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Linac / Power Source Parameter Couplings

Linac Gradient G =sqrt(P’Z', T)
G’ = gradient per unit length
P’ = rf peak power per unit length
Z' =shunt impedance per unit length
T = transit time factor

Linac fill time 1=Q, /20 << 1,4 = rf pulse length
Q. =Accelerating loaded cavity Q,=Q,/(1+p)

Average Beam Power P, =n Py
P,=(average beam current) x (beam voltage gain)
n = net efficiency of coupling rf to beam
P~ rf average power (=f*1,/P¢,y)

Linac coupling factor B =VSWR (oc) @ tube

Phase stability of linac < phase stability of source
frequency stability of source
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Beam Loading Admittance

So far, we've taken B->1 in treating beam/cavity interaction, which allows for
the approximation of the beam as an ideal current source (i.e. the beam
current is not modified by the gap voltage in the cavity).

For vacuum power tubes, however, ~(0.2-0.8) <& (V=10kV-500kV), and the
beam current changes significantly while in the gap.
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Beam Loading Admittance

Proceeding from the Continuity equation and Lorentz
force law, the action of the rf fields on the beam

velocity and density can be described, yielding:
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Beam Loading Admittance
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Gap Coupling

The beams used in vacuum tubes generally occupy a significant fracation of
the beam pipe (often r, =2/3 R;,.), S0 the variation of the gap fields with r must
be accounted for. This is done with the radial gap coupling coefficient.

The solution to wave equation in cylindrical coordinates yields the form of the
gap voltage with r:

1,(Ir)

V,(r,w) =V, (R, o) SR

=wlWV,

Averaging over the beam’s cross section yields

A

the gap coupling coefficient:
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Ballistic Bunching

 Ballistic (no space charge) Theory
|, =215, (B)exp(J(p, — 6, + 7/ 2))

with
— 6’0 e’VC‘ Bunching parameter
3 2 2
7/0 (Vz,O /C) mc
QT = oD /Vz,O Transit angle of drift D

« Matlab demonstration (space charge free)



Klystron Efficiency vs. Perveance
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Taken from R. Palmer, et al, “Status of the BNL-MIT-SLAC Cluster Klystron
Project”, AIP Conf. Proc. 337, p. 94ft, (1994).
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Real Klystron Schematic
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D. Sprehn, R. Phillips, G. Caryotakis, “Performance of a 150-MW S-Band Klystron”, AIP Conf. Proc. 337, p.43ff, (1994).




DESY S-Band Tube (short-pulse)
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FIGURE 1. The 150-MW klystron assembly shown with magnets and lead.

f = 2996 MHz
P =150 MW
K=1.8pP
V, = 535 kV

Gain =55 dB

B~2100 Gauss

Group Delay 150 nsec
Jeath = 6 Alcm?

Efficiency: >40%
PRF: 60Hz

Pulse length: 3 us
l,= 700 Amps

D. Sprehn, R. Phillips, G. Caryotakis, “Performance of a 150-MW S-Band Klystron”, AIP Conf. Proc. 337, p.43ff, (1994).




B-Factory Tube (CW)

f=476 MHz
P=12 MW CW
K=0.83-1.3

Gain > 43 dB

BW = +/- 3.0 MHz at -1dB points
Group Delay 150 nsec

1.3

Efficiency: >50%
VSWR tolerance: 1.2

l,= 24 Amps CW
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Figure 1. Predicted Small-Signal Gain versus Frequency
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Klystron Amplifier Scalings

Focusing field Output
Cathode current hg B~/ -1 C_avity Gap Circuit
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Beam area convergence: f©

Tube length: xq~v3/2‘\

Beam Power & Output Power: f -2



RF PULSED HEATING OF CAVITY WALLS
[O.A. Nezhevenko, PAC’97, Vancouver, 1997, p. 3013.]

ture lifetime is limited by fatigue from pulsed heating in a thermal-diffusion layer.

ﬁfc
Assume OFE copper

NLC-like cavities, “safe” temperature excursions of 110 °C, and

collider operation at 120 Hz, 6000 hrs/yr. [For 20 year life, n = 5 x101° pulses.]

[Experiments (Pritzkau, 2000) achieved AT = 120 °C for 5.5x107 pulses, observed surface damage.]
CALCULATED EFFECTS OF RF PULSE HEATING OF IDEAL CAVITY WALLS.

freqa | Go~a% | g~ a7 | AT ~@ % T.=27°C T.=77°C
(GHz) | (MV/m) (ns) (°C) n lifetime n lifetime
11.424 100 250 23

22.848 180 90 61

34.272 250 50 112

45.696 320 30 165 3.6x1010 14 yrs 2.5x10° 1 yr
57.120 380 22 225 1.5x10° 3500 hrs 1.8x108 420 hrs
68.544 440 17 290 1103 230 hrs 1.8x107 42 hrs
79.968 500 14 370 9.8x108 23 hrs 2.6x10° 6 hrs
91.392 560 11 440 1.4x108 3 hrs 4.7x10° 1 hr
102.816 620 9 520 2.6x10° 36 min 1x10° 14 min
114.240 630 3 600 6x 10 8 min 3x 107 4 min

For collider applications, RF technology development >40 GHz appears unjustifiedf




Typical operational problems with a klystron

Input drive power is too low and klystron is not saturated
(although this Is required if the tube Is included in a
feedback loop) =» reduced output power, efficiency, and
Increased output power amplitude jitter

 Wrong cathode filament current = wrong perveance =
poor efficiency (minor) or beam interception (major)
« Modulator voltage jitter causes jitter in

— The tube output power P~V>2 5> §P/P~(5/2)(5VIV)

— The tube transit time, which in turn causes phase jitter on the
output a¢/ aV=(Lf/B3y3c)

« Mismatched load causes significant output instability



Typical Klystron Failure Modes

Burnt-out or shorted cathode filament
Beam interception erodes output cavity
Rf breakdown erodes the output cavity

Multipactoring on or near the output window sputters metal onto the
ceramic window, resulting in breakdowns

Slow vacuum leak contaminates (“poisons”) the cathode

Focusing magnetic field changes, resulting in a current density
change that either:

— If minor: changes the gap-coupling and space charge forces
— If major: results in beam interception
Input cavity erodes (rare)

Output cavity oscillates (not necessarily at an integer multiple of the
rf frequency)

Gun supports an rf resonance



Examples of other
beam-based
power amplifiers
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FIGURE 2. Prototype 17 GHz TWRK and solenoid assembly showmg the electron gun
vacuum isolation valve and the precision alignment supporting mechanism.

Taken from J. Haimson, B. Mecklenberg, B. Danly, “Initial Performance of a High Gain, High Efficiency 17

GHz Traveling Wave Relativictic Klystron for High Gradient Accelerator Research”, in AIP Conf. Proc. 337,
p.146ff, (1994).



17.136 GHz Klystron

(Haimson Research, NRL)

Measured Properties:

«Output Power: 26 MW @
150 ns

Efficiency: 49%
«Saturated Gain: 67 dB
560 kV/95 A beam

@
FIGURE 1. Model X7100 17 GHz TWRK showing the WR62 rectangu!ar waveguide
and body water-cooling connections, and the high vacuum port for the independently
pumped, electrically isolated beam collector.

Taken from J. Haimson, B. Mecklenberg, B.
Danly, “Initial Performance of a High Gain, High
Efficiency 17 GHz Traveling Wave Relativictic
Klystron for High Gradient Accelerator Research”,
in AIP Conf. Proc. 337, p.146ff, (1994).



1 MW, 91.4 GHz Shéet Beam Klystron
(SLAC/MRC) -

SBK Details:
I=15A

V =140 kV

Perv/iO =144 nP/ 0
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Window Coax Connectors Coax-Waveguide

Transitions

Collector

Output
Waveguide

Figure 2. Input cavity assembly showing four coaxial

mnits to waveoide transifions.
Output Cavities

Circuit

-
Figure 4. Output waveguide system consisting of eight
waveguide twists, a TEg,; circular waveguide. and the TE;
window

Figure 6: Cross-section of MBK

L. Song, et al, in PACO03 proc.



The Gyroklystron
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Synchronism condition: e-k;z,=n€,
FIGURE 1. Schematic diagram of the Ka-Band gyroklystron experiment.

Taken from M. Blank, et al, “Experimental Demonstration of High Power
Millimeter Wave Gyro-Amplifiers”, AIP Conf. Proc. 474, p. 165ft, (1998).



Helix TWT (Preamplifier)

Couplin
V4 Resoﬂatc?rs ~a

Helix

Collector

attenuating

cover electron beam
electron gun

+ RF-Input + RF-Output

Physical construction of a traveling wave tube,

= =
W driving klystrons.
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| ' S5 Output~1 kW or less

Figure 5. - electron- hearn bounching and a detail-fota of 3 helix
(Measure detail for 20 windings)



34 GHz Magnicon
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“High Power Pulsed Magnicon at
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Ubitron or Free Electron Laser

Input Coupler
Magnetron Rectangularto
Injection Circular Waveguide Output

Gun —Solenoid Window

y.¥)
§ Electron Beam Cooling
§ —Solenoid /,/' Passages
Laminated Steel
and Copper
ot Interaction Circuit

T804A1

Taken from R. Phillips, “Conceptual Designs for NLC Ubitrons with
Permanent-Magnet Wigglers”, AIP Conf. Proc. 317, p.239, (1994).



LLNL 140 GHz FEL Amplifier

Measured Properties:
Power: 1-2 GW (1)
@ 20 ns
Efficiency: 14%
*Beam: 6 MV/2500A

Mirror G2
Waveguide VIasov1o ., e..._;J
to FEL asov O-/_ 7 'j,:.:.:h:"-/w
1 s
§ E ' _Transmission
o 5 il " Line-ToMTX
— a
1 Rotatable
FEL oy | mirror M2
140 GHz o / s Transmission
GYROTRON~ H _/ line
Microwave
I /dia nostics
ETA-II _|_: .
ine A IMP WIGGLER Mirror
Beamline . 7 g ® Ma N
a\q(o
From — % [F¥——¢% ———— MTX TOKAMAK

accelerator ‘ < A
Side Microwav€ diagnostics Mirror M1

coupler

Fig. 1 The FEL is composed of the ETA-II accelerator (at left), the electron beamline, the master
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Fig. 2 A sample tracc showing the output power versus time

mcasurcd at the output of the FEL.

r (gyrotron), and the quasi-optical microwave Lransport sysiem 1o MTX.

Taken from S. Allen, et al, “Generation of High Power
140 GHz Microwaves with an FEL for the MTX
Experiment”, in Proc. IEEE Part. Accel. Conf. (PAC
93), Washington, D.C., p.1551ff, (1993).



CompaCt Llnear CO”'der (Internatlonal collaboration centered at CERN)
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FIGURE 3. The 3 TeV RF Power Source.
Taken from H. Braun, et al, “A New Method for RF Power Generation for Two-Beam Linear Colliders”, AIP
Conf. Proc. 474, p.1ff, (1998).



Inset photo taken from
H. Braun, et al, “A New

CLIC Test Facility 1l &g

Beam Linear Colliders”, =il
AIP Conf. Proc. 474, p. il gy
1ff (1998). e Y
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Figure 1: Configuration of CTF Il during the 1999 run

Taken from: H. Braun, et al, “Experimental Results and Technical Research and Development at CTF 117, in
Proc. Euro. Part. Accel. Conf., Vienna, Austria, p.48ff, (2000).

CTF-1l Demonstrated:
» Generation and acceleration of 48x13.4 nC drive beam

« 120 MW of 30 GHz power generation in 16 ns pulses
from the Power Extraction and Transfer Structures

* 59 MV/m acceleration of the probe beam



High Power Fiber Lasers

Analysis of the scalability of diffraction-limited
fiber lasers and amplifiers to high average power

Jay W, Dawsen, Michael J. Messerly, Ravmond J. Beach, Miroslav Y. Shverdin, Eddy
A, Stappaerts, Arun K. Sridharan, Paul H. Pax, John E. Heebner, Craig W. Siders and

C.P.J. Barty
Lawrence Livermore National Laboratory, L-470, PO .Bm Bﬂ.’l‘ Lr\mm C4 04551
“Corresponding author: 7

Abstract: We analyze the scalability of diffraction-limited fiber lasers
considering thermal, non-linear. damage and pump coupling Limits as well
as fiber mode field diameter (MFD) restrictions. We derive new general
relationships based upon practical consideratigg mglysis shows that if
the fiber’s MFD could be increased arbitraly 36 L\\. of)power could be
obtained with diffraction-limited quality froMgeibee=tiser or amplifier.
This power limit is determined by thermal and non-linear lLmits that
combine to prevent further power scaling, irrespective of increases in mode
size. However, limits to the scaling of the MFD may restrict fiber lasers to
lower output powers.

©2008 Opticzl Society of America
OCIS codes: (140.3510) Lasers, fiber; (140.4480) Oprical anplifiers

High Power Fiber Lasers

for Industrial Applications

—
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Typical Specifications

Optical Parameters

0]

Unit _ YLR-1000 YLR-3000  YLR-5000 YLA10000 AR-88640
Norminal Output Power W 1000 3000 5000 1000 (20000 )
BPP after Feeding Fiber mm*mrad  <20* <20 <40 <5 —t—
BPP after Processing Fiber mm*mrad <4 <4 B <8 P
Feeding Fiber Core Diameter um 50 50 100 100 k 200 )
Processing Fiber Core Diameter um oo ‘00 150 200
Electrical Parameters

Unit YLR-1000 YLR-3000 YLA5000 YLR-10000 YLR-20000
Electrical Requirements VAC 360528V, 3P+PE, 50.80Hz =
Typical Power Consumption [ 354 012 17-20 3540 ( 7080 )
Standard Interfaces Ethernet, Digital |0, Analog, PROFIBUS* *, DeviceNe™——"
Direct Modulstion kHz 05 05 05 05 05
General Parameters

Unit YLR-1000 YLR-3000 YLR-5000 YLR-10000 YLR-20000
Max. Cooling Water Consumption [258C] m3/h 08 14 25 4 7
Cooling Water Temperature Hange o 2025 2025 2025 2025 2025
Dimensions (W x H x D] cm BEx120kB1 BEx120xB1  110x150x81 110x150:B1  210x150xB1
Weight kg 250 350 500 750 1200
Ambient Temperature °C 050 1050 1050 1050 1050
Enclosure Type 154 P54 IP-54 P54 P54

** _ pptional, on request.

* -1 and 2kW lasers also available in with a2 single mode output versions YLR-1D00-8M and YLR-2000:5M respactively. In this casa BPP is
“04 mm * mrad from 2 20um faading fiber and ™2 mm*mrad from a S0um processing fiber: All other electrical and ganaral parametars
are the same as for YLR-1000 and YLR-2000 lasars.

http://www.ipgphotonics.com/documents/documents/HP_Broshure.pdf —|




Carrier Phase-Locked Lasers
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Fig. 2. White-light fringes resulting from the interference Fig. 3. Spectrally dispersed white-light fringes. Clear
of the two continua generated by the two phase-locked IR and well-defined fringes indicate that a stable phase
laser pulses when the relative delay is properly adjusted relationship is conserved across all the generated visible
to zero. spectrum.

Interference fringes of carrier phase-locked white light continua generated from Ti:Sapphire laser.

M. Bellini, T Hansch, Optics Letters, 25 (14), p.1049, (2000).
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