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Abstract

The effect of transients in the accelerating cavity by suc-
cessive switching of generator and beam is discussed. The
possibility of stabilizing energy increase in the process of
transition oscillation in the cavity is demonstrated. With
allowance made for the beam current the delay of injection
can be chosen in such a way that the amplitude and phase
of oscillation in the cavity change so that the two factors
compensate for each other. It allows to eliminate the en-
ergy spread caused by the transients.

Transients in standing-wave acceleration structures (res-
onators) are one of the causes for the particle energy spread
to occur in accelerators exited by pulsed microwave field.
The energy spread on the trailing edge of the microwave
pulse can easily be eliminated by interrupting the beam in-
jection. This work considers possibility of stabilising the
beam energy on the leading edge of the microwave pulse,
which does not require to interrupt transients in the res-
onator.

To evaluate the energy spread due to the transients, it is
necessary to take the fact that the accelerating resonator is
exited by two sources: the external generator and beam.
Transients in the resonator can be described in terms of the
method of counter-propagating waves [1] developed in [2-
4]. Further, we use this method to analyze the resonator
with the beam operated in various modes.

The method of counter propagating waves yields the fol-
lowing equations for the normalized complex amplitude of
oscillationsv in the resonator:

dv
dt
+ [

ω0(1+ k)
2Q0

+ i∆ω]v =

√

ω0k
Q0

a − αI0, (1)

whereω0 is resonator’s eigenfrequency,k is the coupling
coefficient between the resonator and the feeder line,∆ω

is the difference between the generator’s and resonator fre-
quencies,Q0 is the resonator unloadedQ factor, anda is
the normalized amplitude of the wave in the feeder line.

The load due to the current is taken into account by the
termαI0, whereI0 is the complex amplitude of the funda-
mental harmonic of current andα is the positive real num-
ber, which characterizes the effect of current on oscillations

in the resonator. The equation implies that the particles are
bunched and the bunches follow at a rate equal to the gen-
erator’s frequency.

In the beam grouped into short bunches, all particles ac-
quire the same energy proportional to the accelerating volt-
age.

u(t) =

√

ω0ZeL
2Q0

Re{v(t)}, (2)

whereZe is effective shunting impidance, andL is the res-
onator length.

For a beam grouped into short bunches,I0 is twice as
high as the average beam currentI. Representinga in
terms of powerP and phaseϕ of the generator (a =√

2P exp (iϕ)), Eq. 1 can be written as

dv
dt
+

(

ω0(1+ k)
2Q0

+ i∆ω

)

v =

√

2ω0P
Q0

(√
k exp(iϕ) − β

)

,

(3)
whereβ = [ZeLI2/(4P)]1/2 is the current-load factor (beam
current-to-critical current ratio atk = 1).

The general solution to Eq. (3) has the form

v(t) = vp + vd exp [−(1/τ + i∆ω)t], (4)

wherevp is the normalized amplitude of the steady-state
oscillations,vd is the initial normalized amplitude of the
damped eigen oscillations, andτ = 2Q0/[ω0(1+ k)] is the
time constant of these oscillations.

Each of the amplitudesvp andvd is a sum of two terms,
which refer to oscillations exited by the generator and
beam.

When∆ω = 0, the normalized amplitude of steady-state
oscillations exited, respectively, by the generator and beam
are

vg =
2

1+ k

√

2Q0kP
ω0

exp(iϕ), vb = −
2β

1+ k

√

2Q0P
ω0

.

(5)
By representing the sum of amplitudes in the exponential

form, the normalized amplitude of steady-state oscillations
can be written as

v0 =
2

1+ k

√

2Q0P
ω0

(
√

k − β2 sin2ψ0 − β cosψ0) exp (iψ0),

(6)
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whereψ0 is determined from the equality

cosψ0 =

√
k cosϕ − β

(k + β2 − 2β
√

k cosϕ)1/2
. (7)

According to the expression (2), normalized amplitude
of the oscillations corresponds to the accelerating voltage

u0 =
2
√

ZeLP
1+ k

(
√

k − β2 sin2ψ0 − β cosψ0) cosψ0. (8)

At a givenψ0, accelerating voltage (8) attains its maxi-
mum when the resonator’s coupling factor takes the opti-
mum value

kopt = (1+ 2β2) + 2β
√

1+ β2 cosψ0. (9)

Then the accelerating voltage is

um =

√
ZeLP cosψ0

√

1+ β2 + β cosψ0

. (10)

To evaluate the energy spread caused by transients on
the leading edge of the microwave pulse, it is necessary to
calculatevd, which depends on the initial conditions.

If the generator and beam are enabled simultaneously at
the momentt = 0 v(0) = 0. Thenvd = −vp and the acceler-
ating voltage changes from zero to a steady-state value.

If the beam is enabled when oscillations produced by the
generator have almost reached their maximum amplitude,
then, taking the beam enabling time as the origin, we obtain
the initial conditionv0 = vg. Thenvd = −vb and accelerat-
ing voltage becomes

u(t) = u0 +
2β
√

ZeLP
1+ k

exp(−t/τ). (11)

.
At the optimum coupling coefficient, the accelerating

voltage spread divided byum(relative energy spread) is

∆u
um
=

β
√

1+ β2 cosψ0

. (12)

For example, atβ = 0.5 andψ0 = 30◦, the relative energy
spread is 0.51 and, atβ = 0.5 andψ0 = 0, it equals 0.44.

The energy spread on the leading edge of the microwave
pulse can be eliminated by enabling the beam with a cer-
tain delay after the generator is switched on. In the case,
the conditionvd = 0 (interruption of the transient at the
moment when the beam is enabled) can be satisfied. This
is achieved when the damped eigenoscillations exited by
the beam and generator are equal in amplitude and are in
antiphase. For this situation to occur, the resonator’s fre-
quency must differ from the frequency of the generator by
a quantity depending on the phaseϕ of the generator. This
possibility is addressed in [5].

Let us consider how oscillations in the resonator tuned
exactly to the generator frequency (∆ω = 0) come to the
steady state. If the beam is enabled att = 0 with a delaytb

after the generator is switched on,v(0) = vg(1−exp (−tb/τ).
At t ≥ 0 the initial amplitude of the damped eigenoscilla-
tions is

vd = −[vb + vg exp (−tb/τ)]. (13)

The delaytb can be chosen so thatvd takes a pure imagi-
nary value. Then the accelerating voltage is independent of
time and equalsu0. Thus, the energy can be stabilized by
properly choosingtb alone. At the optimum coupling co-
efficient (9), the necessary delay of the beam engagement
relative to the microwave pulse is

t0 = τ ln

√

1+ β2 cosψ0 + β

β
. (14)

As follows from expressions (5), when the phase of the
generator isϕ = 0, the amplitudesvg andvb are real; there-
fore, the energy can only be stabilized atvd = 0. When
ϕ , 0, vd, can take pure imaginary values. In this case, the
transient is not interrupted at the moment when the beam is
enabled. The phase and amplitude of oscillations in the res-
onator change so that the two factors compensate for each
other and the change in the particle energy is independent
of time.
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Figure 1: Complex plane of the normalized amplitudes: (a)
extinction of oscillations produced by the generator before
the beam is enabled, (b) extinction of the oscillations af-
ter the beam is enabled, and (c) evolution of the resultant
oscillations in the resonator.

The figure gives a graphical interpretation of this ef-
fect on the complex plane of normalized oscillation am-
plitudes. At the moment when the generator is switched
on, steady-state oscillations with the amplitudevg and an-
tiphase damped eigenoscillations with the initial amplitude
−vg build up in the resonator. After the timetb, when the
amplitude of damped oscillations exited by the generator
becomesvi = −vg exp(−tb/τ), the beam is enabled. Steady-
state oscillations with the amplitudevb and damped oscil-
lations with the initial amplitude−vb are exited in addition
to chose that already exist. A sum of amplitudes of the
damped oscillations at this moment is the initial amplitude
vd for the subsequent time moments. The damped oscilla-
tions, which have an imaginary amplitude, do not affect the
accelerating voltage.

Thus, the general expression for the accelerating voltage
obtained in this paper can be used to evaluate the energy
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spread caused by the transients. It is shown that the energy
spread can be eliminated in the process of transients to the
steady state.
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