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Abstract

The RF Energy Compressor, REC described here, transforms cw rf into periodic pulses using an energy storage

cavity, ESC, whose charging and discharging is controlled by 180 0 hi-phase modulation, PSK, and external Q

switching, f3s. Compression efficiency, Ce, of 100% can be approached at any compression factor Cf.

Introduction

There are many applications where we need a train

of rf pulses, each pulse containing a given energy over

a given time such as for charged particle accelerators,

for radar and for communication, Usually the energy is
built up during the time between pulses in a capacitor

which discharges into an rf tube that converts the dc
energy into rf. The REC performs a similar task,’ but

it stores rf instead of dc energy. Just like a capaci–
tor in a hard tube modulator, the ESC acts as a fly-

wheel. It takes energy in between pulses and delivers

it during the pulse. The control that tells the ESC
when to accept and when to deliver energy is a low
power 180° hi-phase modulator. The energy is delivered

at a rate determined by a switch that controls the
effective size of the cavity opening, i.e., its exter–

nal Q. We arrange the duration and rate of ESC charging

and discharging such that average energy level in the

cavity is such that during charging it accepts all the
generator energy available and during discharging,

delivers it, together with the generator energy availa–
ble during discharge, into a load.

2E!22ZY
The differential equation that governs the emitted

field amplitude of a tuned cavity with an incident
field Ei isl

Tc(dEe/dt) + Ee = aE
i

(1)

B=Qo/Qe, a=26/(1+6), Tco=Qo/nf, Tc=Tco/(1+(3)
where B is the coupling factor, the ratio of emitted to
dissipated power, a is the steady state emitted field,
Tc is the cavity time constant, Q. is the unloaded Q

factor, Tco is the unloaded cavity time constant. Its
solution during a time interval tn, during which Tc

and Ei are constant is

E
[

= Eenf + Eeni - Eenf
en t Fn (2)

where
E .

en

E=
enf

E .
eni

‘n =

the emitted field at the end of time
interval tn,

the steady state emitted field, the

emitted field that would have been

reached if tn were infinite = anEi,

the emitted field at the beginning
of interval tn.

the normalized duration of the nth
interval = tn/Tcn.

If we have a given Eia and Qea during interval ‘a’
and Eib and Qeb during the next interval ‘b! and this
interval pair repeats indefinitely, then the initial
and final emitted fields during the two intervals are:

(4)
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~zUsing Eeai = ~aEcai and Ecbi = B&Ecbi in Eqs. (3) and

(4) and noting that Ec ~oes not change during tra~sition
and hence Ecai = Ecbt/@~ and Ecbi = EcaQ = EeaE/6~
obtain

E = Eeaf +
eaQ [(l/k)EebL - Eeaf]L_Ta

E
[

= Eebf + kEeal - Eebf
eb L

j[Tb

k=where k = (f3b/F3a) (Qea/Qeb)%. Solving Eqs. (5)
(6) simultaneously and using T2 = Ta+Tb we obtain

Eeaf(l-;Ta)+(l/k)E ,-Ta(l_L-’b)
E

eb f

es!, =
1- .L-T2

Eebf(l-L-Tb)+kE A-’b(l-l-’a)
E

eaf
eb.i, =

1- L-Tz

Using Ecai = Eeai f~~ and Ecbi = Eebi/B~, we obta.

E = (l/k)Eebi; Eebi = kEea%; Ei = 1 during ‘aeai

-1 during b; hence, Eeaf = aa, Eebf = ‘ah. The :

, we

(5)

(6)

and

(7)

(8)

n

and

ield

traveling away from the cavity Er, is the superposition

of the field reflected from the cavity wave guide inter–
face, -Ei and Ee. Hence, Er = Ee–Ei and Era = Eea- 1,

and Erb = Eeb+l. Thus, by imposing the periodicity
condition, we have solved for all fields. Two periods
of Ec,

h
Ee, and Er are shown in Fi s. la, lb, and lC

respectively. An oscillogram of Er vs. time is shown
in Fig. 2.

Conversion Efficiency

Define the modulation period, t2 = ta+tb, the

compression factor, Cf = t2/tb, and the conversion effi-
ciency, which is the normalized pulse power, pp, divided

tb

by the period, C = l/t2
/

E~bdt . Since Erb = Eebf +

(Eebi - Eebf) tit’~cb we c~n obtain Ce as a function of

Ba, t2, Cf, k.

To gain insight and obtain an approximate solution
for Cf as a function of k at maximum efficiency, we will

consider the limiting case of Ta, Tb<< 1, Ba, ~b j> 1.

Then, Eeaf = aa = 2, Eebf =-ab= -2, l–~-T=’, !–T=l,

EeaL = 2(Ta- (l/k)Tb)/(Ta+Tb). Imposing the 2er0

reflection condition we set Ee ~= 1 and using Tca/Tcb =

Qea/Qeb = k2, and Cf = (ta+tb?/tb, we obtain

Cf+(l+k)2 ork= ~-1. In the limit Eea=l, Eeb=k,

2E~b= (l+k) . Thus E$b = Cf. Hence, in the limit of

~a,~b >> 1 and t2/Tco << 1, fOr any Cf frOm 1 tO m we
can choose the proper k and obtain 100% conversion

efficiency. It turns out that not only does the above
relationship between Cf and k yield Cf= 100% at ideal



conditions but also yields maximum efficiency when Cf
is considerably less than 100%.

The maximum efficiency for the nonideal case is

obtained as follows. For a given t2, Cf, Tco there is

a unique value of f3a that maximizes Ce. If ~a is too

large, then Tca is too small and a large fraction of the

charging energy is reflected; if it is too small then a

large fraction of the charging energy is dissipated in
the cavity and Ua is too small. Plots of Ce vs. f3a for

several VdUeS of T20 and for Cf= 10 are shown in Fig.

3. The curves are nearly independent of Cf. Figure 4
is a plot of C vs. T

conversion ef;cienc~” ‘ith ‘a ‘Ptimized ‘or ‘naximumAs Cf Increases above Its optl–
mum value, Pp increases but at a slower rate than Cf to
a limiting value of kaa+l. Thus, Ce decreases first
slowly and in the limit of large Cf, inversely as Cf.

The curves of Fig. 5 are plots Ce and Pp vs. Cf normal–
ized to Cf = (l+k)2=Cfo, for which Ce=l under ideal

conditions. The points shown were experimentally

obtained.

If, during tb, the incident field is turned off
instead of shifted 180° we have ~s only and Eebf=O

instead of -w,b. Then, the ideal gain is Cf- 1 which
can be approached if Cf = l+k2. The bottom two curves
of Fig. 5 are plots of Ce and Pp for 6S only. The
points shown were experimentally obtained.

Practical Considerations—

The period is given by:

t2
= ‘20TC0 = ~20Qo/rf = T20r/Rs~f

r is the cavity geometric factor which depends only on

cavity geometry and mode. Rs = 2.61x 10-4f~, f is the

%perating frequency in MHz. The surface resistance of

a niobium cavity operating at liquid helium temperature,

4.2°K, Rssc = Rs10-9f3/2.2 If we use a TEO1l cavity

for the ESC and we accept an efficiency of 86%, then

r = 780 and from Fig. 4, T20 = 90 x10-3. Thus, with a
copper ESC the maximum t2 is 0.56 us and with a super-

conducting ESC it is 3.7 ms. Using TE023 spherical

cavities, such as used by Ray Alvarez at Lawrence
Livermore Laboratories, r, and hence t2 is increased
by a factor of five.

The minimum pulse width, tb, which determines

the maximum Cf for a given period, is determined by

the speed of PSK and (3s switches. The maximum power

output depends on the power handling ability and the

maximum period on the minimum dissipation of the 6s.
Birx and Scalloping have reported a high intensity

electron beam switch which can function in an evacuated
x,-band superconducting waveguide.3 They obtained Qe

ratios of 4X 103 and Tca of 500 PS. Using an electron
beam is analogous to a hard tube modulator. However,

it can be much simpler because it does not require to
hold off the high power amplifier voltage, and to carry

the amplifier current.

The PSK switch does not limit output power because
the power amplifier is interposed between the PSK switch

and the ESC as shown in Fig. 6, so that the PSK switch

c,perates at low power. Thus, for Cf approximately four,

c,nly low power switches are required. If Cf=4 then

k= 1 and, therefore, for this special case we approach

100% compression efficiency without &switching, using
PSK only. At the Stanford Linear Accelerator Center

(SLAC) using single pulse PSK, and TE015 ESC we have
obtained output powers in excess of 125 MW. To illu–
~trate the versatility of the REC 1’11 list in the table

below the parameters of the present and several REC
modes of SLAC operation, if we keep the 114 kw AC power

f.nput but replace the 50% efficient 38.5 MW, pulsed

klystrons with 65% efficient 60 kW cw klystrons (assume
80% AC to DC efficiency) , and install REC with niobium

ESC at 4.2 K. The values are calculated as follows.
Tco = 75 ms, T20 = t2/Tco = 13. 3/PRF. Obtain Ce from

plot of Ce vs. T20, Fig. 4. Pp = 103 PcwCe/(PRF) (PW) ,
V=30(Pp/38.5)2. Pcw is the cw klystron power in kW,
PRF is the pulse repetition frequency in s ‘1, pw (Or tb)
is the pulse width in us, and V is the SLAC beam voltage.
The peak current lP, and average current Ia are limited
either by 10% loadlng, I = 2.86v, or by cw beam breakup,

I = .4V, or by 1.5 us pulse beam breakup, I = 70V/24,
dc is the duty cycle.

PRF

1/s

360
360
180

133

175
~04

103

Pw

2U;5
2.5

1

.9

2C:5

2.5
2.5

%
38.5

61
287

427

.06

.24

2.35
23

v
GeV

30
38
82

100
1.2

2.4

7.4
23

1P
ma

87
87

200
200

.400
7.0

21.6
67

Ia

ua
50
50
11

8

400
1120

345
107

dc
%

.06

.06
.005
.004
100

16
1.6
.16

With REC we can attain higher peak power, duty cycle,
and average current than without REC. REC can be in-
stalled were cw klystrons already exist, as in electron-
positron storage rings, and increase the beam energy as

the number of bunches in the ring decrease. It is
possible to have relatively closely spaced 2 or more

pulses, and consider tb as the sum of their widths, as
long as in a super period the energy into the cavity is

equal to the energy lost by it. It is also possible to
have different length consecutive periods as long as
for each period Cf = (l+k)2.

A means has to be provided to separate the reverse

and forward powers. The simplest way is to connect the

generator, cavity, and load, each to one of the arms of

a three–port circulator. A second method, which does
not have the power limitations of the circulator is to

connect the generator, two identical cavities and the
load to consecutive ports of a 3-dB hybrid as shown in
Fig. 6. A third method is to use a resonant ring.

Conclusion

It was shown that rf energy compression with a gain

of four at compression efficiencies nearly 100% and up

to a gain of eight with compression efficiencies above
60%, at power outputs in excess of 100 MW are possible,

using a low power microwave switch whose insertion loss
is of no consequence. At low power, high efficiencies
and high compression ratios can be attained if we limit
the period. To attain high compression factor at high
power levels depends on further development of a low
loss, fast turn–on turn–off high power microwave switch.
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Fig. 1. REC fields vs. time.

(a) Cavity field, Ec.

(b) Emitted field, Ee.
(c) Reverse field, Er.
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Fig. 2. Oscillogram of
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Fig. 6. RF energy compressor system.
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