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Abstract In modern high energy accelerators, with the increase of charge in a bunch or a bunch train,

the induced transient beam loading voltages become higher and higher when the beams pass through the

standing wave cavities. But in the usual analysis, people usually pay more attention to the steady state

instead of the transient state beam loading. In this paper, the transient nature of beam loading and the

cavity’s frequency changing behavior seen by the RF power generator are studied, and then the optimum

detuning conditions in two cases are derived. In the first case, the resonant cavity’s frequency can be tuned

to meet the in-phase condition between the RF power generator current and the cavity voltage during the

passage of beams. While in the second case, only few bunches in the bunch train and the cavity’s resonant

frequency is fixed during the passage of the bunch train. At last, the beam loading effects in the prebuncher

of BEPC/ pre-injector and the two SHBs of BEPC/ future pre-injector are studied.
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1 Introduction

In modern high energy accelerators, in order to

lower the power dissipation in the cavity walls, one

usually chooses very large unloaded and loaded qual-

ity factors in designing and operating the accelerat-

ing cavities. For example, the unloaded and loaded

quality factors of superconducting cavities are usu-

ally very large. While a larger loaded quality factor

gives a longer cavity filling time, sometimes the filling

time might reach the level of milliseconds
[1]

, which

makes it possible to tune the cavity’s frequency by

the cavity’s tuner timely to meet the in-phase condi-

tion between the RF power generator current and the

cavity voltage during the passage of charged particle

beams. Then, more good bunches with better perfor-

mance can be obtained and the RF power system’s

efficiency can also be improved.

On the other hand, when there are only few

bunches in a bunch train, if the beam loading can-

not reach steady state and the cavity’s resonant fre-

quency cannot be tuned during the passage of the

bunch train, in order to improve the RF power sys-

tem’s efficiency and make the phase difference be-

tween the generator current and the cavity voltage

seen by every bunch as small as possible, the opti-

mum resonant frequency of the cavity can be found

and set beforehand in the usual operation.

In the above-mentioned two cases, studies on the

transient nature of the beam loading voltage induced

by a bunch train and the beam-cavity interaction be-

come important. What we should keep in mind in this

paper is that the RF power generator is assumed to

be a matched generator, which means there is a circu-

lator or isolator just between the RF power generator

and the accelerating cavity, so any power which is re-

flected from the cavity and travels backward to the

RF power generator will be absorbed. In addition,
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due to the frequent use of phasor diagram in the anal-

ysis of beam loading, all of the voltages and currents

are expressed as phasors, and we indicate a phasor by

a tilde.

2 Transient beam loading voltage

2.1 Single bunch induced beam loading volt-

age

If we define the beam induced cavity voltage to be

the voltage seen by another point charge, then accord-

ing to the equivalent parallel RLC resonator circuit

model shown in Fig. 1 and the fundamental theorem

of beam loading, the net cavity voltage induced by a

point charge dq can be represented as[2—4]

Ṽdq(t) =















0 t< 0

−αRLdq/2 t= 0

−αRLdqei(exp(iθ)ωrt+θ)/cosθ t> 0

(1)

with α=ωr/2QL, cosθ= (ω2
r−α2)1/2/ωr, sinθ=α/ωr.

QL =Q0/(1+βc) is the loaded quality factor, where

Q0 is the unloaded quality factor, βc is the coupling

factor; ωr is the natural resonant frequency of the

cavity; RL = 2Rc/(1+βc) is the effective loaded shunt

impedance defined by Rc = V 2
c /2Pc, where Pc is the

average power dissipation in the cavity walls; t is the

time distance between the point charge inducing the

cavity voltage and another point charge seeing the

induced cavity voltage.

In Fig. 1, ib is the harmonic component of the

beam current and can be got by Fourier transforming

the current distribution in the bunch or bunch train;

Ig is the RF power generator current; Vc is the net

cavity voltage defined by Vc = V0T , where T is the

transit-time factor and V0 is the net cavity voltage

without considering the transit-time factor; Rc/βc is

the impedance seen by the reflected wave from the

cavity’s coupler or a wave emitted from the cavity.

Fig. 1. Equivalent parallel circuit model repre-

senting a cavity connected to a matched gen-

erator.

The induced voltage by a charged particle bunch

can be represented as a sum over the voltages induced

by all of the individual particles (dq)

Ṽ (t) =

N
∑

n=1

dqṼdq(t− tqn) =−
∫ t
−∞

I(tq)αRL

cosθ
×

(

ei(eiθωr(t−tq)+θ)
)

dtq , (2)

where N is the number of particles which have passed

through the cavity at time t, tqn the time when the

nth particle passed through the cavity, I(tq) the cur-

rent through the cavity as a function of time.

For a Gaussian bunch with charge q and a char-

acteristic length σz, one can write I(tq) as
[2]

I(tq) =
qβc√
2πσz

exp

(

−
t2qβ

2c2

2σ2
z

)

, (3)

where β is the normalized particle velocity, and c is

the velocity of light. Substituting Eq. (3) into Eq.

(1), one can get the voltage induced by a Gaussian

bunch
[3]

Ṽgaussian(t) = −qαRL

cosθ
eiθ−t2β2c2/(2σ2

z )×

w

(

σzωre
iθ

√
2βc

− itβc√
2σz

)

, (4)

where w is the complex error function with the fol-

lowing definition

w(z) = e−z
2

erfc(−iz) = e−z
2

(1+
2i√
π

∫ z
0

eτ
2

dτ ) . (5)

In modern accelerators, the loaded quality factor

QL of SW (Standing Wave) cavities is often much

larger than 1, so a simplified expression for Eq. (1)

can be obtained

Ṽdq(t) =















0 t< 0

−αRLdq/2 =−kdq t= 0

−αRLdqeiωrte−αt = 2kdqeiωrte−αt t> 0

,

(6)

where k is the loss factor of the resonant mode.

Besides the large QL, if the bunch length is also

very short and the bunch itself can be considered

to be a point charge, then by simplifying Eq. (4)

the beam induced voltage of a Gaussian bunch with

bunch charge q can be given by

Ṽgaussian(t) =















0 t< 0

−αRLqe
−ω2

r σ
2
z/(2β

2c2)/2 t= 0

−αRLqe
iωrte−ω

2
r σ

2
z/(2β

2c2)e−αt t> 0

.

(7)
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2.2 Bunch train induced beam loading volt-

age

The transient beam loading voltage induced by a

bunch train can be obtained by adding up all of the

beam loading voltages induced by the bunches passed,

Ṽb(t) = −
N
∑

n

Q(n)αnRL

cosθn
eiθn−(t−tbn)2β2c2/(2σ2

z )×

w

(

σzωrne
iθn

√
2βc

− i(t− tbn)βc√
2σz

)

, (8)

with αn =ωrn/2QL, cosθn = (ω2
rn−α2

n)
1/2/ωrn, sinθn =

αn/ωrn; where ωrn and tbn are the cavity’s natural

resonant frequency and the time when the nth bunch

passes through the cavity, N is the number of bunches

which have passed through the cavity at time t, and

Q(n) is the charge contained in the nth bunch.

When QL is much larger than 1 and the bunch

length is very short, the simplified version of Eq. (8)

can be represented as

Ṽb(t) =











































































−
N
∑

n

Q(n)αnRLe−ω
2
rnσ

2
z/(2β

2c2)eiωrn(t−tbn)×

e−αn(t−tbn) t> tbN

−1

2
Q(n)αNRLe−ω

2
rNσ

2
z/(2β

2c2)−
N−1
∑

n

Q(n)αnRLe−ω
2
rnσ

2
z/(2β

2c2)eiωrn(t−tbn)×

e−αn(t−tbn) t= tbN

−
N−1
∑

n

Q(n)αnRLe−ω
2
rnσ

2
z/(2β

2c2)eiωrn(t−tbn)×

e−αn(t−tbn) t< tbN

.

(9)

3 Cavity’s frequency changing be-

haviour seen by the RF generator

We should clarify two things before going to the

following contents:

a) During the passage of bunches, the beam load-

ing can only change the cavity’s frequency seen by

the RF power generator instead of the cavity’s natu-

ral resonant frequency, which is given by ωr = 1/
√
LC

in the equivalent parallel RLC model.

b) In the usual operations
[3—6]

, in order to meet

the in-phase condition between the RF power gen-

erator current and the cavity voltage seen by each

bunch, the cavity’s natural resonant frequency is usu-

ally tuned to another natural resonant frequency,

which is often called beam loading induced frequency

detuning. But in this section, the detuning caused by

beam loading means the cavity’s frequency changing

seen by the RF power generator, which is different

from those meanings in many articles and books
[2—6]

.

3.1 Detuning caused by beam loading with

ωr = ωg

When the cavity’s natural resonant frequency ωr

is fixed and equal to the RF power generator’s fre-

quency ωg during the passage of particle beams, the

cavity impedance loaded by the external resistance in

the equivalent parallel circuit of Fig. 1 is given by

Z̃L =Rc/(1+βc) . (10)

Then the generator current and the generator in-

duced voltage can be given by

ĩg = ige
i(ωgt+θ) = ige

i(ωrt+θ) , (11)

Ṽg = ĩgZ̃L = igRce
i(ωgt+θ)/(1+βc) =

igRce
i(ωrt+θ)/(1+βc), (12)

where θ is the phase of the generator current relative

to the phase of the beam current ib, which is usually

equal to the design phase of synchronous particles.

Using Eq. (9), one can get the transient bunch train

induced beam loading voltage Ṽb by setting the nat-

ural resonant frequency seen by every bunch equal to

frequency ωr. Then the equivalent beam image cur-

rent ĩb corresponding to Ṽb is

ĩb =−ib = Ṽb/Z̃L = (1+βc)Ṽb/Rc. (13)

Since Ṽc = Ṽb+Ṽg, the total cavity impedance seen

by the generator can be written as

Z̃total =
Ṽc

ĩg
=
Ṽb + Ṽg

ĩg
=

(

1+
Ṽb

Ṽg

)

Z̃L =

(

1+
Ṽb

Ṽg

)

Rc

1+βc

. (14)

Then the angular frequency ωgs seen by the RF

power generator can be obtained by the following re-

lation,

Im(Z̃total)

Re(Z̃total)
= tan

(

−QL

(

ωg

ωgs

− ωgs

ωg

))

, (15)

where Im(x̃) is the imaginary part of x̃, and Re(x̃)
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the real part of x̃. When the deviation of ωgs from ωg

is small, Eq. (15) can be approximated as

Im(Z̃total)

Re(Z̃total)
= tan(−2QL

ωg−ωgs

ωg

). (16)

From Eqs. (9), (12), (14) and (16), we can find

that if θ < 0, i.e. the bunch is injected earlier than

the crest of the accelerating wave, ωgs < ωg, while if

θ > 0, i.e. the bunch is injected later than the crest of

the accelerating wave, ωgs>ωg. On the other hand, if

the bunch train consists of many bunches, then with

the injection of bunch train, not only the accelerating

phases and the cavity voltages seen by every bunch

of the bunch train are changed, which will deteriorate

the beam qualities, but also the RF power generator’s

efficiency is decreased, so this kind of case should be

mitigated by tuning the cavity’s natural resonant fre-

quency ωr to a different frequency from ωg.

3.2 Detuning caused by beam loading with

ωr 6= ωg

If the cavity’s natural resonant frequency ωr is

fixed and different from the RF power generator’s fre-

quency ωg during the passage of the bunch train, the

equations in Section 3.1 should be modified.

The cavity impedance loaded by the external re-

sistance is

Z̃L =
Rc

(1+βc)

(

1+iQL

(

ωg

ωr

− ωr

ωg

)) ≈

Rc

(1+βc)(1+2iQLδω/ωr)
=

Rc

1+βc

cosψeiψ, (17)

with δω = ωg − ωr; where ψ is the usually defined

detuning angle, which is given by

tanψ=−2QL

(

ωg

ωr

− ωr

ωg

)

=−2QL

δω

ωr

. (18)

The generator current, the generator-induced

voltage, the beam image current, and the total

impedance seen by the generator can be written as

ĩg = ige
i(ωgt+θ), (19)

Ṽg = ĩgZ̃L =
igRc

1+βc

cosψeiωgtei(ψ+θ), (20)

ĩb =−ib =
Ṽb

Z̃L

=
(1+βc)Ṽb

Rc cosψ
e−iψ, (21)

Z̃total =
Ṽc

ĩg
=
Ṽb + Ṽg

ĩg
=

(

1+
Ṽb

Ṽg

)

Z̃L =

(

1+
Ṽb

Ṽg

)

Rc

1+βc

cosψeiψ. (22)

Since the RF power provided by the generator is

Pg =
∣

∣̃ig
∣

∣

2
Rc/8β, we can obtain

Z̃total =
Rc

1+βc

cosψeiψ+

√

Rc

8βPg

Ṽbe
−i(ωgt+θ). (23)

Using the same method as Section 3.1, we can

get the beam induced cavity voltage Ṽb. By insert-

ing Ṽb into Eq. (23) and substituting the obtained

total impedance Z̃total into Eqs. (15) or (16), one can

obtain the cavity’s resonant frequency seen by the

generator.

If the bunch train is long enough to let the beam

loading reach a steady state, and the cavity’s opti-

mum detuning frequency for the steady state beam

loading compensation is ωoptimum, we can get the fol-

lowing conclusions on the behavior of the cavity’s fre-

quency seen by the generator during the passage of

the bunch train by analyzing Eqs. (9), (15), (16) and

(23),

a) θ < 0 and ωr < ωg. ωgs will always be lower

than ωg.

b) θ < 0 and ωoptimum>ωr >ωg. At the start, ωgs

is higher than the generator’s frequency ωg, but with

the injection of the bunch train, ωgs will equal to ωg

at times, after this, ωgs will be lower than ωg.

c) θ < 0 and ωr > ωoptimum > ωg. ωgs will always

be higher than ωg.

d) θ > 0 and ωr > ωg. ωgs will always be higher

than ωg.

e) θ > 0 and ωoptimum <ωr <ωg. At the start, ωgs

is lower than the generator’s frequency ωg, but with

the injection of the bunch train, ωgs will equal to ωg

at times, after this, ωgs will be higher than ωg.

f) θ > 0 and ωr<ωoptimum<ωg. ωgs will be always

lower than ωg.

4 Optimum detuning

In the usual operations
[3—6]

, if we want to mi-

nimize the cavity voltages’ differences seen by the
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bunches in the bunch train and improve the RF power

system’s efficiency by mitigating the beam loading ef-

fects, the usually adopted way is to tune the natural

resonant frequency of the cavity.

4.1 Optimum detuning with varying ωr

If we know the frequency tuning speed v and as-

sume the tuning is linear, the cavity’s natural res-

onant frequency ωrn seen by the nth bunch can be

represented as,

ωrn =ωr1 +(tbn− tb1)v, (24)

where ωr1 is the frequency seen by the 1st bunch,

which is an unknown value and needs to be found

and optimized, and tb1 the time when the 1st bunch

passes through the cavity. Then the beam loading

voltage seen by the Nth bunch is,

ṼbN = −1

2
Q(N)αNRLe−(ωr1+(tbN−tb1)v)2σ2

z/(2β
2c2)−

N−1
∑

n

Q(n)αnRLe
(ωr1+(tbn−tb1)v)2σ2

z
2β2c2 ×

ei(ωr1+(tbn−tb1)v)(tbN−tbn)e−αn(tbN−tbn). (25)

Using Eqs. (17) and (20), we can obtain the gen-

erator induced voltage seen by the Nth bunch,

ṼgN = ĩgZ̃LN =
igRc

1+βc

cosψNeiωgtbNei(ψN+θ) =

√

8βRcPg

1+βc

cosψNeiωgtbNei(ψN+θ), (26)

where ZLN and ψN can be obtained by the following

equations,

Z̃LN =
Rc

(1+βc)

(

1+iQL

(

ωg

ωr1 +(tbN− tb1)v
− ωr1 +(tbN− tb1)v

ωg

)) ≈

Rc

(1+βc)(1+2iQLδωN)/(ωr1 +(tbN− tb1)v)
=

Rc

1+βc

cosψNeiψN , (27)

with δωN =ωg−(ωr1−(tbN− tb1)v).

tanψN =−2QL

δωN

ωr1 +(tbN− tb1)v
. (28)

Then we can know the accelerating phase seen by

the Nth bunch,

tan(φsN) =
Im(ṼbN + ṼgN)

Re(ṼbN + ṼgN)
. (29)

After we obtain all of the accelerating phases seen

by all of the bunches, we can obtain the optimized

starting frequency ωr1 by the following equations,

d

dωr1

M
∑

N=1

Q(N)(φsN−φsdesign)
2
= 0, (30)

or

d

dωr1

M
∑

N=1

Q(N)(ωgsN−ωg)
2
= 0, (31)

where M is the number of bunches in the bunch

train, φsdesign the designed accelerating phase, and

ωgsN the cavity’s resonant frequency seen by the gen-

erator when theNth bunch passes through the cavity.

4.2 Optimum detuning with fixed ωr

If there are only several bunches in the bunch train

and the cavity’s detuned resonant frequency is ωr,

then the beam loading voltage and the generator in-

duced voltage seen by the Nth bunch can be given

by

ṼgN = ĩgZ̃L =

√

8βcRcPg

1+βc

cosψeiωg(tbN−tb1)ei(ψ+θ),

(32)

ṼbN =− 1

2
Q(N)αRLe−ω

2
r σ

2
z/(2β

2c2)−
N−1
∑

n

Q(n)αRLe
−

ω2
r σ2

z
2β2c2 eiωr(tbN−tbn)e−αn(tbN−tbn).

(33)

The effective accelerating phase seen by the Nth

bunch can be obtained by Eq. (29), then the opti-

mized detuning frequency ωr can be found by replac-

ing ωr1 with ωr in Eq. (30) or Eq. (31) and solving

the corresponding equation.

5 Beam loading effects in BEPC///

According to the classical mechanism of the beam

loading, usually if there is no modulation of the in-

jected beam current at the cavity’s frequency, there is

no way for a voltage to be induced, so there should be

no beam loading in the first bunching cavity of linear

accelerators if the injected beam is a DC (Direct Cur-

rent) beam. However, it has already been observed
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that a DC beam can induce a detuning caused by

beam loading in the CTF3 accelerator, which might

be due to the fact that there is some visible beam

modulation in the downstream part of the bunching

cavity
[5]

. In this section, we will use the methods

described in this paper to estimate the beam load-

ing detuning effects in the bunching cavities of the

BEPC/ present pre-injector and the BEPC/ future

pre-injector.

5.1 Beam loading effects in BEPC/// pre-

buncher

For the BEPC/ present pre-injector, there are

five bunches in the bunch train, the bunch charges

from the 1st bunch to the 5th bunch are 1.0nC,

4.9nC, 5.8nC, 3.8nC and 0.35nC, respectively. The

bunch interval and the bunch train interval are 350ps

and 56.02ns, respectively. Before the beam enters

the prebuncher, it is a DC beam. At the exit of

the prebuncher, the bunch’s characteristic length σz

and the normalized velocity β are about 5.7mm and

0.63, respectively. The typical parameters of the pre-

buncher are
[7, 8]

: f = 2856MHz, Q0 = 1000, βc = 1.04,

rs = 2Rc = 80kΩ, Pg = 20kW. As the prebuncher is

used to realize energy modulation, the value of θ can

be known to be −90◦, which is also the value of the

designed accelerating phase.

a) Case of one bunch train

Using the above-mentioned parameters of the pre-

buncher, we can get some un-optimized and opti-

mized results shown in Table 1 and Table 2 for

the case of only one bunch train. For the un-

optimized results, the cavity’s natural resonant fre-

quency is 2856MHz, while for the optimized results,

it is 2856.36MHz.

Table 1. Un-optimized results for the beam

loading effects in BEPC/ prebuncher (one

bunch train).

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1st 1.0 2855.98 40.001 −90.45 −0.31

2nd 4.9 2855.84 40.057 −93.06 −2.14

3rd 5.8 2855.61 40.368 −97.74 −5.44

4th 3.8 2855.40 40.867 −101.8 −8.37

5th 0.35 2855.31 41.136 −103.5 −9.60

In Table 1 and Table 2, fgs is the cavity’s resonant

frequency seen by the generator when each bunch

passes through the cavity; Vc and φs are the ampli-

tude of the cavity voltage and the synchronous phase

seen by each bunch, respectively.

Table 2. Optimized results for the beam load-

ing effects in BEPC/ prebuncher (one bunch

train).

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1st 1.0 2856.34 39.654 −83.40 +4.56

2nd 4.9 2856.20 39.486 −86.04 +2.73

3rd 5.8 2855.96 39.398 −90.83 −0.57

4th 3.8 2855.74 39.555 −95.08 −0.35

5th 0.35 2855.65 39.690 −96.85 −4.73

Comparing Table 1 and Table 2, we can see that

in the optimized case not only the accelerating phase

and the effective cavity voltage seen by each bunch

are closer to the design values of 0◦ and 0kV, but also

the differences between the resonant frequencies seen

by the generator and the cavity’s natural resonant

frequency are smaller than those of the un-optimized

case. Actually, only when the beam moves to the

downstream part of the cavity, can the modulation

on the beams become visible, but in our calculation

the bunch is assumed to be a modulated bunch before

coming into the cavity, so the detuning effect might be

overestimated. In this case, we can think the real de-

tuning is one third of the calculated detuning, so the

optimized cavity’s natural resonant frequency might

be 2856.12MHz. Correspondingly, the accelerating

phase and the effective cavity voltage will be more

close to the design values. On the other hand, as the

bandwidth of the prebuncher is about 5.47MHz, the

detuning effect usually cannot be seen and felt in the

usual operation.

b) Case of two bunch trains

Since BEPC/ will adopt a two-bunch accelera-

tion scheme to double the positron injection rate into

the storage ring in the future
[9]

, we also studied the

detuning effect in the prebuncher for the case of two

bunch trains.

For the un-optimized results, the cavity’s natural

resonant frequency is fixed at 2856MHz, while for the

optimized results, it should be fixed at 2856.49MHz.

But due to the overestimation of the detuning effect,



460 p U Ô n � Ø Ô n ( HEP & NP ) 1 30 ò

we can think the real detuning is one third of the cal-

culated detuning, so the optimized cavity’s natural

resonant frequency might be 2856.16MHz.

Comparing Table 3 and Table 4, besides the same

conclusions we got for the case of one bunch train, we

can get another two important conclusions:

Table 3. Un-optimized results for the beam

loading effects in BEPC/ prebuncher (two

bunch trains).

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1-1st 1.0 2855.98 40.001 −90.45 −0.31

1-2nd 4.9 2855.84 40.057 −93.06 −2.14

1-3rd 5.8 2855.61 40.368 −97.74 −5.44

1-4th 3.8 2855.40 40.867 −101.8 −8.37

1-5th 0.35 2855.31 41.136 −103.5 −9.60

2-1st 1.0 2855.72 40.188 −95.54 −3.88

2-2nd 4.9 2855.59 40.402 −98.09 −5.69

2-3rd 5.8 2855.36 40.992 −102.6 −8.96

2-4th 3.8 2855.16 41.726 −106.5 −11.9

2-5th 0.35 2855.08 42.085 −108.1 −13.1

Table 4. Optimized results for the beam load-

ing effects in BEPC/ prebuncher (two bunch

trains).

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1st 1.0 2856.46 39.393 −80.94 +6.21

2nd 4.9 2856.33 39.147 −83.58 +4.38

3rd 5.8 2856.08 38.921 −88.41 +10.8

4th 3.8 2855.86 38.958 −92.73 −1.86

5th 0.35 2855.77 39.045 −94.53 −3.08

1st 1.0 2856.20 39.609 −86.11 +0.97

2nd 4.9 2856.06 39.607 −88.72 −0.83

3rd 5.8 2855.82 39.816 −93.44 −4.11

4th 3.8 2855.62 40.229 −97.57 −7.02

5th 0.35 2855.53 40.467 −99.25 −8.22

a) The effective accelerating voltage seen by the

second bunch train has a large difference from that

seen by the first bunch train for both the un-

optimized and optimized cases; this will not only re-

sult in an energy difference, but also lead to different

bunching efficiency.

b) When the first bunch of the second bunch train

traverses the prebuncher, the frequency seen by the

generator is higher than the frequency seen by the

generator when the last bunch of the first bunch

train traverses the prebuncher, which is because the

bunch train interval can be comparable with the pre-

buncher’s filling time of 2QL/ωr = 54.7ns. When the

second bunch comes into the prebuncher, the beam

loading voltage induced by the first bunch has de-

creased a lot and can be neglected.

5.2 Beam loading effects in BEPC/// future

Two SHBs

In the future, in order to produce a bunch train

consisting of two single bunches with an interval

56.02ns, two SHBs will be used in the BEPC/ pre-

injector. In this section, we will consider the beam

loading effects in the two SHBs.

a) Beam loading effects in SHB1

According to the beam dynamics simulation
[9]

,

the bunch’s characteristic length σz is about 0.5ns

at the entrance of SHB1, and 0.4ns at the exit, so

the bunch’s average characteristic length σz = 0.45ns

is used in our calculation. Each bunch of the bunch

train has a bunch charge of 15nC. The typical param-

eters of the SHB1 are
[10]

: f = 142.8MHz, Q0 = 7200,

βc ≈ 1, rs = 2Rc ≈ 1.15MΩ, Pg = 10kW, β = 0.63,

θ = −90◦. The Un-optimized results for the beam

loading effects in the BEPC/ future SHB1 is shown

in Table 5, there is almost no any cavity detuning

effect. If we keep on calculating the cavity’s opti-

mized natural resonant frequency, we can get a result

of 142.8MHz, which means that no any detuning is

needed for SHB1 to get the best operating efficiency.

Table 5. Un-optimized results for the beam

loading effects in BEPC/ future SHB1.

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1st 15 142.7999 107.24 −90.3 −0.50

2nd 15 142.7997 107.25 −90.8 −1.50

b) Beam loading effects in SHB2

Table 6. Un-optimized results for the beam

loading effects in BEPC/ future SHB2.

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1st 13.5 571.199 144.93 90.8 −1.94

2nd 13.5 571.198 145.03 92.3 −5.83

Table 7. Optimized results for the beam load-

ing effects in BEPC/ future SHB2.

bunch bunch charge/ fgs/ Vc/ ϕs/ Vc cosφs/

number nC MHz kV (◦) kV

1st 13.5 571.201 144.83 −89.3 +1.80

2nd 13.5 571.199 144.85 −90.8 −3.31

When the bunch train reaches SHB2, the bunch’s

characteristic length σz is about 0.25ns, and each
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bunch has a bunch charge of 13.5nC
[9]

. The typi-

cal parameters of the SHB2 are
[11]

: f = 571.2MHz,

Q0 = 12370, βc ≈ 1, rs = 2Rc ≈ 3.00MΩ, Pg = 7kW,

β= 0.63, θ=−90◦. The un-optimized and optimized

results for SHB2 are shown in Table 6 and Table 7,

respectively. The SHB2’s optimized natural resonant

frequency is 571.201MHz, which means that the de-

tuning effect in SHB2 is also very small.

6 Conclusion

In this paper, the transient beam loading effects

on SW cavities in linear accelerators are described,

and some formulae are derived. In addition, the

beam loading effects in the BEPCII prebuncher and

BEPC/ future two SHBs are analyzed. All of the

formulae given in this paper can also be used in the

transient beam loading analysis of the storage ring,

but may need some small modifications.

On the other hand, although cavity detuning

caused by a single bunch or a bunch train consist-

ing of only few bunches usually cannot be measured

and can be neglected in all of the existing accelera-

tors, we think it must exist and will be concerned in

the future.
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