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Introduction

High-gradient accelerators for futuce ¢?¢ - linear colliders will require hun-
dreds of megawatis of RF peak power per meter of accelerating structure.” Plota
of peak and average power versus frequency™ are shown in Fig. 1 for a proposed
collider' with a gradient of 186 MV/m in cach accelerator section, which iu
1 rueter long and has 2 0.38 cm radius heam apertuce. The average power is the
product of the peak power, fill time and pulse repetition frequency. The fill time
is the minimum time required to build up the accelerating ficlds in a section.
Figure 1 shows that for this fixed beam aperture the average power decreases
and the peak power increases with frequency, suggesting an optimum in the 10
to 15 GHz range. For a frequency of 11.4 GHz {four times the present frequency
at SLAC) each section requires an input power of 533 MW peak. Then, as seen
in Fig. 2, the relative group velocity ia 0.03 and the fill time is 111 us, This
pulse width ia considerably narrower than the normal, minimum pulse width
of conventicnal modulators used with high peak power kiystrons. Moat current
high-power microwave amplifier developmental projects at SLAC and elsewhere
envision pulse lengihe of about 1 ps and fall short of 500 MW peak power as a
design goal by at least a factor of 2, with one notable exception which is discussed
in mmore detail in the conclusion of this paper. Thus, RF pulse compression is
a promising technique to enhance the unefulness of these amplifiers.

Presently SLAC uses a RF pulse compression system called SLED," which
effectively compresses in time a 3.5 ps long, 60 MW kiystron pulse into & 0.82 us
long, 160 MW pulse, to match the 0.82 us 61l timne of the present 2.856 GHz SLAC
accelerator sections. However, SLED has some shortcomings. lts maximum
efficiency of 81% can only be reached at a compyession ratio of about 3:1, and
ita efficiency drops off sharply as the compression ratio deviates from 3:1. Also,
the compressed pulse power varies with time, which reduces the efficiency when
it is used to fill an accelcrator section.

*Work supparted by the Department of Energy, contract PE AC03 76SF00515.
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A new eleetromagnetic energy compression system, the Hinary Encrgy Com-
pressor (BEC), w being developed at SLAC, © which does not have the same
loss mechanisms as SLED. It consists of an arbitrary number af stages. Fach
atage, a hybrid followed by & delay hine, doubles its peak RF input power and
halves ity input pulse length. Thus, the required RF amplificr peak ontput
power (Fr) to a BEC is lower than the section peak input power () by a
factor of 2%, and the regnired RF amplifier pulse is Jonger than the section fill
lime by a factur of 2%, where n is the number of BE( stages and the BEC
output pulse width {t,} v chowen to be the section fill time {t;) multiplied by
{1-35), a group velocity factor, The actual BEC power multiplication factor
{M) is slightly less than 2° and the compression factor (C;), which is approxi-
mately \he ratio of the BEC input pulse length 1o the compressed pulse leagth,
i slightly groater than 27

The BEC is eapecially anited 1o high lregquencics, at which the accelerator
section (ill time is shorter and at which the lengths of the delay lines are rea-
sonable. Also, ot high frequencies the nearily lossless TEm mode, in a velatively
small diameter, overmoded, circular waveguide, can be used foe the delay linea,
which are the energy starage elements of a BEC. With luw delay line attenuz:-
tion, M can approach 2%, and the cfficivney of compression (np:) will be limited
mainly by the pulse rise and fall tinws, The body of this paper 1) divcussen the
theory and some rules for designing o multistage BEC, inclnding its response
to nonstandard phaze coding, 2) describes some proofl-ol-principle experiments
with a couple of low power BECs, 3) presents the design parameters for snme
sample linear collider F systens that could pussibly use 3 BEC 1o advantage
and 4) eutlines in the ronelusion some planned R&D efforts. In Appendix [ some
BEC phive balancing v hniques are preseribed, in Appendix 11 a simple enor
and stability analysis ig presented and o Appendix 1L a tist of symbaols used
i this papee is given aleng with ther definttions.

BEC Theory of Operation

The theory of BEC operation perhaps ran best he undegutoend by looking
at a 2 stage and thee at a J-stage BEC, as shown schematically 1 Figs. 3 and
4, respeclively, The hgh power input and ontput signals at the vacious stages
of a BEC will be relerred to o termus of ther phases and power smplitodes,
rather than in ternis of their phases ang voltages The phase codes modulation
wavelorms are TTL soltagy signals and are referred to in terma of thewr voltages.
In arder for a BEC e produce a compressed pulse of width £., the two equal,
RY input sigrals to the first B il {43 mnst have the relatise phases of their
associated voltages shuftd back and i rth hetween gero and 1 radians by a phase
roder, acenrding 1o a very speaific pattorn during & time defined as the DEC
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period (tp). The number of stages in the BEC and the width of the desired
output pulses are related to #p by: tp, = 2"t,. Furthermore, the RF input power
to the phase coder can be pulse modulated so that it consists of a puls« of width
{12}, which mus\ be greater than t,. By design the detay time {t4n) of th- shortest
and last delay line of an n-stage BEC is equal to ¢,, which alternately is defined
as one time bin. Alsa, each delay line back toward the first is twice as long as
the previous one. The first delay line has a delay time (t4,) that is equal to t, /2.
Thus, not coincidentally, #p i5 the minimum input pulse width required for single
pulse BEC operation. Multiple pulse BEC operation, which consists of several,

compressed, output pulses for each RF input pulse, ean be of great interest and
will be discussed further below.

One practical method of generating the phase coding is to use a phase shift
keyer (PSK) driven by a TTL signal. The I'SK shifts its relative phase length
rapidly between 0 and =, as the TTL signal logic changes from 0 to 1. Two PSKs
are tequired for & phase coder. They may be arranged in seriea with one at the
input of the powe: divider and one at the output, as shown in Fig. 3a or with
both in parallel at the output of the power divider, as shown in Fig. 3b, With the
series arrangement, the TTL waveform applied to PSK B is the same regardless
of the number of BEC stages employed, including a onc stage BEC for which
PSK A is not required. The serfes format requires simpler coding, and thus was
used for the experiments discussed in this paper. The relationship hetween the
twocodesisA=A'and B=A'gB' =|A" - 8.

For pulsed BEC operation the phase coder is programmed so that each BEC
stage combines its two inputs at the o output during the sirst half of the pulse
and during the second half at the § output. The a output passes through a delay
line so that it then coincides in time with the & oulput, Thus, each stage halves
the pulse length and doubles the pulse power. By adding stages and changing
the modulation accordingly, this can be repeated with as many stages as desired,
subject to switching time and delay line Ioss }..nitations.

One method for determining the appropriate phase coding and relative power
amplitudes and for adjusting the phases and delay times between stages is a
deductive one that uses the following rules at each hybrid or stage, Since by
definition the amplitudes, phases and pulse widths are specified al the output,
the output is a reasonable place 1o start and work backwards from.'® The input
power amplitudes to the m*? hybrid of a n-stage BEC are denoted by Jam and
fym and the outpyut power amplitudes by Oy and (Qy,,, where m — 1,2,..n. A

minus sign represents a relative phase shift of = radians and no sign sepresents
a relative phase shift of zero.



Rules for BEC operation:

1. Both inputs to Hy, denoted by 7, and Iy are set equal to unity, but

in general can differ in phase by # from one time bin to another time
bin during a modulation period.

2. During the Iast time bin of the modulation period, both outputs from a
n-stage BEC are equalin phaseand Oy, = Oy, = M1,y = M1, Duting

the first (2" -1) time bins of the same modulatinn period, O,y and Oy,
are zero.

3. At any stage m, if both equal inputs Jo,m and Iy, have the sume sign

(zero relative phasc), all the power exits from output a; hence, Ogm =
2l4m - 2hym and Oy = 0,

4. At any stage s, if both equal inputs f4n and [y, have the opposite
sign (# relative phase}, all the power exits from output b; hence. O,
2 2lgm = 2lien and Og = 0.

5. If there is power at only one input to a hybrid, the power a! each
output is one half of that input power and has the same sign.

6. The sign of either output from a hybrid Hy, is the same as that of its
a input.

7. Ogy is delayed by 2% tiime bins by delay line 1)y, Oz is delayed by 202
time bins by delay line I); and so on until Dy delays Ogn by anly one
time b,

9. ff there is no phase coding of the input power, the iranr.nis-
sion characteristics of a n-stage BEC are as follows. The BEC
is transparent (no power multiplication) if the number of stages
is even. The BDEC is a combiner (e, a doubler at one out-
put} if the nutnber of stages is odd. ‘Fhat translates into O =
Owm = fay = Iy for n cven and Osn  + 2l -+ 20y and
Oy, -~ 0 for n odd.

The six possible input-nutput conditions or cases for BEC operation of a
hybrid are given in Tuble 1, which follows from the above rules. The use of these
rules, directly and;or by referring 10 Table 1, is jllustrated in Table 2, which
lists the PSK phase coding aud the phases and the relative power amplitudes
at each stage of a 2 stuge BEC. It can easily be shown that input power is
necessary only during time bins | through 4 for a 2 stage BEC for single pulse
operatinn. This type of table is also very helpful in undeestanding the operation
af a particular BEC when the input pulsing and, or phase rading is not standard
or is not optimum. Glitches in a pulse, unexpected shortening or lengthening



Table 1 -

The input and output phase and relative power
amplitude relationships for the ra** hybrid of a
n-stage BEC at reference planes adjusted for

BEC operation. The minus sign indicates a relative

phase shift of » radians due to PSK phase coding

of the input powers.

Cases 1 2 3 4 5 6
Tam 1 1 -1 -1 0 1
I 1 -1 1 1 t 0
Oum 2 0 0 -2 (/2 1/2
Otm 0 2 -2 0 1/2 1/2

Table2. PSK TTL coding with the resulting phases and power
amplitudes in a 2-stage BEC for CW inputs with single period
PSK phase-coding covering time bins 1 through 4. The minus
sign indicates a relative phase shift of » radians.
Time Bin 0 1 2 3 4 5 6 8
PSK A TTL code o 0 0o 0 1 O b 0
PSK B TTL code c o 0 1 1 0o 0 0
fa1 1 1 1 1 -3 1 1 1
In 1 1 1 1 1 | 1
Og4 2 2 2 0o o 2 2 2
Opt. fe 6 0 o 2 -2 0 O 0
la3 2 2 2 2 2 g 0 2
Qa1 1 1 1 4 g a4 ¢ L
Coz1 o3 1 1 0 4 0 0 1
laa 1 1 1 1 4 0 1

o




of a pulse or unwanted power in suine time bans possibly could be traced by
constructing such a table with variens inputs. The phase coding and relative
power amplitudes for a 3 stage BL.C 1y »,) are shown in Fig. 4 for pulsed
inputs with single-period phase-coding [t 1,).

Mnltiple pulse BEC operation can he achieved with the use of an appropriate
phase coder word or moduwtion perind (t,) equal to an integral nwmber (i) of
BEC poriods; 1e., 1,0ty Then, i 1, ., { will be completely compressed
into 1 outpnt pnlses of ¢, duration with ecach pulse spaced apart in time by
(2* - 1)t,. For the limit of a CW RF iaput, an infinite train of periodic output
pulses vach of 1, duration is obained. The phaie coder repetition frequency
(fc) is then equal to 1:4,, &, ty and ¢, und f, loxe their meaniag. i there is
RF input poewer to the {IEC hwfare and alter a phase coder modulation peciod,
oulputs of various amplivudes oveur in time bing other than the lasi time bin
of a BEC period {see mile 2 above). Table 2 shows Wiy as a result of input
power during time bins O through & with bins 1 through 4 coded for 2-stage,
single-period, BEC palse compression. Figure § shows the re "ationships between
the pulse periods and the repetition raws for single-period and 2 perind phase
coding. The next section of this paper shows in some figures and oscillograms
very clear examples of this transparent-comnbiner transmission offect of a BEC
on uncoded inpuls, as govern by rade B above. Also, in Appendix 1 1t is shown
how the relative phase shifts between stuges can be adjisted for BEC operation
Ly using CW REF signals al the input of the phae coder.

Experiments

Two, Jow-power BECs were constructed and tested at 11,1 GHz. One used
100 ft and 50 ft WRA0 rectangular wavepuide delay lines, with 122 andd 62 ns
Litie delay s, respertively  Becguse of Ve high (8 JB 100 1) attenuation of these
defay lines, the ficst BRC, which was bl wath thern, bad a M elose to ) and as
surh has little wsefulness, However, it provided an jnitial demonstration of the
viability of 1 .2 and 3 stage BET cperaton Ao, since the properties of a de-
lay line added to the outpus of u stage are weli anderstood, the third delay line of
Fig. 4 was nol pecessary to slustrale the theory of operation of a 3 stage BEC.
The second experunemal BEC used 60 %t long and 30 fi fong shorued WO2R)
circular waveguide delay lines operating in the TEq muode. Speciad transitions
from WO2R1 to WRYO were cinploy ed to conaect the delay lines ta WRG 3 port
circulators, as shown m the circnt of By 6 The theoretical attenuations of the
146 ns and 68 ns delay lines are approximately 0,15 and 0,075 <1, respectively.
‘The measured total attennation of the two delay Jines including transitions and
cireulators was about 1 5 ), which begins to he interestiog since that translates
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yite a M of 2.8 for a 2-stage BEC. The circulators of Fig. 6 would not be part

of 2 high-power BEC, but they allowed for a more compact conliguration for the
initial low.power tests.

Ideal PSK modulation waveforms are shown in ¥ig. 7 for a 2-stage BEC
for the two configurations of Fig. 3. The resulting input power and compressed
output power pulses are shown in theoretical form in Fig. 8. Figure 9 is an os-
¢illogram of the outputs of a 2 stage BEC. It shews that a 240 as portion of the
CW input has been compressed into a 60 ns pulse with an amplitude four times
greater than the CW amplitude {the vertical seale is not linear), thus confirming
the theoretically predicted behavior. Figure 10 is an oscillogram of the PSK mod-
vlation wavelorms (TTL voltages) for a 2-stage BEC, expanded to show their rise
and fall times. The output power pulses for Fig. 9 are shown in Fig, 11, expanded
to show their rise and fall times, too, Figure 12 shows 2-stage outputs, suger-
imposed on the same oscillogram, for inputs with and without PSK modulation.
With modulation two, compressed, 70 ns lousg, coincident, output pulses result
during the fourth time bin of the four time-hin-long (280 ns) input pulses, which
started slightly to the left of the left edge of the oscillogram. Without modula-
tion two, uncompressed, four time-bin-long, output pulses emerge unmultiplied
as per rule eight of the previans section. Qutput a (upper set of traces) is delayed
three time bins and output ¥ {tower set of traces) is delayed two time hins, due
to the expected routing through the BEC network., Figure 13 shows the PSK
modulation waveforms for 2- period phase-coding of a 2-stage BEC and Fig. 14
shows the resulting output pulses with CW inputs. Figure 15 shows the PSK
modulation waveforms for repetitive-period phase-coding of a 2-stage BEC and
¥ig. 16 shows the resulting output pulses with CW inputs. Thus, CW inputs can
be transforrned inte repetitive autput pulses. The horizontal traces supetimposed
over the pulses of Fig. 16 result from removal of the PSK modulation,

By adding a hy u:id to the 2-stage BEC of Fig. 3a and appiying 3-stage mod-
ulation, a 3-stage-like ourput resuits. However, for complete 3-stage operation,
output 4 has to be delayed by its pulse length in order to coincide with output
b, which is what an added Dj delay line would do. Phase coding for a 3 -stlage
BEC is shown in Fig. 17. The theoretical 3 stage BEC input and output power
pulses are shown in Fig. 18. Figure 19 is an oscillogram of the same 3 stage
BEC output power pulses with single-period phase-coding of a CW input. 1t
shows that a 280 ns portion (a single modulation period) of the CW inpat has
been compressed into a 35 ns pulse with an amplitude 8 times greater than ei-
ther CW input, again confirming the theoretically predicted behavior. 11 is also
interesting to not~ that the portion of the inguts outside the modulation pe-
r.ad appear at output a with double the amplitude of one ingut, and there is
no output power at output & This is explained by rule 8, which states that a



d-stage BEC is a combiner at the « output for the uncoded portion of the inputs.
When the pulse coder pulse repetition rate {f,) is increased sufficiently, the CW
inputs are transforimed into repetitive pulses at the outputs, This occurs when
fe = 1/t or fo = L8, for a 3-stage BEC. The repetitive-period PSK mod-
ulation wavelorms for a 3-stage BEC are shown in Fig. 20, and the repetitive
pulses at the outputs are shown in Fig. 21. Figure 22 shows the outputs when
the input is pulsed, but no phase coding is applied.

The PSK modulation wavelormns are digital words, which can be generated
by using parailel-to-serial shift registers. Iowever, for up ta u 3 stage BEC,
the waveforms can be gencrated easily by using a number of laboratory pulse
generators. I[n these experiments the TTL wavelorms used to drive the PSKs
were generated by three Berkeley Nuclear Corporation 8010 pulse gencrators.

Some other manifestations of rule 8 and the combiner/transparent nature
of uncoded BECs are illustrated by a 3-stage BEC, with 2-stage inodulation,
which is a quadrupler followed by a combiner. Figure 15 shows repetitive-period,
2-stage phase coding and Fig. 23 shows the resulting output from Ha, which
consists of 8 times one input at output a and zero output at autput b, Figure 24
shows what happens if the phase coder repetition rate is decreased so that 1/ f.
is greater than t,, the BFC period.

Linear Collider RF Systems Incorporating A BEC

Accelerator section parsimeters for several possible linear collider designs are
given in Table 3, slong with a listing of the RF peak power needed to produce
a given gradient. " Table 4 lists the parameters for the BEC’s that could be
incorporated into the above collider designs in order Lo decrease the required
amplifier peak output power, The BEC parameters are related 10 the <ection
parameters as folluws:
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Table 3 -

linear collider designs with f, ~120 pps.

Accelerator section RF parameters for five sample

Casa | fo | By | a b | & | ¢ E, Poa/ls | Las/la | Ppa | Pus
No. |GHz | - |em | em | m | ns | MV/m | MW/m | kW/m | MW | kW
1 114 4 | 116|154 ) 15 | 125 21 315 0.28 | 472 | 4.25
2 114{.03) 38 (107 1 111 186 R33 6.9 533 | 6.01
3 18 1 38 [ 076 (18| 60 186 700 4.7 1260 | B.16
4 30 1 21 {042 ] 1 30 186 430 1.56 4320 | 1.39
] 12 2] .18 ] 03 1 | 166 186 565 S0 565 | 90
Table 4 - BEC parameters for the collider desigus of Table 3,
For these examples, it was assumed that 5y, = 7/8
and Cy =, ft, = t,/t, = 2",
Case |n | M t, tp Py Py |ty Bod [a d Ay
No. | - - ns ns | MW | kW | s - m in dB
1 3 =7 75 600 67 482 | 300 | .893 80 2.81 { 0.33
2 3 =T 108 | /64 76 7.88 | 432 | 893 | 116 | 2.81 | 0.48
3 4 | =~=14 54 864 20 9.33 | 432 959 124 2.81 { 0.24
4 4 =14 27 432 31 1.61 216 947 62 1.5 0.36
3 4] =14 | 133 | 213 40 102 | 106 | 973 n 1.5 0.11

The syinbols are defined in Appendix Ill. In the first case the present SLC
1.16 cm radius beam aperture and the 21 MV/m gradient are maintained, but the
frequency is increased to 11.4 GH2. This quadrupling of the {requency reduces
the average power required by a factor of four and roduces the accelerator sec-
tion cavity radius from 4.13 cm to 1.54 cm. However, for a linear collider design
gradient of 186 MV /m, this long section would have an extremely high peak power
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requirement and thus be {mpeactical. In the second case, which was proposed
by P.I. Wilson,"! the beam aperture is reduced to 0.38 om in radiug and the
section lemgth is shortened. ‘This then resolis in a 186 MV /m gradicent for the
about the same peak power as required for the 21 MV/m gradient of case 1.
In the third and fourth cases the frequency is increased and conseqnenly the av-
erage power required per meter is further reduced, In the last ease the frequency
is increased and the aperture is decreased even further, which results in an wven
further reduction in the average power per meter requirement. Also, the higher
the aperating frequency of the BEC the shorter the delay lincs become, making
the REC mechanical configuration simpler, In all the above designs, 2 BEC smage
can be eliminated by doubling the amplifier peak output power,

Presently, it is not clear which of several high-power X band amplifiers, that
are being developed, might best be used with a BEC enhanced RF system. Cur-
rently a S-cavity, 8.6 Gliz, conveational-klysteon amplifier, designed to put out
30 MW peak, iz undergoing tests at SLAC., A 11.43 GHz version may be in
the affering soon afterwards. Also, the University of Maryland is developing a
high-power gyroklystron in this froquency range.™

The gyroklystrons have TEy; circular guide outputs and therclore conld feed a
T'Egy circular waveguide BEC dircetly. With or without pulse compression, there
is no point in adapting froin a TFa) circular to a TE,q rectangular wavegnide
and then to a T™Mp; accelerator waveguide. A theoretical design for a transition
from a TEqg circular waveguide 1o the TMy, circular accelerating guide has been
developed.™ 1f the distance hrtween an amplifier and an arcelerator section is
more Uhan a few meters, then a Ty cirrular waveguide RF distribution system is
recotnmended, because there is a significant atlenuation in rectangular waveguide
at high frequencies, For instance, at 18 GHz the attenuation in WRG2 rectan.
gulnr waveguide is 0,15 41V in ay compared to 0.002 AB/m in WC2B1 circular
waveguide.

Another featurc of a HEC cuhanced RF system, as touched upon varlier in
this paper, is its ability 1o compress a long pulse into a number of sherter pulses,
as shown in Figs. 5 and 25, This feature ran be used advantageon ly because
in general the klystron pulse rise titme is greater Lhan the compressed pulse rise
titne, For the SLAC 5045 klystron the REF pulse rise time is 1 us and the 0 to
RF phase transition takes less than 0.1 ps. Thas, it is more efficient to iucrease
the pulse repetition rate by using an amplifier output pulse that is several times
longer than €y, tather than by increasing (he wuthber af amplifier pulses, The
effective repetition rate (fr) is then increased by a factor of 1 or fie — tfr.

1
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Of course, it is possible to try to develop an amplifier whose peak output
power Is equal to the peak power required by an accelerator section. Currently,
a SLAC-LLL collaboratian is experimenting with a relativistic klystron, which
has of a conventional, 5—cavity, X-band klystton body and a gun cansisting of
a megawatt induction linac injector. The gun accelerating voltage is produced
by a series of inductlion modules that are driven by saturable reactor circuits.
The resulting uitrashort(approximately 50 ns long), pulsed, multikiloampere
bear 8 passed through focussing coils and on into the klystron body. In general,
higher voltages, such as expected for a relativistic klystron, should not necessarily
result in abrupt breakdown; hawever, the fault rate may be greater. Experience
will tell at what leve] fields can exist in the outpul cavities of a heavily beam-
loaded relativistic klystron. If lower than the desired limitations exist on the peak
output power of a kiystron or other type of microwave ~mplifier, then perhaps
a BEC could step in and boost the level of a longer, lower }.eak-power pulse as
needed. Also, it will be interesting to see what sort of phase and amplitude sta-
bility limitations exist with a relativistic klysiron with such a short pulse, which
is comparable to the klystran cavity filling times. In the end the choice between
amplification followed by RF pulse compression and direct amplification should

depend on the overall efficiency, the stability, the reliability and the cost of the
competing RF systems.

Conclusions and Future Plans

The two low-powes tests described above confirmed the basic BEC theory
and demonstrated ils feasibility with available hardware. The reaults of an sim-
ple anaiysis of the amplitude and phase sensitivities for a HEC are given in Ap-
pendix 11, and the lab experiments bore out What the calculations in Appendix
I1 indicate; i.e., that = 107 phase and = 0.2 4D} power imbalances make only
sinall differences '+ the X of a BEC, Tlere was no noticeable difference in the
outputs after severai days of unattended BEC operation. Concerns about mode
conversion losses and resonances in the delay lines due to transition mismatches
were not born out in the circular waveguide tests. Circulalors were used with the
delay lines, because the T Eg; hybrids which were suitable for high power were
still on order. The next step is to build and test a BEC that can operate at high
power. A design, which incorporates two WC281 U-bends, straight lengths of
WC281 wavegnide as delay lines, two WRI0 to WC281 transitions, some WRQ0
elbows and two high-power 3dB hybrids with the @ ports in WC281 and the b
ports in WR90, is shown in Fig. 26. & definitive test of a high-power BEC must

incorporate 1two high-power microwave zinplifiers K, and K;, as shown in the
same figure.
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To simplify the construetion of a high-power BEC, the following topics merit
investigation in a program of continued BEC development:

i. Loaded TEy; delay lines.
2. Two-mode transmission delay lines.
3. Riblet type TEy; hybrids for delay lines,
4, Bending of delay lines with tightly coupled cavities.
5. A digital word generator with parallel to seria} shift registers to drive the
PSKa.
APPENDIX 1
Phase Balancing a 2-stage and a 3-stage BEC

For an actual BEC circuit, the phases of the connecting lines between stages
must be adjusted prapetly. For this purpose the fiducial phase shifters, ¢g and
¢t in Fig. 3a, of a 2-stage BEC ¢an be set using the following procedure with a
C\WV RF eignal applied to the input of the phase coder:

1. Disconnect input Iy, apply a TTL zero to PSK A and adjust ¢ for zero
outpul at Op.

2. Reconnect I; and apply a TTL zero 1o PSK A and a TTL one to PSK B.
Adjust g¢q {r: zoro output at Oy,

The fiducial phase shifters, ¢9, ¢1 and ¢; in Fig. 4, of a 3-stage BEC can be
set using the lollowing procedure with a CW RF signal applied to the input of
the phase coder:

1. Apply a TTL zeto to bath PSK A and PSK B and adjust én (o is inside
the phase coder of t'ig. 4) for zero output at Oy.

2. Continue with a TTL zero on both PSKs A and B. The setting of ¢, is now
of no consequence, since after the above adjustment there is zero input at
Bz, Adjust ¢z for zero vutput at Op;.

3. It remains to set ¢, Whih con be done either by disconnecting one of
the inputs to I, or by app, . 2 stage modulation, as shown in Fig. 7.
In either case adjust &; for zero output at Oys.

APPENDIX 11
Phase and Amplitude Sensitivities within a BEC

It can be shown thal, if the relative phase of the unity amplitude inputs
I, and 7, differ from the properly adjusted BEC phase by A8 radians then the
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output powers are not 2 and zero, but
o= 2~(A8)/2 and O, = (A8)*/2. (1)

It can also be shown that, if the relative amplitudes of the inputs to a hybrid
differ by 82, where § =1 — \/T,/ 1., then

Os=2~8%/4 and 0O, =6%/4. (2)

The change in phase length in degrees of phase (°¢) of tielay line D, as a function

of a change in the operating frequency (AJf) and a change in the temperature of
the line (AT), is given by:

ABn(°6) = 3604m(ns) A f(GHz) + 360a(°F~") [(GHz)tsm(ns) AT(F),  (3)

where {4, is the delay time of delay line D, If f = 11.4 GHa, {5 = 140 n& (the
Jongest delay line used in the above tests) and a for copper = 9.4%1078/°F),
Eq. {(3) becomes:

A8;(°$) = SOAf{MNHz) + 54AT{°F). {9)

Referring back to Eq. (1), a Af in D; of + 5.7°¢ causes O, to drop by 1/2%.
‘This implies the following nonstringent conditions: Af/f < 108 or AT < 1.1°F.
However, the requirements on the pulse-to-pulse phase and amplitude stability
of the RF into each accelerator section and thus relative to the heam is more
stringent. Phase and amplitude detectors at each of the two outputs of each
BEC could stabilize those phases and amplitudes via low power atfenuators and
phase shifters at the amplifier inputs during the appropiate time bhins. Thus,
some combination of feedback circuits (similar to those required without a BEC)
and moderately well-stablized circuit components should easily provide adequate

control over the phase and smplitude of the outputs of a BEC supplemented RF
system,

APPENDIX IIT

A List of Symbols and thelr Definitions
a the radius of the accelerator section beam aperature (cm)
'y one of the inputs or outputs of the m!* BEC hybrid
Agm the attenuation of the mt® delay line of a n-stage BEC,
assuming circular waveguide operating in the 7'Ey mode (B}
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thermal expansion cocfficient (cm-cm™! .° F-3)

the inside radius of the accelerator section cavities (cm)
the other input or output of the m!* BEC hybrid
accelerator section relative group velocity

delay line relative group velocity

pulse width compression factor

delay line diameter (in)

the m® RF energy storage delay line

compression cfliciency

accelerator section accelerating gradient (MV/m)
phase coder repetition frequency (Hz, pps)

operating frequency (MHz, GHz)

RF pulse repetition frequency (Hz, pps)

effective RF pulse repetition frequency for multiple period phase coding (Hz, pps)
mth BEC hybrid

compression efficiency

number of compressed pulses or BEC perlods during a RF pulse
BEC hybrid input power amplitude

length of the m** energy storage delay line (m)
accelerator section length (m)

free space wavelength (cm)

guide wavelength of a delay line {cm)

m** BEC stage

power amplitude multiplication factor

number of BEC stages

BEC hybrid output power amplitude

average power into an accelerator section (kW)
amplifier average power oulput (kW)

amplifier peak power output (MW)

peak power into an accelerator section (MW)
temperature (°F)

time delay of the mt® energy storage delay line (ne}
section fill time (ns)

klystron pulse width (ns)

BEC period (ns)

compressed pulse width (ns)

phase cader word duration or medulation period (ns)
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Linear accelerator section average power (F;) and peak power (Fp) require-
ments versus design frequency (f,). This plot is for a 1 meter long, 25/2
mode, constant-impedance, disk-loaded structure with a gradient of 186
MV/m, a fixed 0.38 cm radius beam sperture and a cavity radius scaled
as a function of frequency. The average power is calenlated for a RF pulse
repetition rate (/) of 120 pps.
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Accelerator section relative group velocity (8,) and fili time (ts) versus
design frequency (f.) for the same design parameter constraints as in Fig. 1.
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A 2-stage BEC with serfes and parallel connected PSKs.
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I IYT Y]

A 3-st-7e BEC with its input and output relative phases and power amph-
tudes, The 4 and — signs above the amplitudes indicate U and 7 relative
RF phase shifts, respectively, due to the phase coder and the circuit paths

taken.
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‘The pulsed R ¥ input power amplitude to input ¢ of Hy of 2 2-stage BEC,
with the phase coding shown for: a) single-period operation and b) 2-period
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Schematic of a 2-stage BEC laboratory demonstration set-up using circu-
lators (C) and shorted lengths of WC281 circular waveguide for the two
delay lines (D, and D3). An adapter (A) from WR90 to W{2B1 waveguide
was used in order to take advantage of the low loas TEp, mode for the long
delay lines, while the rest of the components of the stages were in the more
common WR90 wavegnide,
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Fhaze coding for u 2-atage BEC. PSK A and PSK A & B phase modulate
the inputs Iy, and [}, respectively, and arc epplicable for the configuration
of Fig. 3a. PSK A’ and PSK B' are applicable for Fig, 3b.
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Fig. 8

Theoretical 2-stage BEC input and output powers. The solid lines indicate
CW input power and the dashd lines indicate one modulation period for

2-stage BEC operation. The dashed lines follow the solid where only one
is shown.




Fig. ¢

Qscillogram of the outputs of a 2-atage BEC for CW inputs with single-
period phase-coding. Horizontal scale; 100 ns/div.

1t-av7 §793AT4
rig. 10

Oscillogram of the T'CL, phase-¢coding, valitage wavelforms to the PSKs of a
2-stage BEC, expanded to show their rise and fall times. Horizontal scale:
20 ns/div.,




Fig. 1

Oscillogram of the output power pulses of a 2-stage BEC for pulsed inputs
with single-period phase-coding, expanded to show the rise and fall times,
Horizontal scale: 20 ns/div.

Fig. 12
Dascillogram of superimposed outputs of a 2-stage BEC for pulsed inputs
with single-period phase-coding (higher, narrower pulses) and for pulsed

inputs without PSK madulation (lower, wider pulses). Horizontal scale: 50
ns/div,
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Fig. 13

Oscillogram of the PSK modulation wavefornis for a 2-stage BEC for
2-period phase-coding. Horizontal scale; 100 ns/div.

11-87 S793A0S

Fig. 14

Oscillogram of the outpuis of a 2-stage BFC for € W inputs with 2 -period
phase-coding. Horizantal scale: 100 ns/div.
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Fig. 15
Oscillogram of the PSK modulation waveforms for a 2-stage BEC for
repetitive-period phase-coding, Horizontal scale: 100 ps/div.,

11-87 S793A27

Fig. 16
Oscillogram of the outputs of a 2-stage BEC for CW inputs with repetitive-
petiod phase-coding or no ceding (straight horizontal traces). Repetitive-
period phase-coding results in the maximum possible repetition rate, which

for a 2-stage BEC corresponds to a 25% duty cycle at the output, Hori-
zontal scale: 100 ns/div.
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Fig. 17
Phase coding for a 3-stage BEC. PSK A and PSK A & B phase modulate

the inputs I;; and I}, respectively, and are applicable for the configuration
of Fig. 3a with the addition of a H3 and & Dj.
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Fig. 18

Theoretical 3-stage BEC (minus a D3) input and output powers. The solid
lines indicate CW input power and the dashed Enes indicate one modulation
period for 3-stage BEC operation. The dashed Jines follow the solid where
only one is shown, If a Dy is added, Q.4 shifts to the right one time bin,
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Fig. 19

Oscillogram of the oulputs of a 3 stuge BEC (minus a D3) for CW inpnts
with single-period phase-coding. Horizontal scale: 50 ns/div.
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Fig. 20
Oscillogram of the PSK modulation waveforins for a 3-stage BEC for
repetitive-period phase-coding. Horizontal seale: 50 ns/ div.
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Fig. 21

Oscillogram of the outputs of a 3-stage BEC for CW inputs with repetitive-
period phase-coding. Horizontal scale: 50 ns/div,
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Fig. 22

Oscillogram of the ouiputs of a 3- stage BEC for pulsed inputs without PSK
modulation. Horizonta) scale; 50 ns/div.
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Fig. 23
Oscillogram of the outputs of a 3-stage BEC for CW inputs with
2-stage BEC repetitive-period phase-coding. Horizonta)l scale:

100 ns/div.
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F3. 24

Oscillogram of the outpuls of a 3-stage BEC - CW inputs with
2-stage BEC increased-repetitive-period phase-coding. Horizontal scale:
100 ns/div.
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Fig. 25

A klystron output pulse and a 3-period, compressed, pulse train out of a
BEC fed by the same klystron output pulse.
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A high-power, 2-stage BEC.



