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New Development in RF Pulse Compression

Sami G. Tantawj SLAC, Menlo Park, CA94025, USA

Abstract To reduce these waveguide runs, several innovations
have been made both on the system and component levels:
Several pulse compression systems have been proposedRF pulse compression systems that have high intrinsic
for future linear collider. Most of these systems require efficiencies have been suggested. These systems are
hundreds of kilometers of low-loss waveguide runs. To Binary Pulse Compression (BPC) [3], Delay Line
reduce the waveguide length and improve the efficiency Distribution System (DLDS) [4], and active pulse
of these systems, components for multimoding, active compression system using resonant delay lines[5-6].
switches and non-reciprocal elements are bein®-Enhancing the system power handling capabilities can
developed. In the multimoded systems a waveguide is ultimately reduce the number of systems required. One
utilized several times by sending different signals over can use a single system that serves several rf sources
different modes. The multimoded components needed for and several accelerator sections. Hence, low-loss

these systems have to be able to handle hundreds ofovermoded components have been developed for these
megawatts of rf power at the X-band frequency and systems, see, for example, [7-9]

above. Consequently, most of these components arg-Since these waveguide runs are overmoded one can
overmoded. We present the development of multimoded utilize these waveguides several times by sending
components required for such systems. We also presentsignals over different modes. Such multimoded
the development efforts towards overmoded active systems have been suggested [10] and conceptual tests
component such as switches and overmoded non- of components and concepts have been performed
reciprocal components such as circulators and isolators.  [11].
4-To implement active pulse compression systems
1 INTRODUCTION inexpensive super-high-power semiconductor
Rf pulse compression systems enhance the peak powerswitching arrays have been suggested [12], and tested
capabilities of rf sources. Indeed, they have been used to[13]
match the short filling time of an accelerator structure to In this paper we devote section 2 to an accurate
the long pulse length generated by most rf sources suchf@gnulation for the length of waveguide runs required by
klystrons. All rf pulse compression system store the g€veral pulse compression systems. We then describe in
energy for a long period of time and then release it in $ection 3 the work done to provide a super high power
short time. For linac applications associated with futuréest setup for the components required by these systems.
linear colliders, the storage medium is a waveguid® section 4 we describe the multimoded planer
transmission line. The energy required to supply a lingg@@mponents and associated tapers. Finally, in section 5,
section or a set of linac sections is stored in these lingde show some attempts to provide a semiconductor
The length of these waveguide transmission lines has tA#crowave switch.
same order ag Cwhere T is the pulse length required
by the linac andCis the speed of light. For colliders 2 COMPARISON BETWEEN RF PULSE
based on X-band linacs such as the NLC [1] and JLC [2] COMPRESSION SYSTEMS
these lengths are tens of meters. Since the collider usually
contains several-thousand accelerator sections, the tofal General Layout
waveguide system for the collider is usually hundreds of T4 achieve pulse compression a storage system is
kilometers long. employed to store the rf power until it is needed. Different
These long waveguide runs have to be extremely lowortions of the input rf puls& are stored for different
loss. At the same time they should be able to handignounts of time. The initial portion of the rf pulse is
power levels of order hundreds of megawatts. Hencgiored for a time period,, the maximum amount of
these waveguides are usually highly overmoded circulgtorage time for any part &t It is given by,
waveguides operating under vacuum. Because of t =7(C -1). 1
vacuum, and tolerance requirements, these hundreds of i m r ) ]
kilometers of waveguide runs are expensive, and hard \961ere T is the accelerator structure pulse width and is
install and maintain. given by

-
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and C, is the compression ratio. The realization of the

low-loss
waveguide delay lines. These lines are usually guides th?
propagate the rf signal at nearly the speed of light. The
per

storage system is usually achieved using

maximum length required for

compression system, is

these guides,

C
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where Vq is the group velocity of the wave in the delayg
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b Binary Pulse Compression System
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For details of the original single moded system the
reader is referred to [3]. The system is shown in Fig. 1.
The single moded BPC, in its original form, has a length
reduction factor R of 2/C, . It becomes more

conomical at higher compression ratios. However, the
ower being handled by the waveguides and rf

line. The total number of rf pulse compression systemgmponents is doubled at every stage of the BPC system.

required for the accelerator system is given by
N aPa

= 4
¢ F>knkCr,7c ( )

where N, is the total number of accelerator structures in

the linac,B, is the klystron (or the rf power source) peak

Naturally, the peak power depends on the number of
klystrons that one might use in one system, ., The
length reduction factor is given by

R =2°C.

; 8
c (®)

power, P, is the accelerator structure required peakvhere N, is the number of modes used in the system.

power, N, is the number of klystrons combined in on

pulse compression system, afjdis the efficiency of the
pulse compression system.

Two banks of power sources each hashklystrons

C :> dB 90 Degree Hybrid
Fal—
Single- L
Moded
Delay Lines *Accelerator Structure

a) Single-moded Binary Pulse Compression

Two banks of power sources each hashklystrons

| A
stiort Circu"‘\ 73 dB 90 Degree Hybrid
Single or Circulator
Multi-Moded *Accelerator Structure
Delay Lines

b) Binary pulse compression can have several improvements including
the use of a circulator and several modes to reduce the delay line
length.

Fig. 1 Binary Pulse Compression system

Thus the maximum total length of waveguide storag
line for the entire linac is given by

Lrec=pmey =1 N (G 2D,
nk’?c F>k 2
In general the total lengthis given by
L=L"R; (6)

where R is a length reduction factor which varies from

one system to another and, in general, is a function of t

compression ratio. Finally, the total number of klystrons

in the systemN, is given by,

The parameterC determines the length reduction if a

e

circulator is used and is 1 if a circulator is used and 0
otherwise.
The efficiency of the system is given by

_Br
1-10 B:Ilﬁ": %r
,7(: = ncirncom E]m : (9)
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where @; is the attenuation constant in dB/unit time for

mode i, and /7)., and/],,, are the circulator efficiency
and component efficiency respectively.

2.3 Delay Line Distribution System (DLDS)

The original description of the DLDS is found in [4]. A
modification to that system with multimoded delay lines is
discussed in [14]. However, accurate accounts for the
efficiency and waveguide length are introduced here. The
system is shown in Fig. 2. To give an expression for the
Igngth reduction factor in terms of the number of modes

n,,we first define the number of pipes per unit rf system
as

(10)

where [.] means the integer-value function. The length
reduction factor is, then, given by

_n,(c, -1-(n,/2)(n, -1)
ARGy o

The efficiency of the system is given by:

he

(11)



_qléq_j) “%léfh‘j)f}n_ G, 1 N compression ratio [5] and is, approximately, given by
q&%”ijﬁ U T S R ng) R,(C.) = 0.871-0514°1< C, < 24.
G A 1§20 4 o B

. klystrons
where @', is the attenuation of mod¢in dB/unit time. . ~
J Short Circuit
— I 3 dB 90 Degree
_ L /g 25 Hybrid
«——Delay Lines L . r /l
L ‘ L E Single or Coupling Irises ~ /
o AECRleOr | / Bank ofn, of Klystrons “g”'lt"MSded Accelerator Structures
Not all the output need to be used. The unused outputs are A set of hybndztvlfwat switches the combined rf elay Lines
teminated byanttoad it of a Single-Moded pLDg" rerentouputs a) Sled-Il Pulse compression system
Klystrons
Multi-Moded Delay Lines. The total number of these linas,is y\‘
— ~ == Short Circuit
L L _ — 8 «— Circulator
A mode launcher which takes, inputs and produces, modes into a single waveguide delay line Single or Multi- / i . /
b ) ) 9 ! Coupling Irises (can be
) A Unit of a Multi-Moded DLDS Moded Delay Lines

actively switched)

Acceleralor | singie-Moded b) Sled-Il pulse compression system with a circulator and active switch

Structures Delay Lines

A o power erowave Switch  Acombiner Fig . 3 Resonant Delay Line Pulse Compression System
¢) A Unit of an Active DLDS If one can design and implement a super-high-power
Fig. 2 Delay Line Distribution System switch, the intrinsic efficiency of the SLED-II system can

If a switch is used only one pipe is used and the lengtle enhanced. Intrinsic efficiency of this system is
reduction factor becomdsC,. The efficiency in that case approximately 82% [5], and the total efficiency is slightly
becomes reduced from that number. The efficiency in this case has

#  \o-L a weak dependence on the compression ratio.

_ 1 H-(2n,) H

n= c, H1-n"" ns" +(’7s0ﬁ’7r )Cr £ (13) 2.4 comparison

S

on. o o Table 1 shows the parameters of different single-moded

where /]¢"is the efficiency of the switch in then state, ,1se compression systems if used with the current design
while ,750ff is the efficiency of the switch in theff state. of the. Next Linear Collider [1]. Clearly, these syste_ms
comprise very long runs of low-loss vacuum waveguide.

The quantity/7, is the efficiency of the waveguide due toSeveral innovations are required to reduce the length and

the attenuation of that waveguide for a period of timé make these systems operate at these high power levels.

rl2. These are discussed in the following sections.
2.4 Resonant Delay Lines System | C. | Waveguide| /7 Peak Number
Power of

Length (%) Klystrons
131 km g5 | 600 MW 3168
305 km g5 | 600 MW 1584
523 km g5 | 600 MW 3168
698 km g5 | 1200 MW 1584
180 km g2 | 493 MW 3277
8 124 km 59 | 716 MW 2258

Table 1: Parameters of single-moded different pulse
(14) compression systems

The original description of the resonant delay lines can lpe
found in [15]. An extensive analysis of the system and ifs DLDS
variations using active switching are presented in [5].
High power experimental results and techniques afe pgpc
described in the next section of this article and detailed fin
Ref. [7].

The system and its variations are shown in Fig. 3. Th
length reduction factor is given by

R = 2-¢
n,C,(C, -1)

where Cdetermine the length reduction if a circulator is 3RE'é%ilzﬁ'\l'NEERLI,IA\\AYPIL_IIIE\II\I/:_lESNYTSA'I'TIEllc\)ANSOLFES—IIIE

used and is 1 if a circulator is used and O otherwise. ( =

The efficiency of the system is given by More technical details for the high power SLED-II
system can be found in [7]. Here we summarize the design

n:ﬁ % +(1— %2)1_(%100/10)q_1 1091 (45) and the obtained results.

Nl |~ ||~

(SLED-II)
e

C 1- R)10a/1° To separate the input signal from the reflected signal,

e

where @ is the attenuation /unit-time in dB and is given®N€ Might use two delay lines fed by a 3-dB hybrid as

1" shown in Fig. 4. The reflected signal from both lines can
by @ =— and ais the attenuation/unit time be made to add at the forth port of the hybrld. Fig.4 shows
the pulse-compression system. For delay lines, two 22.48-
meter long cylindrical copper waveguides are used; each
is 12.065 cm in diameter and operates in thg, Titbde.

m i=1

for mode i. The parameterR, is a function of the



In theory, these overmoded delay lines can form a storagerease the components height to any desired value to
cavity with a quality factor Q > 1x®0A shorting plate, reduce the peak rf fields at the walls.
whose axial position is controllable to within £4 um by a

stepper motor, terminates each of the delay lines. The E’ |
input of the line is tapered down to a 4.737 cm diameter jas
waveguide at which the tEmode is cutoff; hence, the
circular irises which determine the coupling to the lines
do not excite higher order modes provided that they are TEo, 1 [[L¥
perfectly concentric with the waveguide axis. TEsp N

40.64 mm

~ ~
o«
— 36;&),;/ YQ’;‘

TEy,

500

Taper Geometry (Operating
Frequency=11.424 GHz)

400-

Simulated electric fields of the multi-
moded circular to rectangular taper

Fig. 5 Multimoded circular to rectangular taper
To transfer the rectangular waveguide cross section of
these components into a circular waveguide cross section,
58 B mas s thus making them compatible with the circular waveguide
Time (micto-seconds) delay lines, one needs a special type of taper. Tapers that
transform waveguide modes from circular to rectangular
have been reported in [8]. These tapers could be extended
to operate with several modes at once. An example of
Esuch a taper is shown in Fig. 5. The tapers take the input

A compact low-loss mode converter excites the;T id ing th 4 th
mode just before each iris [7]. These mode transducefg,a near square waveguide (_:arrylngt e.‘OEE] the Tko .
des and transfer them into the circular waveguide

known as wrap-around mode converters, were developgbo dos T 4T tivelv. Th ¢ foctl
specifically for this application. The mode converters ar odes Tk, and Tk, respectively. These tapers perfectly

connected to two uncoupled arms of a high-power, ovepnatch the planar multimoded launcher and extractors
moded, planar 3-dB hybrid. This hybrid has beeR'éSentedin[17].

designed especially for this application so that it can
handle the super high power produced by this system [9]. _ 5 ACTIYE SYSTSEMS

The distance from the irises to the center of the hybrid hagSuper-High-Power microwave switches can reduce the
been adjusted to within +13 pm to minimize reflections t§0st of the DLDS while increasing its capabilities for
the input port. The iris reflection coefficient is optimizedhigher compression ratios. When used with DLDS one
for a compression ratio of 8. can use one single pipe as shown in Fig. 2.

The system is designed to operate under vacuum. All

w
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Power (MW)

N
I}
3

oY E—

Simulated Electric Field
of the Planer Hybrid

The wrap-around mode converter and
simulated electric field at its output

Fig. 4 The High Power SLED-II System

PIN diode array Active Window
« Alldoping profile and metallic terminals on the window are

the components are designed to handle the peak fields
required by the high power operating conditions of the
system. At 11.424 GHz and 600 MW peak power the
maximum field level is less than 40 MV/m.

The input and output pulse shapes of the system are
shown in Fig. 4. The output pulse reached levels close to
500 MW. It was limited only by the power available from

the Kklystrons. 2 inch

ATV
X . Radial-ine PIN diode array
A multimoded system was first suggested for the DLDS  structure (400 ines)

4 MULTIMODED STRUCTURES

system [14]. Several designs for multimoded components
have recently been developed [16]. However, the most
promising set of components are those based on planer
microwave structures [17]. These were an extension to the

radial, i.e. perpendicular to electric field of theTEhode. 1
Effect of doping and metal ines on RF signalis small when the
diode is reverse biased.

« With forward bias, carriers are injected into I region and | region

becomes conductof RH¥ signal is reflected.

metal ine
(L5um thick)

Metal ternina side view (not to scale)

L \

D) |-

Section A--B —10um

« Base material: high resistivity (pure) silicon,6@ohm-cm, n-

type

« Diameter of active region: 1.3 inch
* Thickness220um
* Coverage (metal/doping line on the surface): ~10%

planner hybrid designs developed for the high-power Fig. 6 Implementation of a PIN diode active window
SLED-II pulse compression system (see section 3 of th¥ith resonant delay line systems active switches can
article). These planer structures have the advantage offi@matically improve their efficiencies making it possible

design that is insensitive to its height. Hence one cdf Utilize these compact systems for linear collider
applications.



Indeed, these active switches have attracted the attentionSection A (Accelerators, Spectrometers, Detectors and
of numerous researchers. However, most of the concepts Associated Equipment) Elsevier, 21 Feb. 1996.
that were suggested are either very expensive or Vol.370, No.2-3, pp. 297-302.
impractical. A promising concept which combines botl6] Sami G. Tantawi et al: ‘Active High-Power RF Pulse
economical aspects and practical designs were suggestedCompression Using Optically Switched Resonant
recently [13]. The use of a several elements of such a Delay Lines’, IEEE Trans. on Microwave Theory and
switch was explored [12]. The switch is shown in Fig. 6. Techniques, Vol. 45, No 8, pp. 1486, Augu€97
The window shown operates in a waveguide carrying tH&] Sami G. Tantawiet al, “The Generation of 400-MW
TEo; mode. Hence all the electric field lines are normal to RF Pulses at X Band Using Resonant Delay Lines,”
the doping and metalization lines. Because thg W©de IEEE Trans. MTT, vol. 47, no. 12, December 1999;
does not carry any axial currents the separation of the SLAC-PUB-8074.
waveguide to supply the diodes with the required bias w§8] S.G. Tantawi, et al., “RF Components Using Over-
possible. These switches operated at power levels aroundModed Rectangular Waveguides for the Next Linear
10 MW at 11.424 GHz. This exceeds by orders of Collider Multimoded Delay Line RF Distribution
magnitude the capabilities of any known semiconductor rf System,” presented at the "L&article Accelerator
switch. Conference, New York, NY, March 29-April 2,1999.

[9] C.D. Nantista, et al "Planar Waveguide Hybrids for
6 SUMMARY Very High Power RF," presented at the 1999 Particle

Several pulse compression systems have developed forA‘C(:,‘Ialer""tor F:onference, New York, NY, March 29-
use with the rf system of future linear colliders. Thesg OAgr|G2,T1999, .SLAC|:—IT‘>;\JI38|1.42.d d RE Delav Li
systems suffer from very long waveguide runs. Some } }3 tb tgnta\éwetta., ¢ tl;] t|m|\cl) et Li egy“_(ljne "
the systems that have a compact nature also suffer from IStribu '?n thys e:(; or de Aex | mttaar ((;) : er,t
efficiency degradation. To improve these systems several \F/)\;g(r:I.(shg Ba?t'mor(;/al?/lcs 1ul ngfralgg8 oncgz;)?:c,
innovations were introduced. These innovations increase 974 P. : ' B ' » PP
power-handling _.cgpab|l|t|es, make the . system .mo(rf.Ll] Sami G. Tantawi, et al., "Evaluation of the ;JE
compact by utilizing several modes within a singl . . ) :

. X . , Mode in Circular Waveguide for Low-Loss, High-
waveguide, and finally improve the system’s layout and

¢ by turning them int . ¢ Power RF Transmission," Phys. Rev. ST Accel.
performance by turning them into active systems. Beams, vol.3, 2000.
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