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INTRODUCTION 

High gradients require high peak powers. One pes bie way to generate high 
peak powers is to generate a relatively long pulse at a relatively low power and 
compress it into a shorter pulse with higher peak power. It ia possible to compress 
before DC to RF conversion as is done for the relativistic klystron or after DC 
to RF conversion as is done with SLED. In this note only radio frequency pulse 
compMssion (RFPC) is considered. Three methods of RFPC will be discussed: 
SLED,"' BEC,W and REC.W 

The advantages of RFPC are: 

1. Generally the higher the power, the harder it is to increase it further. This 
ia not the case with SLED and BEC because the control element operates at 
low power. 

2. With HFPC we can alternate low power uncompressed pulses and high power 
compressed pulse by turning the modulation off and on. It is much more 
difficult to design tubes that function both at low and high peak powers. 

3. RFPC may have lower capital, maintenance and replacement costs. 

4. For a given compression ratio, the cost of RFPC is independent of pulse 
energy or peak power. 
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The effect of puke compression on the klystron peak power per meter p,j and 
klystron average power per meter p s* can be seen from the following expressions. 
The peak and avenge powers required to produce an average gradient EA in an 
accelerator section are 

E* E1 

Ti = laSTf = *«T/ Si as qa3 . 

A pulse compression system with a multiplication factor, M, a compression factor, 
C/, and compression efficiency, rfc, denned below, 

Ppk Tf 

decrease the klystron peak power by M and increase the klystron average power 
by the inverse of i\p^, as indicated below 

Two important parameters, the ac to RF conversion efficiency n«r and the AC 
elastance *tc a n denned below: 

„ - *»> _ / ' „ - - - . . *»_£2 
P* Jt + Tt ^ Jr tic 

The AC elastance determines the AC power needed at a given repetition rate and 
at a given gradient. It should include the power required for focusing coils and, in 
case of superconducting accelerators, the refrigerator power. 
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Note that the increased average RF power due to IIFPC does not necessarily 
imply increased AC line power. For example, replacing SLED by a 160 MW 1 /is 
klystrons, would, in fact, increase the AC power. The reason is that the rise and 
fall times of the modulator pulse become a larger fraction of tbe flattop RF pulso, 
which decreases the AC to RF conversion efficiency, ij B r . 

SLED 

Tbe klystron peak and average powers without and with SLED as a function 
of fill time are shown in Fig. ] . Note that for the same RF power the fill time can 
be decreased and hence the aperture can be increased 60%, resulting in lowered 
wake fields. 

The disadvantages of SLED are: 

1. Reflected power during charging. 

2. Compressed pulse is a constant and an exponential. 

3. The compression efficiency falls off sharply as the compression factor deviates 

from about 3:1. 

4. The multiplication factor cannot be greater than 9. 

The compression efficiency is also reduced because of dissipation losses due to 
finite Qa of the energy storage cavity. For the dissipation to be a small fraction of 
the klystron RF power requires that the internal (unloaded) fill time of the energy 
storage cavity be much greater than the uncompressed pulse length. 

BINARY ENERGY COMPRESSOR 

The Binary Energy Compressor (BEC) overcomes the shortcomings of SLED. 
It also overcomes the dissipation loss by using as energy storing elements TEoi 
circular guides whose losses decrease as the 3/2 power of frequency for a fixed 
diameter and as the cube of the diameter for a fixed frequency. The BEC consists 
of a series of stages, each stage consists of a 4-port 3 dB hybrid with one port 
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Fig. 1. SLC klystron peak and average powers without and with SLED. 

followed by a delay line. Tbe last delay equals the duration of tbe compressed 
pulse. Each additional delay toward the BEC input is double tbe previous delay. 
The two input pulses to tbe BEC are divided into 2" equal bins. The length of 
each bin is the length of tbe compressed pulse. Each bin is coded with the phase 
shift keyer (PSK) with either a zero or 180° phase shift. Consequently the output 
pulse length is divided by 2* and, ideally, the power is multiplied by 2", where n 
is tbe number of stages. 

For a 2-stage BEC, shown in Pig. 2, we divide a portion of the two CW inputs, 
/ai, h\ into four bins. We code them as shown: the + indicates zero phase shift, 
the - ISO phase shift. The duration of each bin equals the time delay of the last 
delay line. During bins one and two the combined power exits port Ot\ and is 
delayed two bins, so that it coincides in time with bins three and four, which are 

- combined at port lb2- The pbase of either output is that of input a. We see that 
the appropriate coding of the input to tKe first stage results in appropriate coding 
of the input to the second stage. This illustrates the divide and combine (slice and 
stack) method. For a CW input, the first stage combines the two inputs and the 
second stage divides it. Thus, an even stage BEC is transparent to a CW input. 
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Therefore, it can be used for pulse to pube switching between a bigb power short 
pulse and a tower power longer pulse. 
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Fifl. f. S-Stage BEC Coding. 

Tests performed on an experimental BEC, shown schematically in Fig. 3, con­
firmed the theoretically predicted operation of a 1-stage (x2), a 2-slage (x4) and 
a 3-stage (x8) BEC. OutpuU of the experimental BEC are shown in Fig. 4. The 
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first OSC shows the 2-atage BEC output with CW input modulated for one BEC 
period. The second shows the expanded output pulBe which has a 65 ns flat top 
and about 10 ns rise time. The third OSC shows the two BEC period modulation 
signal for a 2-stage BEC; the fourth the consequent output. The fifth shows con­
tinuous modulation. The sixth shows the resultant periodic output pulses and AIBO 

the CW output when there is no input modulation. The BEC period Tp is 300 ns. 
It should have been 4 x 70 ss 280 ns. The extra 20 nanoseconds is due to the finite 
PSK switching time. 
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Fig. S. Experimental BEC. 

BEC PHASE AND AMPLITUDE SENSITIVITIES 

If the relative phase of unity amplitude hybrid inputs / , and /* differ from the 
properly adjusted BEC phase by A$ radians then the output powers are not two 
and sero, but 

Om = 1 + cos A* and O* = 1 - cos A0 

For small AS: 

0,=2-(&9)2/2 and Ok = (A$)*/2 

0 
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Fig. 4. Oscillograms oft-Stagt BEC outputs. 

The pbue deviation due to change* in frequency, A0/, and due to changes in 
temperature, A0j-, are: 

A9f = 2»2>{ns)A/(GH2) 

A*r = 2 » Q ( ° F - 1 )rr f/AT(°F) = 6 x 10' S7;/AT( BF) . 

For Tt = 140 IM, / = WAG Hz, AT = I'F, A*r = 0.1 radian. 
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It can be shown that, if the relative amplitudes of the inputs to a hybrid differ 
by 61. whtre 6 = ] - yfh[Ta. then 

Oa = 2 - 62/4 and Ok ~ 62J4 . 

DELAY LINE ATTENUATION 

The attenuation of a TKOJ circular guide is: 

The attenuation of a TEjo circular guide is: 

. ' * = ( : ) ! ( d B / " J ) ' 

The length of the longest delay line divided by the length of an accelerator section 
is: 

For 2.8 inch diameter circular guide at 11.4 GHz, the TEQJ attenuation is 1.2 
dB per microsecond and 0.004 dB/m. The TEoi mode u more suitable for power 
distribution, regardless of bow the RF power is generated. 

Replacing the 2856 MHz klystron and accelerator sections with 11.4 GHz 
klystrons and sections and adding a 3-itage BEC, but keeping the same 3.3 m 
section lengths, the same AC line paver, and the same modulators, can increase 
the pulse repetition rate nine-fold The systems are compared in Table 1. The 
reduction in elastance due to increased a/X is more than compensated for by the 
decrease in maximum radius. 

2.25>/7(GHz) 
b(inch) 

a 



Table 1. SLAC Haae parameters at 2856 GHz with sled 
and at 11.4 GHz with 3-stage BEC. 

SLED 3-Stage BEC 

Frequency (MHt) 2856 11424 

a (cm) 1.16 0.75 
»<cm) 4.06 1.29 

•/A 0.11 0.285 

». 0.0134 0.192 

Erf 2.10 3.3 

Ty(n.) 820 57 
^ (ohm/pa — m) 45 326 

Ti (oftm/m) 40 184 
HFPG Puimetsn: 

U(m) — 50.0 

C/ 4.27 8.7 
i f 2.63 6.5 

%c 0.62 0.75 
Drive* Parameters: 1% = 11 MV/m 

J»* (MW) far 4 sections 60 48 

r*d«) 3.5 0.496 
P M (hW) far 4 ssetiau 80 80 

M*C (sAm/p* -m)%, = 0.31 8.64 75.8 

A (H») 120 1040 
F.*(kW) for 4 section* 25 25 

RF ENERGY COMPRESSOR 

The RF Energy compressor (REC) uses both PSK and Q, switching to convert 
CW RF into periodic pulses, ideally with 10096 efficiency. The cavities continuously 
•tore energy and act as flywheels. For a large fraction of the period the cavities 
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accumulate additional energy, which they give up during a small fraction of the 
period. The time durations and external Qj are so chosen that the average emitted 
field is unity, causing a zero reflected field at charging time midpoint and small 
reflected fields during the rest of the charging time. Thus, on the average, the 
cavities are matched to the line. Typical REC output waveforms are shown in 
Fig. 5-

REC OUTPUT WAVEFORM 
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Fig. 5. Typical REC output waveforms. 

For an efficient REC, the ratio of external Q during charging to the external 
Q during discharging is: 

The pulse compression efficiency is: 

^" 1 GT'el̂ J • 
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Tbe condition* for high efficiency are: 

Tf» > 7*. T« > T.. T 0 » T,m 

Here 7^ is tbe charging time, T» is the diKharge time, T„ and Tt^ are tbe exter­
nal time constants during charging and discharging, respectively. Tbe switching 
time has to be much less than T/. The external time constant during discharge 
must be greater than discharge time, which is made equal to the fill lime. The 
internal time constant during charging must include tbe energy lost through the 
aperture, therefore it more practical to use the same aperture for both charging 
and discharging, as shown in Fig. 6. The hybrid and cavities can be replaced by 
TEci reaonast ring. 

REC is similar to CLIC a* illustrated in Fig. 7. Both use superconducting 
energy storage cavities. With REC, the klystrons and the energy storing cavities 
operate at the accelerator frequency. The agents of energy transfer are not tbe 
driving beam and the transfer cavities, but a Qt switch. The advantages are 
that the storage cavities do not require high gradient, and there are no wake 
field probJems. The disadvantages are that tbe REC does not lake advantage of 
the larger superconductivity improvement factor due lower frequency, and that it 
requires the development of high frequency, high power CW amplifiers and low 
loss, high power, Q, switches. 

A typical design example follows: To obtain a G - 75 MV/m gradient in a 
50 ns fill time section operating at 17 GHz, we need P, = 95 MW peak power. 
We can obtain 95 MW with i A = l MW CW klystron and an REC with a 
compression factor of 100. The REC parameters are: 

7* = Tf m 50 nJ, 7i = 4.95 j», T3 m 5 pj , / , = 200 kHz 

Q„ = 2 x 10 5, g r t = 2.73 x 10*. Q9 = 2 x 10 9 

P9 = MPt - 95 MW . 

11 



INPUT 
Ei 

O 
II 

RF ENERGY STORAGE PULSER (RASP) 

r 
Ei 
i 

©4 
9 

vPHASE 
SHIFT 
KETER 
tPSK) 

I < hF 

i 
i 
I 2 
i i 

E f OUTPUT • _ „ _ 
I a « 

12 

10 

0 * 
SWITCH 

x/4 

I 5 

A M P > - — £ | \ /Z 
2_i. - • • i 

Er" 

6 
CAVITY 

00 

ru/2' 

; ; . 

LOADS 

' ~10~ ' 

6 
CAVITY 

Oo 

MODULATOR 

I - * ' 
in &. L 2 x}_ j j _ | 

0 * 
SWITCH 

1^1 

E 
u=& 

* t 

Fij. ff. A£C system using 8-db hybrids. 

The above Qo can be achieved with niobium'tin superconducting cavities. The 

compression efficiency, which includes refrigerator power, is 82%. 

For a 4 : 1 compression ratio, we do not need Qt switching. We use PSK 
only and we have a CW SLED. The reason is that the rate of energy loss during 
discharge is four tiroes the rate of energy gain during charging. For compression 
ratios greater than four, the energy stored increases and the efficiency decreases. 
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Fig. 7. Comparim of REC and CUC SYSTEMS. 

We obtain reasonable compression effictendea lor compteaiion ratioa up to about 
10:1. An oscillogram of PSK only REC output, with a 7 :1 comprenion factor, 
it- ahown in Fig. 8. 

CONCLUSION 

It was ahown radio frequency pulse compression ia practical and efficient. It 
reduce x-ray radiation and can increase the reliability of high peak power 
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Fig. 8. Ocillognm of PSK only REC output waveform. 
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