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Error and jitter effect studies on the SLED

for the BEPC///-linac *
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Abstract: An RF pulse compressor is a device used to convert a long RF pulse to a short one with a much

higher peak RF magnitude. SLED can be regarded as the earliest RF pulse compressor to be used in large-scale

linear accelerators. It has been widely studied around the world and applied in the BEPC and BEPC/ linac

for many years. During routine operation, error and jitter effects will deteriorate the performance of SLED,

either on the output electromagnetic wave amplitude or phase. The error effects mainly include the frequency

drift induced by cooling water temperature variation and the frequency/Q0/β unbalances between the two

energy storage cavities caused by mechanical fabrication or microwave tuning. The jitter effects refer to the

PSK switching phase and time jitters. In this paper, we re-derive the generalized formulae for the conventional

SLED used in the BEPC/ linac, and the error and jitter effects on SLED performance are also investigated.
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1 Introduction

An RF pulse compressor is a device used to con-

vert a long RF pulse to a short one with a much

higher peak RF magnitude, with which an RF pulse

with a much higher peak power but a shorter pulse

length (than the klystron source developed nowadays)

can be obtained. SLED (SLAC Energy Doubler) is

the earliest RF pulse compressor to be used in large-

scale linear accelerators [1, 2], and is widely used in

the BEPC and BEPC/ linac [3]. SLED uses reso-

nant cavities with very high Q0 to store energy during

most of the duration of the incoming RF pulse. At

just one compressed-pulse-time (usually equal to the

filling time of the travelling wave accelerating struc-

ture) from the incident RF pulse end, the incoming

pulse phase is reversed 180◦ by the PSK (phase shift

keying) switcher. At this time, the field reflected from

the cavity coupling hole then adds, rather than sub-

tracts, the field emitted from the energy storage cav-

ity constructively, and the stored energy is extracted.

Due to the finite filling time of the cavity, the emitted

wave cannot change instantaneously [4]; the outgoing

wave experiences a sudden amplitude increase. In

this way, RF power multiplication is accomplished.

Generally, SLED has two resonant cavities (Fig. 1

shows the schematic layout), which are fed by a 3 dB

directional coupler so the outgoing power is directed

away from the klystron [1]. One distinctive feature

of SLED is the exponential spike of the compressed

pulse characterized by the resonant time constant of

the cavities.

Fig. 1. The schematic layout of SLED.

During routine operation, the error (the frequency

drift caused by cooling water temperature variation,
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the unbalancing of the frequency, the unloaded qual-

ity factor Q0 and the coupling coefficient β between

the two cavities caused by mechanical fabrication

or microwave tuning) and jitter (the PSK switching

phase/time jitter) effects will deteriorate SLED per-

formance, either on the output wave amplitude or

phase. On the other hand, these error and jitter ef-

fects may result in power reflection to the klystron

source. In this paper, we first study the error and

jitter effects theoretically, and then the error and jit-

ter effects on SLED performance for the BEPC/

linac (Table 1 shows the technical specifications of

the BEPC/ SLED [5]) are analyzed. The fabrication

and tuning error of the 3 dB directional coupler will

also have some effect on SLED performance, however,

it is not included in this paper due to length limita-

tions, so a perfect 3 dB coupler is assumed in our

studies.

Table 1. Technical specifications of the BEPC/

SLED.

parameters values

frequency/MHz 2856

Q0 100000

β 5

frequency tuning range/kHz ±500

operating temperature/℃ 45±0.2∗

RF pulse length/µs 4

PSK switching time/µs 3

PSK switching speed/µs < 50

compressed pulse length/µs 1

∗Note: 45±0.1℃ can be obtained in real operation.

2 Theory

2.1 SLED

By the law of power conservation, it can be given

that

Pin =Pout +Pc +dUc/dt, (1)

where Pin is the input power from the generator

(klystron source), Pout is the outgoing power delivered

to the accelerating section, Pc is the power dissipated

on the cavity walls, and Uc is the electromagnetic en-

ergy stored in the resonant cavity.

Assuming m is the proportionality coefficient be-

tween the square of the electric field and the power

in the external waveguide, then Pin and Pout can be

written as

Pin = m
∣∣∣ ~Ein

∣∣∣
2

, (2)

Pout = m
∣∣∣ ~Ee + ~Er

∣∣∣
2

, (3)

~Ein = Ẽine
j(ωt−kz) is the incident wave from the

klystron; ~Ee = Ẽee
j(ωt+kz+φ) is the wave emitted

from the cavity, where φ = −tan−1(2QL(ω/ω0 −
ω0/ω)) is the cavity field phase shift relative to

its value when driven on resonance defined by the

loaded quality factor QL = Q0/(1+β) [4]; ~Er =

Ẽre
j(ωt+kz) = ΓẼine

j(ωt+kz) is the wave reflected from

the waveguide-cavity coupling interface (aperture),

where Γ is the reflection coefficient. Ẽin, Ẽe and Ẽr

are all complex numbers. Here Q0 >QL � 1, β� 1

and a small deviation of ω from ω0 are assumed.

From the definition of the cavity coupling coeffi-

cient β as the ratio ofQ0 to the external quality factor

Qe,

β=Q0/Qe = (ωUc/Pc)/(ωUc/Pe) =Pe/Pc, (4)

one can write Pc as

Pc =Pe/β=m
∣∣∣~Ee

∣∣∣
2

/β. (5)

Then, from the definition of Q0, Uc can be written as

Uc =
Q0

ω
Pc =

Q0

ω

m
∣∣∣ ~Ee

∣∣∣
2

β
, (6)

with ω equals to the drive frequency, so

dUc/dt=
2mQ0

ωβ

∣∣∣~Ee

∣∣∣
d
∣∣∣ ~Ee

∣∣∣
dt

. (7)

Suppose at time t=0, the incident wave reaches the

resonant cavity, we have Uc=0 since the cavity cannot

be filled instantaneously [4]. In the meantime, ~Ee is

also zero. Then with Eqs. (1)–(3), (5) and (7), one

can find that |Γ |=1. Considering there is a 180◦ phase

shift associated with a reflection, Γ = −1. Strictly

speaking, |Γ | is slightly less than 1 because a small

fraction of the incident energy is transmitted and used

to charge the resonant cavity.

Eq. (1) can now be modified to be

∣∣∣Ẽin

∣∣∣
2

=
∣∣∣Ẽee

jφ−Ẽin

∣∣∣
2

+

∣∣∣Ẽe

∣∣∣
2

β
+
Q0

ωβ
Ẽe

dẼ∗

e

dt

+
Q0

ωβ
Ẽ∗

e

dẼe

dt
. (8)

Complex numbers Ẽin and Ẽe can be re-expressed in

polar/exponential form Ẽin = Eine
jθ and Ẽe = Eee

jψ.

Both Ein and Ee are real numbers. Finally, Eq. (8)

can be simplified as

ω0Tc

ω

dEe

dt
+Ee =αEin cos(ψ+φ−θ) , (9)

with α=2β/(1+β). Tc is the loaded cavity time con-

stant, which is given by Tc = 2QL/ω0.
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During routine operation, the incident wave to the

SLED has constant amplitude just before the PSK

phase reverse at one compressed-pulse-time from the

RF pulse end. Then, θ can be set to be 0 at t=0 for

simplicity. In the meantime, one has ψ= θ=0. After

the PSK phase switching, as the emitted wave can-

not change rapidly when the incident wave phase θ

is altered suddenly, ψ will vary slowly, and then Ẽe

can be obtained by complex addition of the emitted

waves resulting from different sources. With the unit

field used, Ẽin can be written as follows.

Ẽin =






1 0 6 t< t1

ejξ t1 6 t< t2

0 t2 <t

, (10)

ξ is the shifted phase of θ. Using Eqs. (9)–(10) and

the condition Ẽe = 0 at t=0, Ẽe can be obtained to

be

Ẽe =






αcosφ
(
1−e−ωt/ω0Tc

)
0 6 t< t1{

αcosφ
(
1−e−ωt1/ω0Tc

)
e−ω(t−t1)/ω0Tc

+αcos(ψ (t)+φ−ξ)
(
1−e−ω(t−t1)/ω0Tc

)}

×ejψ(t) t1 6 t< t2{
αcosφ

(
1−e−ωt1/ω0Tc

)
e−ω(t2−t1)/ω0Tc

+αcos(ψ (t2)+φ−ξ)
(
1−e−ω(t2−t1)/ω0Tc

)}

×e−ω(t−t2)/ω0Tcejψ(t2) t2<t

.

(11)

For time duration t1 6 t < t2, the emitted wave is

really the sum of two waves; one is the wave radiated

by the energy stored in the cavity during 0 6 t < t1,

and the other is the one resulting from the phase re-

versed incident wave, which attempts to charge up

the cavity to the opposite voltage. Alternatively, Ẽe

can be rewritten as

Ẽe =






αcosφ
(
1−e−ωt/ω0Tc

)
0 6 t< t1

αcosφ
{(

1−e−ωt1/ω0Tc

)
e−ω(t−t1)/ω0Tc

+
(
1−e−ω(t−t1)/ω0Tc

)
ejξ

}
t1 6 t< t2

αcosφ
{(

1−e−ωt1/ω0Tc

)
e−ω(t2−t1)/ω0Tc

+
(
1−e−ω(t2−t1)/ω0Tc

)
ejξ

}
e−ω(t−t2)/ω0Tc t2<t

. (12)

Comparing Eqs. (11) and (12), ψ(t) can be obtained to be

tanψ (t) =

(
1−e−ω(t−t1)/ω0Tc

)
sinξ

(1−e−ωt1/ω0Tc)e−ω(t−t1)/ω0Tc +(1−e−ω(t−t1)/ω0Tc )cosξ
. (13)

Since ~Eout = ~Ee + ~Er = Ẽoute
j(ωt+kz), finally the normalized outgoing wave can be given by

Ẽout =






αcosφ
(
1−e−ωt/ω0Tc

)
ejφ−1 0 6 t< t1{

αcosφ
(
1−e−ωt1/ω0Tc

)
e−ω(t−t1)/ω0Tc

+αcos(ψ (t)+φ−ξ)
(
1−e−ω(t−t1)/ω0Tc

)}

×ejψ(t)ejφ−ejξ t1 6 t< t2{
αcosφ

(
1−e−ωt1/ω0Tc

)
e−ω(t2−t1)/ω0Tc

+αcos(ψ (t2)+φ−ξ)
(
1−e−ω(t2−t1)/ω0Tc

)}

×e−ω(t−t2)/ω0Tcejψ(t2)ejφ t2<t

, (14)

or

Ẽout =






αcosφ
(
1−e−ωt/ω0Tc

)
ejφ−1 0 6 t< t1

αcosφ
{(

1−e−ωt1/ω0Tc

)
e−ω(t−t1)/ω0Tc

+
(
1−e−ω(t−t1)/ω0Tc

)
ejξ

}
ejφ−ejξ t1 6 t< t2

αcosφ
{(

1−e−ωt1/ω0Tc

)
e−ω(t2−t1)/ω0Tc

+
(
1−e−ω(t2−t1)/ω0Tc

)
ejξ

}
e−ω(t−t2)/ω0Tcejφ t2<t

. (15)
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2.2 The 3 dB directional coupler

The scattering matrix of a perfect 3 dB coupler is

[1]

_

S=
1√
2




0 1 0 i

1 0 i 0

0 i 0 1

i 0 1 0



. (16)

Suppose the unit field from the klystron is fed into

port 1 of a SLED, then the output is

1√
2




0 1 0 i

1 0 i 0

0 i 0 1

i 0 1 0







1

0

0

0




=
1√
2




0

1

0

i



. (17)

Now the cavities located at the two output ports

will be charged up. The reflected waves Ẽout1/
√

2 and

Ẽout2/
√

2 from the two cavities become new inputs

for ports 2 and 4. Ẽout1 and Ẽout2 can be obtained

by substituting the appropriate cavity characteristic

parameters into Eqs. (14) or (15). For simplicity, the

reflected wave in this section means the sum of the

reflected and emitted waves mentioned in Section 2.1.

Finally, the output can be given as follows.

1√
2




0 1 0 j

1 0 j 0

0 j 0 1

j 0 1 0




1√
2




0

Ẽout1

0

jẼout2




=
1

2




Ẽout1−Ẽout2

0

j
(
Ẽout1 +Ẽout2

)

0




(18)

It can be seen that if the two cavities are com-

pletely the same, the reflected waves will cancel at

port 1 and combine at port 3. The power is suc-

cessfully directed away from the klystron source and

delivered to the accelerating section.

3 Jitter effects

During routine operation of SLED, jitter effects

such as PSK switching phase/time jitter exist.

3.1 PSK switching phase jitter

Figures 2 and 3 show the amplitude and phase de-

viations of the outgoing wave Ẽout for the BEPC/

SLED during the compressed-pulse-time when the

PSK switching phase is deviated from 180◦. It can

be seen that the field multiplication factor decreases

a little bit at t = t1+ but increases at t = t2−. If

the PSK switching phase jitter is controlled to be

less than 2◦, the outgoing wave phase jitter would

be within ±1◦.

Fig. 2. Amplitude deviation of the outgoing wave Ẽout.

Fig. 3. Phase deviation of the outgoing wave Ẽout.

3.2 PSK switching time jitter

PSK switching time jitter only affects the

compressed-rf-pulse starting time and the power mul-

tiplication factor. Fig. 4 shows the shape of
∣∣∣Ẽout

∣∣∣ for

the BEPC/ SLED when the PSK switching time is

varied. It clearly shows that for the same incident

RF pulse, the closer the PSK switching time is to the

pulse end, the higher the maximum power multipli-

cation, but the shorter the compressed-pulse-length.
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Fig. 4. Amplitude of the outgoing wave Ẽout.

4 Error effects

In reality, the cooling water temperature must

have some tolerance around the given value, and the

two cavities of each SLED cannot be completely the

same due to mechanical fabrication or microwave tun-

ing error.

4.1 Cooling water temperature drift

For the BEPC/ SLED, the cooling water temper-

ature is controlled to be (45±0.2) ℃, then with the

scaling law ∆f/∆T=45 kHz/℃ [6], the induced cav-

ity frequency deviation from resonance is 6±9 kHz.

Given that the two cavities still have the same charac-

teristics, Figs. 5 and 6 show the amplitude and phase

of the outgoing wave Ẽout, and when the cooling wa-

ter temperature is drifted away from 45 ℃, the power

multiplication factor decreases.

Fig. 5. Amplitude of the outgoing wave Ẽout.

Figures 7 and 8 show the amplitude and phase de-

viations of the outgoing wave during the compressed-

pulse-time. From Figs. 5 and 7, it can be found that

for a temperature tolerance of ±0.2 ℃, the maximum

field multiplication factor decrease is ∼1.67%, while

the averaged one is ∼0.88%. Correspondingly, the

maximum and average phase deviations are ∼6.8◦

and ∼3.8◦, respectively.

Fig. 6. Phase of the outgoing wave Ẽout.

Fig. 7. Amplitude deviation of the outgoing wave Ẽout.

Fig. 8. Phase deviation of the outgoing wave Ẽout.

4.2 Cavity characteristic unbalance errors

Even if the fabrication and tuning processes are

strictly controlled, cavity characteristics such as fre-

quency, Q0 and β unbalance errors may be produced.
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The unbalance errors will result in differences be-

tween the outputs of the two cavities, Ẽout1 and Ẽout2.

4.2.1 Frequency unbalance errors

Figures 9 and 10 show the amplitude and phase

deviations of the outgoing wave when the frequencies

of the two cavities have small differences. The larger

|δf1|+ |δf2|, the bigger the amplitude deviation. If

|δf1| = |δf2| and one compares Figs. 7 and 9, the

outgoing wave amplitude deviation of δf1 =−δf2 is

bigger than that of δf1 = δf2, and the phase devi-

ation is roughly proportional to |δf1+δf2|. There

would not be any phase deviation if δf1 =−δf2.

Fig. 9. Amplitude deviation of the outgoing wave Ẽout.

Fig. 10. Phase deviation of the outgoing wave Ẽout.

Figure 11 shows the amplitude of the reflected

wave to the klystron during the whole RF pulse du-

ration. Once there is frequency unbalance between

the two cavities, there will be some power reflection

to the klystron source, and the reflected wave ampli-

tude will be directly proportional to |δf1−δf2|.
During the microwave tuning process, the two

cavities are usually tuned to resonance one by one.

Fig. 12 shows the amplitudes of the outgoing wave to

the accelerating structure and the reflected wave to

the klystron source when only one cavity is tuned to

resonance. It can be seen that part of the RF power

is reflected back to the klystron source, and the field

multiplication factor of the outgoing wave decreases;

however, the maximum outgoing wave’s amplitude is

still higher than half of the amplitude when both cav-

ities are on resonance, and this is because the reso-

nance of one cavity only turns off the corresponding

emitted wave, the reflected wave from that cavity still

functions.

Fig. 11. Amplitude of the reflected wave to the

klystron.

Fig. 12. Amplitudes of the outgoing and re-

flected waves.

4.2.2 Q0 unbalance errors

For the given cavity geometry and material, Q0

is mostly determined by the surface processing tech-

nique. Lower surface roughness usually gives higher

Q0. Fig. 13 shows the amplitude deviations of the

outgoing wave when the cavities’ Q0 of the BEPC/

SLED are deviated from the designed value of 100000.

The larger the value of |δQ01 +δQ02|, the bigger the

amplitude deviation. If δQ01+δQ02> 0, the field mul-

tiplication factor decreases at t= t1+ but increases at
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t= t2−. Correspondingly, if δQ01+δQ02< 0, then the

reverse occurs. Q0 unbalance has no effect on phase

deviation, except it is accompanied by frequency un-

balance. For that case, it will magnify or minify

the phase deviation caused by frequency unbalance,

which depends on the Q0 deviation value. Higher Q0

will magnify the phase deviation, and lower Q0 will

minify it.

Figure 14 shows the amplitude of the reflected

wave to the klystron when Q0 unbalance exists. The

bigger |δQ01−δQ02|, the larger the reflection. For

two cases with the same |δQ01−δQ02|, the reflection

of δQ01 + δQ02 < 0 is slightly larger than that of

δQ01+δQ02> 0.

Fig. 13. Amplitude deviation of the outgoing

wave Ẽout.

Fig. 14. Amplitude of the reflected wave to the

klystron.

4.2.3 β unbalance errors

β unbalance is mainly produced by machining the

cavity-waveguide coupling hole. Fig. 15 shows the

outgoing wave amplitude when the two cavities have

different β. A higher value of β1+β2 would give

higher field enhancement at t= t1+ but a lower one

at t= t2−, whereas for two cases with equal β1+β2,

the one with β1 6=β2 always has lower field enhance-

ment during the compressed pulse time than the one

with β1 = β2. Similar to Q0 unbalance, β unbalance

also has no effect on phase deviation, except it is ac-

companied by frequency unbalance. Opposite to Q0,

higher β will minify phase deviation and lower β will

magnify it.

Figure 16 shows the reflected wave amplitude to

the klystron source. Bigger |β1−β2| gives higher

reflection. For the same |β1−β2|, higher β gives

lower reflection due to the smaller |α1−α2| =

|2β1/(1+β1)−2β2/(1+β2)|.

Fig. 15. Amplitude of the outgoing wave Ẽout.

Fig. 16. Amplitude of the reflected wave to the

klystron.

5 Conclusions

We performed theoretical studies on the conven-

tional SLED type of rf pulse compressors. With de-

rived generalized formulae, the error and jitter effects



No. 5 PEI Shi-Lun et al: Error and jitter effect studies on the SLED for the BEPC/-linac 463

on SLED performance for the BEPC/ linac were

studied systematically. PSK switching phase jitter,

cooling water temperature variation and frequency

unbalance error affect both the amplitude and phase

of the outgoing wave. In the meantime, frequency un-

balance will produce power reflection to the klystron.

PSK switching time jitter, Q0 and β unbalance er-

rors only affect the outgoing wave amplitude enhance-

ment, but do not have any effect on the phase. Q0 and

β unbalance errors also result in power reflection to

the klystron; if they are accompanied by frequency

unbalance error, the outgoing wave phase deviation

will be magnified or minified. Higher Q0 and lower

β will magnify phase deviation, and lower Q0 and

higher β will minify phase deviation.

Understanding the error and jitter effects on

SLED performance can be very helpful for facilitat-

ing the mechanical fabrication, microwave tuning and

on-line operation of the SLED. However, due to the

length limitations of this paper, a perfect 3dB coupler

is assumed and no related error effects are included

in our analysis.
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