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BINARY RF PULSE COMPRESSION EXPERIMENT AT SLAC*

T. 1. Lavine, G. Spalek, Z. D. Farkas, A. Menegat, R. H. Miller,

Aceeleraior Center,

Stanford Linear

Using rf pulse compression it will be passible to boost the 50-
to 100-MW output expected from high-power microwave tubes
operating in the 10- to 20-GHz frequency range, to the 300- to
L000- MW level required by the next generation of high-gradient
linaes for linear colliders. A high-power X-band three-stage bi-
nary rf pulse compressor has been implemented and upm ated at
the Stanford Linear Accelerator Center (SLAC). In each of three
s, the rf pulse-length is compressed by half, and
the peak power is approximately deubled. The experimental re-
suits presented here have been obtained at low-power (1-kW)
and bigh-power {15 MW) input levels in initial testing with a
TWT and a klystron. R pulses initially 770 nsec long have
been cormpressed to 60 nsec, Peak power gains of 1.8 per stage,
and 5.5 for three stages, have been measured. This corvesponds
to a peak power compression efficiency of about 90% per stage.
or about 70% for three stages, consistent with the individoal
component losses.
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The principle of operalior of a binary pulse compressor
(BIPC) is described in detail elsewhere! A schematic of a two-
stage BPC is shown in Figure 1. It works as [ollows: Two rf
inputs are [>}msf' coded into four time-bins with phases 0 or x|
denoted by “47 or -7, respectively. A 3-dB coupler or “hy-
brigd” H1 in B 1gun' I, combines the pulse trains to produce two
outputs, each at twice the peak power and lhialf the pulse-length,
proverly phase-caded for the next stage. The compressed pulses
are sequential, not coincident. They are made coincident at hy
brid H2 by delay DL In the second stage, H2 again doubles the
peak power and halves the pulselength. The two compressed
pulses again are made coincident by delay D2 (half as long as
D11 so they may be used 1o energize two accelerator sections
of a linac. A three-stage system requires another hybrid and
delav-line, and more complex phasc-coding.
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Figure 1. Pulse schemualic of a two-stage binary pulse compressor.
{Note that the pulses travel from right to left.)

Fxperiments with a low-power (non-vacuum) two-stage X-
band BPC at SLAC were reported one vear Etg(',l.l We recently
have implemented and operated at SLAC a high-power (high
vacuuwn) three-stage X-band BPC. First resnlts from the high-
power three-stage BPC experiment are reported here.

Iu reality, the BPC peak power gain per stage is less than two
hecause of losses in the delay-lines, the hybrids, and other com
ponents. For practical application to linac rf systems, the losses
must be sufficiently small to produce reasonable efficiencies.
Therefore, we have chosen to work with overmoded 2.81- inch-
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Therefore, we have chosen to work with overmoded 2.81-inch-
diameter circular waveguide (WC281) for the delayv-lines, and
standard rectangular X-band waveguide (WR90) for the non-
delayed connections.  QOur hybrids are designed to couple the
TEgy circular mode in 1.84-inch-diameter waveguide [W(184)
to the fundamental mode in WR0, Trombone bends of 180° are
necessary to place the start and end of each delay-line in close
physical proximity. All our delay-line bends are fabricated from
corregated 1.84-inch-diameter circular guide. Linear tapers arc
used for transitions between WC281 and WCI184, \\'fl use mode
transducers to convert from the fundamental (TE¢) mode in
rectangular guide 1o the circular TEgp mode in cire U]dl guide.

The insertion Josses of the individual compenents have heen
measured separately, except for the circular waveguide loss
which was caleulated. The hybrid losses differed depending on
whether power was combined into the circular or rectangular
output ports, and were not the same for all four hybrids, indi
cating that hetter design could reduce the The compo
nent losses are given in Table 1, and can be used to predict the
pawer loss distribution, and therefore the power gain expected,

ina BPC
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Cornponent Insertion Loss

WC2R1 (2.8 -inchediameter)  1.1dB/psec

WIS (L84 inch-diameter) 3.6dB/ psec
WRI0 (0.9 x 0.4-1nch?) dB/m
H1 circular output port 0.12d8

He ciecular ounput port 11dB

H3 circular output port 0.10di3

0.08dB
0.35d8

Ht circular output port
H1 rectangular output port

H2 rectangular output port 0.35dB
H3 rectangular output port 0.32dB
H4 rectangular output port 0.33dB
Mode transducer 0.07dB
Bend, phase-shifter, and tapers 0.1dB

0.01dB

0.2%

Linear taper {2.817-1.84" dia.)

Table 1

Inseriion losses of individual components. The circulor
All other losses are measured.

An electrical schematic of the three-stage high-power X-
band BPC is shown in Figure 2. Differences between the low
power and high-power experimental set-ups, are indicated in the
figure. The corresponding physical asseinbly is shown schemar-
ically in Figure 3. Since only a single X-band klystron cur-
rently is available at SLAC, we have configured the BPC phase
reversal keying and delay-line lengths for hm identically phase
modulated inputs, as discussed by Latham?® {The klystron has
two output ports, both phase-modulated identically.)

Variable phase-shifting in the delay-lines is necessary to
obtain proper relative phasing of the inputs to each hybrid,
This high-power phase-shifting is accomplished using motor-
controlled translation tables to move the delay-line trombone
bends in and out by up to 720° of rf phase in steps of 3°.
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Figure 2. Electrical schematics of the input circuits ‘aj and (b), the

binary pulse compressor (e and the cireuils for measuring rf power

(d) and {c). Symbols “H” indicate 3-dB couplers (hybrids ).
bols “D indicete defay-lines with phase-shifters. Symbols “C™ indi-
cate 35-d3 directional couplers. Synibols “M™ indicate rectangular-
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to-circular mode tranaducers.
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Figure 3. Physical layout of the BPC components. “WR07 is reei-
angular waveguide, “WC281" is 2.
guide.  Symbols “H" indicate 3-dB couplevs (hybrids) thet couple
WERY0 to WS Symbels “B7 indicate W18 bends with phasc-
shifters. Symbols “T" indicate lincar tapers from 1.8]-inch to 2.81-

inch-diameter. Symbols “M7 indicate reclangular-to-civeulor mode
transducers.

Fach of the two ontputs of Stage-3 rormally would he used
to power an accelerator section. However, the three-stage BPC
we have implemented has a fourth hybrid which permits the
two Stage-3 outpuls all be combined into a single output (by
adjusting the high-power phase-shifter in delav-line D4). While
some power is lost in the hybrid combiner 14, this ighest-power
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single output is expected to be useful {or rf-breakdown studies
of accelerator structures.

The three-stage BPC is brought into operation by phase
modulating the low-level input of in T-nsee time-bins, nsing the
phase-reversal keyer in Figure 2(a) and (). Then, stage by
stage, the high-power phase-shifiers in the delay-tnes (D1, .|
Dd) in Figure 2{c) are adjusted to obiain the relative phasing
of inputs to each hybrid (M1, ..., 111} appropriate for power
multiplication.

The compression process. stage-hy-stage, i1s documented by
the scope photos in Figure 4, taken with T-kW total imput fram a
TWT. The final compressed pulse length is 10 nsec shorter than
the 70 nsec expected. Presumably, this s because the input
waveguides differ in length by 10 nsec. so the phase-shift that
controls the pulse compression does not oceur at both inputs un-
il 10 nsec into each 70-nsec time-hin. The rise-time of the com
pressed pulses appears to be dominated by the rise-time of the
TWT, whiclh reverses phase more slowly than the nhase-reversal
kever. We are about to study carefully the phasereversal rise
thme of the klysiron,
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Pigure 4. Microwave pulscs mecasured with [-EW total input power,
The “digital” trace also visible on cach photo s the oulpul of a phase
detector (4 or - ).
The combiner outpud, i photos (e} and (f1. e the s of both Siwge 3

Pulse compression is evident in photos (a)-(d).

outpirls,

All rf power measurements were made at the 53-dB direc-
tional couplers (CI, ..., C7) in Figure 2(c), using tunnel diode
detectors and a fast oscilloscope. Measurements were correctod
by the precisely measured coupling ratio of each directional con
pler. Absolute power levels were determined from a calibration
of the detector performed using a long pulse and a power meter.
Power gains were determined by making relative power measure-
ments using a precision variable attennator to prodice the same
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Sta;,r( Power Gain {and Compression Efficiency)
ldeal Expected Measured
1 9 LT (88%) 175+ 0.10 (88 & 5%
2 9 1.81 (90%) 1.79 4+ 0.10 (90 & 5%)
3 9 1.85 (93%) 175+ 0.12 (88 £ 6%)
13 & 5.91 (T4%) 547 =027 ((Sill"u)
Combine to rect. 1 0.91 (()1(/) 0.90 + 0.04 (()0 4 4% }
Combine to circ. 1 0.94 (94%)  0.8T £0.03 (87 £ 3%)
| -Combine to rect, 8 B35 (67%) 492+ 0 36 (62 £ 4%)
L-Clombine to cire. 8RR (TOY%) 4764019 60+ 29

Talle 2. Power guins (and compression efficiencies). Measured
values are evcrages of three sels of measurements performed with -
EWOTWT input.

diode detector voltage at each directional coupler. Tor the rel-
alive low-power measurements, the BPC input (]\\ T output)
vas attenuated nsing the atienuator in Fig, 2(a).
For relative high-power {(klvstron) measurements, the direc tional
“reference” atlenua-

xshumv'

coupler ouptuts were atlenuated using the
Lor in Mg 2(e).

The peak power gain of the three-stage BI'C was determined
from relative power measnrements with kW total input from
the TWT, divided equally into the two BPC input ports as in
l’igmx- 2(a), (c). and (d). Power gain for stages 1-3 is de flnml
as the sum of both outputs divided by the sum of both inputs
(nlill for the combiner stage is de fued as the single (mnbln(wl
ontput divided by the sum of both inpus. T he combiner hybrid
H4 has two possible <>111|»ms cirelar and rectangular, each with
di"{s pent logses. as in Table 1. The gain of the combiner stage
always is less than one, since lht‘ combined pulse. while greater
than either of Ihn imcombined pulses, is smaller thm their sur
due to the los The measured stage-
given in Table 2. [h(‘ power compression efliciency, also included
in Table 2. s defined as the ratio of real pawer gain 1o “ideal”
power gain in the absence of losses.

by-slage power gains are

In short. Stages 103 eaeh mnltiply peak power by about
L, unmpmnlm;ﬁ Lo a power compression efficiency of about
The gain and efficiency of the first tlhiree stages.
taken her. are about 5.5 and about T0%., respectively. The
combiner outpus is about 1.8 times higher-power than either
of the Stage-3 outputs. The reflected power monitored at each
stage is less than 4% of the forward power.

0% fsta

The measured losses of individual components (Table 1)
have been used to predict the distributed losses in each stage
of the three-stage BPC, and to predict the power gain expected
o be measured at the 55-dB directional coupler following each
slage. The expected gains are shown in Table 2, and agree well
with the measured gains.

Ihe SLAC prototype N-hand klystron has two output ports.
Pulses of up to 10 MW per port have Leen produced at the
770 nsee pulse-length vequired by the threc-stage BPC. (Higher
power i3 expected from the next prototype klystron. ) The first
attempt al compressing relatively high-power klystron pulses
]muiuuri the photos shown in Figare 5. Compression is evi-
dent, but the experiment was wld;.und with problems. The out-
put t mede transducer and load had not yet been installed, so the
circular waveguide output was simply shorted, and no power
measurements were possible at coupler C7. The twe input lines
were pootly matched, causing frequency ¢ dependent It?lc(,hmm
and unequal power levels at the two BPC inputs. It was later
determined that the two vacuum windows in onc of the input
Wave gwclm had broken at some time during the in;ﬁh power ex-
periment. Under these civcumstances, the power gains observesd
did not meet expectations. Nevertheless, with 10-MW measured
at C1 and & MW measured at (2, a 37-MW outpul was ob
served at (6

at IRy v WY { 3(ha
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’Uz‘t rowave pulses measured in the initial high-power er-
periment (15-MW total input). Top preture:
n/u(.u‘l.zhd l\ly,sfmn oulpul, the lower trace is the
the compressed pulse cxpanded i time. The com-
(o) and (f), is the sum of both Stage 3 outpuls.

Figure 5.
the upper trace is the
compressed pulsc.
Lottorn picture:
biner oulpul,

Furiher ngh-power expers iments are commencing as of this
writing. Assuming the gains measured atl low-power (Table 17,
for 200MW of klystron power (10 MW per input) we expect
R5- MW compressed pulses at cach Stage-3 output, and 95-MW
compressed pulses after combining to a single outpul.

When two X-Band klysirons hecome available, the binary
pulse compressor will be ll(‘()llflt.ll[(ll to utilize both of these
high-power sources. If cach klystron produces W0-MW, we ex-
pect BA0-MW compressed pnlsvs at each Stage-3 output, and
050-MW compressed pulses after combining to a single output.
For 550 MW peak surface fields in the hybrid slots and in the
WIRAD guides are estimated Lo be only 80 MV/m. well below the
expected threshold for breakdown.
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