 W amplifier is used to drive the input cavity of the linac klystron. Lets assume
that for the HV setting of 300 kV and 290 A, a klystron required 120 W to provide 25
MW of rf power. Suppose that input drive power is transmitted down a 50-CQ2 loss-free
line and is terminated at the input cavity of the klystron which presents a 42- QQ load

to the generator.
1) what is the reflected power going back to the generator?

2) What is the excitation power into the 1st cavity of the klystron

Z 50
VSWR,s= —==—=1.19
Ru 42 51 010
| g =2 ==Y _0.087
Reflection coefficient, S+1 2.19

Reflected Power, P.= P? xP,= (0.087)? x 120 W = 0.90 W
Transmitted power to klystron, P, =P,-P,=120-0.9=119.1 W
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Example 2:

L1 klystron is set to generate 23 MW, measured at the klystron output coupler.
The waveguide run from L1 klystron to the input of the ACS1 is roughly 75 feet.
Assume that there are two windows in this run, each with a 0.12 dB loss. WR-

284 waveguide has a 0.45 dB loss/100 ft. There are 12 flanges in between each
with a 0.07 dB loss.

1) what is VSWR for each component?
2) what is the reflected power at the klystron? r_
]

3) what is the forward power to the ACS1? T
| |
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loss(dB) =20log,, S

Windowloss :
0.12dB =10log,, S = S =10%"** =1.03

Flangeloss :
0.07dB =10log,, S = S =10""" =1.016

Waveguideloss :

0.45d8B x 1705 " _ 3448

O ft
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Waveguide:
0.34dB=10log,, S = S =10""" =1.1

Total loss :
Windows (2) + Flanges (12) + Waveguide
0.12dBx2+0.07dbx12+0.34dB =1.3dB
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R

Total loss (dB) = 201log

10 Pinc
R
—1.3dB =10log
10 I:)il"IC
P =0.74P, . =0.74x23MW =17MW

=P, — P, =23MW —17MW = 6MW

Reflected power at the Kklystron w indow :

P

refl

-1.3 dB =10log ,, %

rl

P, =.74P, = 0.74x 6MW = 4.4MW
P i, =6MW —4.4MW =1.6MW

window
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How does one measure rf power?

e Cannot measure high peak power with any power
instruments

e Need to sample a portion of the peak power so a peak power
meter can be used without damage

e A waveguide coupler inserted in-line with waveguide is used
for this measurement

e Coupling loops are used to sample a small portion of the peak
power

e A typical forward loop coupling factor is -56 dB
e For a 30 MW peak power, this corresponds to ~75 W (SAFE)

e Attenuation elements can also be added to reduce the peak

45
power for measurement purposes



Some Basic RF Parameters

1. The shunt impedance per unit length is a measure of excellence of a structure as
an accelerator

_E22
r=—>"
dp/dz

Higher shunt impedance is desired since it means more accelerating field for a
given spent power.

2. The “unloaded” Q-factor is a measure of the merit of rf cavity as a resonator.

—wW

% = 4p/dz
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3. The ratioof [ /Qois a very basic parameter in microwave
cavities and structures.

E %0,
0=C

woc E2o; x Cross - sectional area
or

Woc B0 x @™

h/Qy, oC
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4. Group velocity, Vg' is the velocity at which rf energy
flows through the accelerator. It strongly depends on the

ratio of disk aperture diameter (2a) to cavity diameter (2b):

V% ~ K (a/b)"*

Vg is an important parameter:

4.1. The fill time, time that is required to fill the accelerator
with rf energy depends upon group velocity
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4.2. The power flow into the structure and the energy stored per
unit length of the structure are interrelated to\/

_ P
W =
Ag

Since \W oC EZOZ lower value of group velocity is preferred from
the point of view of obtaining maximum accelerating fields for a
given power flow.

4.3 In general, decreasing Vg , results in increasing Iy and
decreasing Q, which results in increasing I /Qo
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Phase velocity - is the velocity of light (plane wave) in the
evacuated waveguide.

=75 V% e

This is greater than the speed of light at which the particles
travel.

Need to slow down the phase velocity inside the structure so
that it is synchronous with particle velocity.
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Example: A simple “back-of-the-envelop” calculation

L4 klystron is setup with 290 kV and 270 A on the modulator. L4
klystron has an efficiency of 42%. What the output power of
the L4 klystron? What is the output power of the SLED? If the rf
pulse length of the driver amplifier is set to 4 usec, what is the
rf pulse length of the SLED output? How long does it take to fill
the SLED? What is the power level at each accelerator
structure? Assume 7% loss at each power split. If the klystron
and the structure are operating at 30 Hz, what is the average
power dissipated in the klystron and the structure?
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Pye =290kV x270A = 78.3MW

P. (kly) =78.3MW x0.42 = 32.8MW
P.(SLED) =32.8MW x4.1=134.5MW
SLED rf pulse length =~ 2 «sec

5
2% 2x10 =1.865€ec

P —
"1+ e 6xxx2856x10°
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After the first split, output power is 125.1/2 = 62.55 MW. After the
second split, output power of each feed is 58.17/2 = 29 MW. So
each structure receives ~29 MW rf power.

P.., (Kly) =32.8MW x 30 pps x 4 sec

=32.8x10° x 30 pps x4 x10° sec
~ 4kW
P, (structure) = 29MW x 30 pps x 2 1 seC

=1.74kW
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Example:

Each RF gun in the linac needs approximately 5 MW to provide a
beam energy of about 1.6 MeV for injection into the linac. If the
output power of L1 klystron is 23 MW, what is the maximum rf
power available to each gun?
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Pout

—27

=X:
B
w |
’Z' —
2v,Q

V% — 0.0204 - 0.0065

Q =14,000

| =3 meters

w = 27t x 2856 MHz
7~ 0.48

P.. =23MW xe %% —8.8MW

out
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Forward Coupling Coupling, forward

4
: -20dB
Source J I X

0 dBm g
1 mW -0.046 dBm

0.99 MW

I:)forward

Coupling Factor (dB) =  —101log

P

Incident
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Directional Coupler Isolation

Coupling, reverse 4
-50 dBm '
0.00001 mW (10 nW)
% §
Source (Vv I
n“”’ >
0dBm 10.046 dBm
1 mW
0.99 mW
Preverse
Isolation Factor (dB)=  —101log 5

incident



Directional Coupler Directivity

L Coupling Factor, ., x L0SS
Directivit y = (fwd) (througharm)

Isolation e
Directivit y (dB) = Isolation( dB) - Coupling Factor(db) - Loss (dB)

Directivity = 50 dB - 20 dB = 30 dB
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Handy Formulas

. ol B B @
2v, (2)Q | 2v,(2)Q
—27
ap _ —2a(z) = const = Pn1—e ")
dz I
t: = gr

«w

59



Handy Formulas

The energy gain [ of a charged particle is;L
1

E=(27)?[Q1—-e")/z](R,rl)?
r =54MQ /[ meter

Q =14000

7=0.48

1_ e—0.48
= )(23MW 54/ m>x3m)°*

E ~47MeV In 3-meter structure
For 32 MW input to the structure,
E ~56MeV

E =(2x0.48)"°(
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Handy Formulas

Structure efficiency:

~ Stored Energy
7 Energy Supplied

W 1-e”
7 P t. 2T
12038, .

- 2%0.48
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\IB

<

b) BL =% ; fre — 2.947 GH=z

; fr = 2965 GH=z

a) BL =1

7

e

2.957 GH=

: foran =

T

=2
=3

d) PBL

© BL =X ; fn3 = 2.938 GH=



Breakdown depends on:
O The applied field level and local field enhancement
O The breakdown field of the medium (gas,Vacuum,solid)
Gas ~10’s V/cm - 10 kV/cm (depends on pressure and type)

Vacuum  ~0.5-1MV/cm

Types:

- DC Breakdown in Gas
- DC Breakdown in Vacuum
- RF Breakdown in Gas

- RF Breakdown in Vacuum
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RF Breakdown in Gas:

€ DC breakdown field for air at atmospheric pressure is about 30 kV/m

€ RF breakdown field depends on the frequency, spacing and pressure

60 -
50 -
40 -

30 1

20

20
10-/
0 1 I 1 ¥ I I I 1

T 1
0 10 20 30 40 50 60 70 80 90 100
Percent SF, (Complement Air)

Normalized Breakdown Power




RF Breakdown in Vacuum:

1. Kilpatrick’s criterion: Relates max. field E,[MV/m] at any frequency f[Hz];

f =1.64x10°E; exp(-8.5/E,)

Very often, however, another king of discharge develops at voltage levels well
below the Kilpatrick level. This discharge is called Multipactor Discharge.

Multipacting occurs when electrons move back and forth across a gap in
synchronism with an rf field. If the secondary emission ratio of the gap surface is
greater than unity, then the number of electrons involved in the process build up
with time and electron avalanche will be initiated and sparking might result.
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RF Conditioning with short Pulse:

Breakdown Power (kW)

500
Breakdown Region
400 - :
200 - Design Line
Operating Region
Wy Duty = 0.001
0 T I 1 I | I I 1 I |
0 2 4 6 8 10
Pulsewidth (ps)
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