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Introduction

The injection of a bunched beam into a synchrotron
orbit can induce a significant transient response in
the accelerating cavity.!2Transient beam loading man-
ifests itself as a phase delay and amplitude modulation
of the gap voltage. On the other hand, the injection
of a uniformly distributed beam introduces a negligible
transient response in the accelerating cavities.

This paper summarizes a study of transient beam
loading of the AGS accelerating cavities due to the
injection of a triad (three bunches) from the Booster/
Accumulator into the AGS orbit. The analysis is ex-
tended to include the injection of three additlonal
Booster pulses. A summary of the time progression of
the beam induced phase shifts and energy transfer due
to the sequential injection of 1, 2, 3 and 4 Booster
pulses is presented and tabulated.

General Principles

The cavity is modeled by a resonant circuit as is
shown in Figure 1A.

Figure 1B shows the unloaded gap voltage and the
induced beam current in phase quadrature on the posi-
tive slope of the voltage. The capacitor charging
current is given by ig = iy - ig, with the gap voltage
v given by

dv ig ip - i
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Thus the beam cecreases the charging of the capa-
citor and delays the gap voltage. When injected in
"quadrature" the beam centroid encounters a negative
gap voltage. The beam is deaccelerated and transfers
energy to the capacitor. The stored energy of the
cavity and the amplitude of the gap voltage increases,
as is indicated in Figure 1B.3

The basic transient behavior can be readily quan-
tified by modeling the beam as an impulse of moment AQ.
The impulse is injected into the cavity at a lead angle
of ©, as is shown in Fig. 2 The amplitude of the
loaded gap voltage V' increases
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and the gap voltage is delayed by an angle of

V sin 8 + A%—
§in”! ST -8 (2)

The beam is deaccelerated and undergoes an energy loss
of

2
Y(Sin ) AQ +%%— (3)

By injecting the impulse at a lag angle given by

o1l 2
9g = Sin ‘E- [E% (4)

the energy exchange between the beam and the cavity is
zero, corresponding to the beam storage mode.

Beam loading delays the gap voltage by an angle of
2 Os. The injection of a second bunch (impulse} into
the cavity will result in a deacceleration of the beam,
as can be seen from Fig. 3. The gap voltage at the
time of the second injection is negative and the beam
suffers an energy loss of

Al 2
- )

Each additional bunch passing through the cavity
will be subject to an increased energy loss, and will
progressively increase the delay and the amplitucde of
the gap voltage.

The results of computer simulations of impulse
beam loading are given in Figure 4. For this simu-
lation the parameters employed correspond to the pre-
sent AGS and Booster/Accumulator.

AQ = 1.2 x 10°% coul/bunch
C = 82 PF/caviCy

V = 20KV/cavity

Qe = 10.5
RF Frequency = 4.1 MHz.

Figure 4A shows injection in quadrature;
20° lag (9g), Figure 4C, at 40° lag.

Figure 4B, at
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The injection angle ¥, measured as a lag from
quadrature, which maintains the beam energy fixed is a
function of the wave shape of the bunch.Table I gives
the angle 05 for three common waveshapes.
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TABLE I
84 for Various Wave Shapes
Bunch Shape SIN 8
1 A
Impulse 5 E%
Half-wave Sinusoid g %%
Rectangular 1 AQ
T cv

The following principles can be deduced in
the absence of compensation.*:%

1. Injection of the beam on the positive slope will
induce a delay (or lag) of the gap voltage.

2. Injection on the positive
greater than ¥ will accelerate
decrease the gap voltage.

slope at a lag angle
the beam and

3. Injection on the positive slope at a lag angle
less then 93 or at a lead angle will deaccelerate
the beam and increase the gap voltage.

Amplitude modulation of the gap voltage is due to an
energy exchange between the beam and cavity. In the
absence of compensation the passage of a continuous
sequence of bunches cannot lead to a steady state.

Half-Sinusoidal Distribution

Consider the injection of a single bunch in quad-
rature with the gap voltage as is shown in Fig. 1B.
The transient response is given piece wise analytic as®

) 1 AQ Wt + «/2)
v(t)=V sin wt - = Qo - l-g - =t cos wt
2 2Q,
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The phase delay of the gap voltage is approximated for
each RF cycle (index N) following injection (index O0)
as
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The injection of & second bunch during the second RF

cycle introduces its own transient phase shift that is
added to the phase shift remaining from the injection

169

of the first bunch. The net phase shif( is approxi
mated by
.
LA ) L Qo )
49, A v 5 t+e (103

The approximations involve linearization of transcen-

dental equations and use of linear superposition. The

injection of a third bunch during the third RF cycle

introduces a net phase shift of
"
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The energy transfer AU in the triad is approximated as
AUy = A8y V per cycle per particle. The energy trans-
fer aUy is the gap voltage corresponding to the passage

of the beam centroid.

A computer simulation of the cavity equivalent cir-
cuit’ has been employed to solve the equations describ-
ing the injection of a triad and extended to describe
the injection of 2, 3 and 4 Booster pulses. The
results are presented in a table describing the time
progression of beam induced phase shifts.

Table of Time Progression

A tabulation of the response due to injecting a
triad with the centroid of the first bunch in quadra-

ture with the unloaded gap voltage is given by the
partial table
BN Aun
Index Degrees (XV3
N
0 15.9 - 5.5
1 37.2 -1l4
2 48.4 -27.
3 41.3 -
4 34.8 -
5 - .
10 - -
11 4.7 -
12 0 0
13 0 0
The beam and cavity parameters are the same as

used for the impulse study. The index K is 0 at injec-
tion and 12 at the beginning of the second orbic. It
is assumed that the compensation,?® feedback or feedfo-
ward, is fully operative after the first orbit. The
cavity is unperturbed by the second, third and al!
following orbits. An entry is made in the aly column
only if a bunch crosses the cavity during the indexed
RF cycle.

The second pulse or triad is injected immediately

following the passage of the initial three bunches
through the cavity. The partial table is extendec.
Index Iy AUN
N Degrees (keV)
0 0 0] tnitiat
1 0 Q) orbiting
2 0 0) Trisg
3 15.9 - 5.5
4 37.2 -l4
5 48.4 -21
6 41.3 -
7 -
11 11.8 -
12 9.4 -3 1initial
13 6:5 - 1.9 Crbiting
14 4.7 - 1.5) vried
15 0 0

PAC 1989



The initial orbiting triad suffers an energy transition
only due to the residual transient of the second triad.

The scheme is to inject each additional pulse as a
tail or the orbiting beam in the AGS. A complete table
combining the four partial tables is given in Table I1I.
The Table is generated for different initial injection
angles. For this Table, lag angles are positive and
particle acceleration is indicated by a positive value
for AU.

Injection Regime

A possible regime for the injection of the four
Booster pulses into the AGS orbit is to select an in-
jection angle for the first triad such that the ensem-

ble energy transfer for the first pulse is zero. The
orbiting beamr is maintained in quadrature with the gap

voltage and undergoes zero energy transfer through com-
pensation, The second pulse is injected as a tail on
the orbiting beam at an injection angle that produces
an enserble energy transfer of zero. The scheme is re-
peated for the third and fourth pulses.

from Table II.
second pulse,

The injection angle © is calculated
For the first pulse ©® is 38°, for the

44°,  Zero ensemble energy transfer for the third and
fourth pulse would require 8 to exceed a value of 45°.

To satisfy the above limit the CV product must be
increased.® The induced phase shift decreases with an
increase of either C or V. The enrgy transfer decreas-
ed only with an increase in C. As a minimum, C should
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TABLE 11
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