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Introduction

This note will show how to increase the SLED [1] gradient by varying Q.,
the external () of the SLED cavity, by increasing its )y and by increasing
the compression ratio. If varying the external Q is to be effective, then the
copper losses should be small so that Qg >> .. Methods of varying Q.
will be indicated but no experimental data will be presented. If we increase
the klystron pulse width from 3.5 to 5 ©S and increase g from the present
100000 to 300000, then the gradient increases by 19% and the beam energy
increases from 50 to 60 GeV. This note will also discuss SLED operation
at 11424 MHz, the NLC frequency. Without (). switching, using SLED at
11424 MHz increases the SLAC gradient from 21 MV /m to 34 MV /m, and
at the same repetition rate, uses about 1/5 of rf average power. If we also
double the compression ratio, we reach 47 MV/m and over 100 GeV beam
energy.

Detfinitions

The compression ratio is the duration of the input pulse T}, divided by
the duration of the compressed SLED pulse, T5,. The pulse compression
efficiency, 7, is the energy of the compressed pulse Uy, divided by the energy
of the input pulse Ug. They are, respectively
Ty U,
Cr = 7 c — —L 1

sp

Define the gradient, E, = 1/L; [, E(z,t)dz. The steady state gradient [2]:

E, = \/nSSTfPS/LS = \/T]SSPS/Uga : (2)
*Work supported by the Department of Energy, contract DE-AC03-76SF00515.
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Here, Ty is the fill time, s is the elastance/m, 7, is the section efficiency,
Py is the power into the section and L, is the section length. Substitut-
ing the SLAC section parameters: 7y = 0.608, s = 73.4MQ/uS/m, Ty =
0.82 uS, Py =13.8 MW, L, = 3.01 m, we have E,; = 12.9 MV /m.

The SLED gain S, is the ratio of the maximum noload gradient with
pulse compression Fg, to that without pulse compression E,;. The SLED
gain efficiency is the ratio of the square of the maximum noload gradient
with pulse compression to that without pulse compression, divided by the
compression ratio. The SLED power gain is the peak power required without
SLED divided by the peak power required with SLED. They are respectively,

E S?
S, = gm, Nsg = 2 S, = S2 (3)
g Egs g C. Pg g

Pulse compression reduces the required peak power by a factor of 1/5,, =
1 If the compressed pulse is flat then 7,. = 1, = 7, the same as the

sgCr *
gf?iciency defined in Ref. [3] . But with SLED, maximizing 7,. will not
maximize the noload gradient, and hence the SLED gain efficiency, n,,. Nor
will it maximize the peak compressed power.

Define E,; as the gradient at beam injection time, [, as the beam current,
7, as the beam induced gradient efficiency [4], L, the length with RF, and Ly
the length with beam. The lengths are not necessarily equal because some
klystrons can be turned off. The rf to beam energy conversion efficiency [4]

Beam pulse energy Uy, [y Egnvin Li Ty

oy = = = 4

b Input pulse energy Uy P11 (4)

I — l?gm(1 - Uin>Lg o 4Eg2m(1 - Uin)LgUinLka . 4Spg775(1 - Uin)vinTbLg
’ nsTyLy/4 e nysT'y Ly Py, T}, ey Ly '

(5)
Vin = Egz‘/Egma Egm = SgEgs; Spg = nsgorv Tb/Tk = (Tb/Tsp)/CT

Without SLED S, = S, = 1. At steady state: T, = T}, = oo and

4775g775(1 - Uin)”inLgTb 4775(1 - Uin)”inLg
rb — y o Mrbs =
! nbLstp nbLb

If Tb = Tk — 2Tf then MNrbe = nrbs(Tk — 2Tf)/Tk
The charge per pulse, ¢, = I)T, = Egp(1 — vip) LTy / (msTy Ly /4).

(6)



The decrease in efficiencies are due to the following:

1. RF energy dissipation.

2. Reflection during charging of the energy storage cavities.
3. Leftover rf energy in the cavities.

4. Shape of the compressed pulse.

The reflected and dissipated energies during each region of duration T,
are respectively:

T T
Ur:/ E.dt, U:/Edt, Ey= E./\JQ, . 7
; a= | ba d /y/ Qo (7)
Performing the integration we have, U, 4, during each time interval T
AE =FE, ,0)—E;, 7=T/T,

Upa=TE; + 2T, E;AE(1 —e™7) + 0.5T,(AE)*(1 —e™*7) . (8)

Here, the final field at infinity F; stands for either Ey, or Eyq.

The energy in the cavities at the end of charging divided by input pulse
energy during charging is the filling efficiency ny = Us./Use .

Fig. 1 plots the emitted and reflected fields, E., E, and the stored en-
ergy, Us, for the SLAC SLED system, where the number of times we switch
Qe;, nge = 0. At this klystron pulse width and compression ratio, the Q.
during charging that maximizes 7; is nearly the same as the (). during the
SLED pulse that maximizes n,,. Fig. 1 lists the fraction of the reflected
and dissipated energies during charging Uyc,,, Ugen, 0y, the fraction of total
dissipated energy Ugty, 1pe, Sg, the SLED gain divided by the present SLED
gain Sy, = 5,/1.618, 5,4, and 715, . It also lists the power into the section,
Py, section length, L, power/meter, P,, fill time, T}, steady state gradient
E,s and maximum SLEDed gradient, E,,,. With P, = 55 MW P, = 4.57
MW/m, E,s = 12.9 MV /m and E,,, = 21 MV/m . The noload gradient, £y,
the shifted beam induced gradient, Ej, the loaded gradient as a function
of time, FEj;, the median loaded gradient, E,;, and the current amplitude,
I, are plotted in Fig. 2 for constant current and in Fig. 3 for the variable
current that reduces the energy spread to zero, By, = FEq = Ey;. Eg; is set by
choosing the appropriate T,. With T, = 700 nS, E, = 8.57 MV/m, and the
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rf to beam energy transfer efficiency is 38.9%. For a nonSLEDed RF pulse
and the same g, . = 38.2% . At steady state 1,5 = 72.0% . Fig. 4 plots
the charge/pulse and rf to beam energy transfer efficiency as a function of
Uin. The charge per pulse varies as Ej,,, hence it should be multiplied by
E;m/20.9. The rf to beam energy transfer efficiency is a function of v;, and
is independent of E,,. If E,,, and E, are known then v, = E,;/E,,, and we
can determine 7,,. If Py =31 MW then E , = 31.4 MV/m. If E,; is set to
16.7 MV /m, then v;, = Ey/E,;, = 0.532, T, = 630 nS, ¢, = 815 nC/pulse
and 7,5 = 37.5 %.

The value of the currents can be changed somewhat without significantly
increasing the energy spread. At lower currents we can modulate the input
pulse to reduce the energy spread. [5]

Minimizing RF Energy Dissipation

To make the dissipation negligible it is sufficient to make Qq/7f >> T,
which implies that Q./Qo << 1. The effect of increasing @)y can be seen in
Table 1. If Qg is 150000 then the gradient increases 0.25%. If Qo = 300000
the increase is 5% and if we also increase the klystron pulse width to 5uS the
increase is 19%. A 10% increase is equivalent to adding 3 sectors.

The size of the SLED cavity is: D=20.4 cm L=33.6 cm. It operates in the
TEy5 mode and its theoretical Qo = 108000, its actual ()9 = 100000. The
size of the CERN cavity is D=44.35 cm L=58.5 cm. It operates in the TEgzs
mode and its theoretical Qg = 207000, its actual Qg = 150000 because it is
made of aluminum. At 2856 MHz, a 30 by 116 cm copper cavity operating
in the TE(; 20 mode has a )9 = 313000. We assume that we will not have
any problems with mode interference, because we use SLED-II type circular
coupling. Also use SLED-II type automatic tuning.

Minimizing Reflections During Charging

The reflection can be minimized by varying Q. during charging. The pulse
compression efficiency is maximized by choosing (). during the compressed
pulse that reduces the energy left in the cavities to zero. But a somewhat
different (). has to be chosen to maximize 7).
If Q. is constant during charging, then [6]
(1—e7™)?

ny=a————— where 9)
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— 2 ~ _ _ aQe Tch o 27Tchh
o= 1+Q6/Q0 N2(1 Qe/QO); Tc_

T¢p is the charging time, Ty, = T}, — T).

The maximum filling efficiency 71y, = 0.407a when 7. = 1.257. For the
dissipated energy to be a small fraction of the stored energy, Qg >> ()., and
a — 2. Assume a = 2. Then the value of (). that maximizes 7y and 7n; at
that point, are:

2 f’ Te = T.  aQ.

T.
Qepm = T e 057, Nim = 0.814 . (10)

Te

For SLED at SLAC, T,, = 3.5 — 0.82 = 2.6us, and Qcfn = 19000. This is
close to the ). needed during discharge to maximize SLED gain efficiency.
The filling efficiency can be increased by dividing the charging time into
several regions and solve for the external Q during each region and for the
duration of each region so that the reflection is minimized. Let the incident
field E; = 1. We minimize the reflection during charging by choosing a low
Q). so that the emitted field reaches fast 1 + 9, 0 << 1, where the reflection
is minimal. Then we vary (). such that the emitted field varies between 1+ ¢
and 1 — ¢ and consequently, the reflected field E, = E, — E;, varies between
+6 . The emitted field hovers about unity and the reflected field about zero
reflection. To calculate the ).s during each region and the duration of each
region that maximize the filling efficiency we proceed as follows. Let U; be
the rf energy stored in the cavities for unit input pulse power amplitude.
Define
Ec2 =wU, = QeEgv E.= QeEe . (11)

Let 7, be the region number, ¢,,, the duration of the nth region.

Ec = ch + [Ecz - ch]e_t/TCy \/ Qe(nJrl)Eei(tr(nJrl)) - QenEeitrn

Unlike the emitted field E., the cavity field E., does not change if ). changes
apruptly. During the first and last regions, the input field E; = 0. During
charging F; = 1, during the SLED pulse F; = —1. In each region

ECf(Tn) = Ei(ry) V Qe(rn)a(ry) - (12)

Region 1: E,; = E.f = E. =0, t,; is arbitrary. Q1 = Qea-
Region 2: E.; =0, E. =, E.(t2) =1+0. Let ng be the number of Q.s



during charging. Using

1 6 — 1 — —tro/Te2 d TC _ OdQeQ
+ a(l—e ) and Tio on
aQefm o
we choose Qep = Qefm/nge and solve for ¢, = In

2nfng  a—(1+9)
Region 3: E.,; =1—-90, E.=oa, E.t3)=1+04.

1+6]°

QeS - QeQ [m‘|

l+d=a+[1-6— 04]6’““3/%3
Qe . a—14+6
In
2rf  a—1-96
To make the charging time the same as the specified charging time, that is,
tyo + t.3 = Tep, we have:

ly3 =

Tch
)
Tch 1

We chose region 3 to be the last region during charging, so that we switch
once during charging. The next region is the compressed pulse.

Tchl =t + 1,3, mgp = Qe = mf1Q€7 by = mfltT

Region 4: Compressed Pulse. We switch just before phase flipping. In
this region we can choose a (). to obtain zero leftover energy in the cavity
maximizing 7. or a ). that maximizes the gradient, and hence 7.

Eei=1+ 57 Eef = —qQ, Ee(tr4) =0.

0= —a+[l—08+a)e Tw/Te
mepa . a+1+6
Qe4 2

o7 Ty, n «
We can choose m s so that no rf energy is left in the cavity, which maximizes
Tpe O We can choose an my, that maximizes 7n,,. The effect of Q). switching
can be seen in Table 1.

Let nge be the number of times we switch .. For Fig. 5 and Fig. 6, )y is
large enough so that the copper losses can be neglected and with n,. = 4 the
reflected energy is reduced to 3%. In Fig. 5 n,. is maximized and the pulse
compression efficiency increases to 98%. In Fig. 6 7, is maximized, thereby
increasing the gradient by 14%.




SLED at 11424 MHz

Assume an NLC design with the section fill time 7y = 0.1 S and length
L, = 1.8 m. For a compression ratio of 6, the klystron pulse width is 0.6..5.
To decrease the losses, Qo/7fT, << 1. Thus, because T} is smaller, )y can
be smaller. Also, because for the same diameter the cylinder loss decreases
with frequency we can have a higher )y with a small diameter and long
cavity.

Replacing an S-band station with an X-band station involves replacing
the present klystron with the 75 MW permanent magnet klystron and in the
tunnel, instead of dividing each of the two klystron outputs by 2, feeding
four 3m sections, we divide each output by 3 and feed six 2m sections as
developed for the NLC. Thus the accelerator length per klystron remains the
same 12 meters.

Fig. 7 plots the SLED fields for 11424 MHz SLED with no Q. switch-
ing. The steady state noload gradient without SLED, E,, increases from
12.9 MV /m at 2856 MHz to 17 MV /m, an increase of 35%. The maximum
gradient with SLED increases from 21 MV/m to 33 MV/m. For the same
pulse of 120 Hz, the site RF average power is reduced from 6.2 MW to 1.3
MW due to the narrower rf pulse width. In addition about one MW of ac
power will be saved due to the use of permanent magnets. The decrease in
modulator efficiency can be reduced by reducing the modulator rise time.
Fig. 8 plots the SLED fields when (@), is different during charging and during
the compressed pulse, n, = 1. The assumed )y of 300000 can be achieved
with a copper cavity with D=8 c¢cm L=141 cm, operating at 11424 MHz in
the TEq 1,100 mode. Again, we assume that we will not have any problems
with mode interference, because we use SLED-II type circular coupling.

The noload gradient, E,, the shifted beam induced gradient, iy, the
loaded gradient, Fj; and the current amplitude, I, are plotted in Fig. 9 for
constant current and in Fig. 10 for the variable current that reduces the
energy spread to zero. The section length is 1.8 m. The rf to beam energy
transfer efficiency is 21.7%. With 66 MW klystrons feeding 6 sections, the
the maximum noload gradient is 36.9 MV /m and the loaded gradient is 30.4
MV /m, the charge is 27.6 nC per pulse.

Fig. 11 plots the SLED fields for C) = 12 and n, = 0. Fig. 12 plots
the SLED fields for C;, = 12 and one-time switching, n, = 1. As with
the resonant delay line in Ref. [7], if we switch @Q., we are not limited to a
maximum power gain of 9.



Summary

Table 1 lists the efficiencies and gradients as a function of Qy, n4, 1} and
frequency with 7, maximized, except for line 6, where 7,. is maximized.
Presently, at SLAC, the SLEDed maximun gradient is 21 MV /m. With 198
working klystrons, the beam energy is 50 GeV. In the last column, Eg, =
21 x Sy, at 2856 MHz, and FE,, = 21 x 1.35 x S,,,, at 11424 MHz. An
increase in Ey,, of 0.1% represents an additional 2.4 klystrons and of 10% an
additional 3 sectors. If Q./Qo << 1 then with n, = 4, n; changes from 0.81
to 0.97.

Qo[10°] nge Sy, Spn Uren %] Uden[%] 15 (7] Npe (%] Msg [%] Egm MV /m]
f= 92856 MHz T, =35 T, =082uS C,=427 E,=12.9 MV/m

1 0 1.623,1.000  17.7 149 674 706 61.7 21

15 0 1.666, 1.026  17.9 104 717 741 65.0 21.5

3 0 1.704, 1.050  18.2 55 763 T77.8 68.1 22

1.5 2 1.723,1.061 7.3 128 799 789 69.5 22.3

3 2 1.765, 1.087 9.4 64 842 824 T3 22.8

1000 4 1.792,1.104 3.2 0.02 968 97.6 75.2 23.2

1000 4 1.856, 1.143 3.2 0.02 968 929 80.7 24.0
f=2856 MHz T, =50 T, =082uS C,=6.10 E,=12.9 MV/m

3 0 1.924,1.186 1.8 73 733 67 60.7 24.9

3 3 2.060, 1.268 4.2 10.8 855 787 69.6 26.6

6 3 2.117,1.304 4.4 56 889 735 735 27.4
f=11424 MHz T, =06 T,,=0.10uS C,=6 E,=17.4 MV/m

3 0 1.970,1.210  18.1 42 71T 673 647 34.3

3 1 2.060, 1.268  18.1 42 7T 782 70.7 35.9

3 4 2.117, 1.304 3.0 55 915 87.6 747 36.9
f=11424 MHz T, =12 T, =0.10uS C, =12 E,=17.4 MV/m

6 0 2.332, 1.437 284 47 672 482 45.3 40.7

6 1 2.712, 1.671  18.0 46 773 739 61.3 47.3

Table 1. Efficiencies and gradients as a function of Qq, 714, 7} and f.

Without (). switching, we can reach 60 MeV at 2856 MHz and 97 MeV at
11424 MHz.



Methods of Varying External Q

Ref. [7] describes optical switching and a method of one-time switching
the coupling to the resonant delay line, ng = 1. This method can also be
used with SLED where the change in the reflection coefficient is even smaller.
A variation of this method is as follows. A mode transducer transforms the
TE;o in rectangular guide to TEg, in circular guide which couples to the
cavity. A TEq; choke is placed in front of the coupling aperture and a plasma
or a silicon annular ring is placed inside the choke. Before phase flipping, the
choke in combination with the aperture act as low coupling, high ).. The
plasma switch is actuated at the same time as the phase is flipped causing a
lower (). determined only by the aperture.

We may take advantage of the phenomena that before phase flipping,
the rf energy is flowing toward the aperture and after the phase is flipped it
flowing at a higher level in the opposite direction away from the aperture.
Thus the plasma switch may turn on spontaneously as the phase is flipped.
Or a ferrite annular ring may be placed between the aperture and choke
of such length that before phase flipping the distance between then is 180°
and the reflections add and after phase flipping it is 90° and the reflections
subtract.

Other methods are possible. The external Q varies as the sixth power
of the aperture diameter. We can vary the aperture size, by putting in the
aperture and annular ring whose resistivity can be changed by laser light
or by a voltage. Another way of changing the external Q, is to vary the
field amplitude in the coupling guide at the coupling aperture by means of a
moveable short, or by changing the mode of the reverse RF. As in Ref. [7]
the short can be in a TEy guide.

Conclusion

It was shown that the accelerating gradient can be increased by varying
the external Q. But there are two obstacles to varying the external Q. One,
the decrease in Qg due to dissipation in the switch, and two, rf breakdown
due to the switch. Hopefully, the small area of the switch will cause the
dissipation to be small.

Increasing the klystron pulse width increases the efficiency and charge
per pulse but it causes high pulse energy. There is a limit to pulse energy.
With SLED at 11424 MHz, the klystron pulse width, C,TY, is narrow and it



is unlikely that the pulse energy limit will be reached. Work is going on to
minimize the reduction of efficiency due to modulator rise time.

At 2856 MHz, increasing (Qy to 300000 increases the gradient by 5% and
if we also increase the pulse width to 5u.S, the gradient increases by 19%.
Without (). switching, replacing the 2856 MHz stations with 11424 MHz
stations will increase SLEDed gradient from 21 MV/m to 33 MV/m and,
for the same repetition rate, decrease the average RF power by a factor of
about 5. Increasing C, to 12, increases the gradient from 21 to 40 MV /m.
Also using one-time switching will increase the gradient to 47 MV /m and
the SLAC beam energy from 50 to greater than 100 GeV.
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Fig. 1. Emitted field, Ee, Reflected field, E and Stored Energy, US Vs time.
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Fig. 2. Noload, beam induced, loaded gradients and constant beam current
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