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Abstract

RF capture of the proton beam in the AGS Booster hat
been limulated with the longitudinal pha«e-tpace tracking
code ESME. Results show that a capture in excess of 95%
can be achieved with multiturn injection of a chopped beam.

Introduction

The AGS Booster1 is a fast cycling accelerator designed to
inject high intensity beams of protons and heary ion* into the
AGS. It is rery important to minimize the losses of these high
intensity beams or, equivalently, to maximize the percentage of
particles captured inside the rf bucket. Numerical simulation
is the most reliable way to study this process. To this end, the
computer code ESME3 was adapted and modified to be used
at BNL as a design tool. In particular, it was used to study the
physics of the capture process in the AGS Booster and its de-
pendence on machine parameters. In this note, we give a brief
description of the main equations governing particle motion
used in ESME and present preliminary results of simulation
studies for the rf capture of protons in the AGS Booster.

Beam Induced Effects

In ESME, a number of macropartides are tracked in the
longitudinal phase space. A pair of hamiltonian difference
equations is solved for each macroparticle on each turn. The
percentage of particles captured inside the rf bucket is calcu-
lated as a function of the specified accelerating voltage V(t)
and the time rate of change of the magnetic guide field £(<)•
The phase space coordinates used in ESME are the total en-
ergy E ( MeV) and the azimuth 8 ( - * < « < * • ) measured
with respect to the energy E, and the azimuth 9, of the syn-
chronous particle. The equations of motion for particle > on
turn number n uc:

Ei,n = Eiin-i + eVn,in(hSi,n + *

= «.>-• ^ - 1 ) ,

(1)

(2)

where e is the proton's charge, V is the rf voltage amplitude,
h = Wr//«. is the rf harmonic number, ^ is a reference phase
(usually $ = hi,), ui is the revolution frequency, and SE" is
the energy change due to space charge, beam-wall coupling
impedancei and rf parasitic modes. The space charge voltage
is calculated for the case of a uniform cylindrical beam of ra-
dius a centered in a round pipe of radius b. These three energy

» Work performed under the auspices of the U.S. Department
of Energy.

contributions are combined in ESME by expressing all of them
in terms of the beam current. This beam current is Fourier
analysed and the voltage due to each beam component is cal-
culated separately. The constant of proportionality between
the beam current and the beam induced voltage is a complex'
impedance with frequency dependence. The total longitudinal
impedance is

Z{u) = Z"(u) + Zw{u>) + ZR{u), (3)

where

*~i»)--rzzrf> <«>
is the longitudinal space charge impedance, Zw{u) is the
(broad band) wall impedance, and

1 + iQ(u/ur - ur/u)
(5)

is the impedance of the rf parasitic mode. In the above for-
mulas, Z% = 3770 is the vacuum impedance, jS and 7 are the
usual relativistic factors, j = 1 + 2ln{b/a), and R,h, Q and ur

are respectively the shunt impedance, the quality factor and
the resonance frequency of the rf parasitic mode. For the AGS
Booster a « 2.5 em, b ss 7.5 em and with n = u/urfi

 w e get
Z"/n as - j700 fl at injection energy (200 MeV kinetic en-
erg/) and Z"/n = -j'100 (I at extraction energy (1500 MeV
kinetic energy). These are large impedances and are likely to
be the main cause of beam loss in the ring.
The total beam induced voltage is then

(6)

where /„ is the nM Fourier component of the beam current

•eNu, „.•(!»•+#„) (7)

N is the number of particles per bunch and a,, and Sn are the
real amplitude and phase of the n'* component of the Fourier
spectrum of the beam current. The resulting energy change is
then

SE" = H(eV*) = e7Nurt

(8)

where R denotes the real part and only the space charge term
is included in the following studies.

For the numerical simulation, we generate the Fourier de-
composition of the beam current by first binning the longitu-
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Fig. 2. Magnetic field curves for cases 1-4.

One first simulation was made for the case where we
chopped 5* on each side of every bunch of the injected Linac
beam (cases 1-4.A). This amount! to as 8% of the total beam
delivered by the source. The bucket areas and rf captures for
theses cases are listed in Table 1.

Case#

1
2
3
4.A
4.B
4.C

2
1.5
1.25
1
1
1

500 ftiec

1.6/100
1.6/100
1.4/96
1.1/55
1.1/82
1.1/98

1 mi

1.5/99
1.4/96

1.1/82
1.1/98

Table 1. List of bucket areas[eV.«c]/captuxe[%].

Notice that the rf captures for cases 1, 2 and 3 are all high but
the rf capture for case 4.A is unacceptably small. This is due
to the fact that B(t) starts from zero and increases more or less
slowly therefrom for cases 1, 2 and 3 whereas it has a constant
value of * 6.4 T/i during the whole cycle for case 4.A. This
nukes the bucket area and the rf capture at injection for cue
4.A much smaller than those of cases 1, 2 and 3. To illustrate
this, we show the particle distribution in phase-space and the
rf bucket at the beginning of injection for cases 1-3 and 4.A in
Fig. 3.a and Fig. 3.b respectively. This demonstrate* the fact
that during capture, the rate of rise of the magnetic field should
be kept as low as possible to be able to create the largest bucket
area for the given initial voltage. With large B(t), as for ease
4.A, the chopped beam loses its advantage since the bucket
area is reduced to accommodate the large rate of acceleration
required by the large B(t).

To improve the rf capture for case 4.A, we chopped more
beam. We studied case 4.B, shown in Fig. 4, where we chopped
« 30* on one side of each bunch of the injected beam and as
17* on the other. This corresponds to ss 50% of the total beam
from the source. This, of course, has improved the rf capture
(% 80%), but not enough to bring it to the level of cases 1-3.
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Fig. 3. a) Initial distribution and rf bucket for cases 1-3.
b) Case 4.A.
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Fig. 4. Initial distribution and rf bucket for case 4.B.

The difference in this case can be accounted for by the bucket
motion during the 100 /x«c (~ 64 turns) injection time. This
motion is related to the energy gain per turn of the synchronous
particle which is given by

AE/TuTn\MeV\ (14)

where p = 13.75 m is the curvature radius of the Booster dipole
magnets and S. = 32.114 m is the average radius of the equilib-
rium orbit. With B as 8.4 T/t, we get AB/Turn as 17.7 kV.



dinal distribution of the particles. The Fourier coefficients are
then obtained by a Fast Fourier Transform of the bin occupa-
tion numbers. In our simulations we found some dependence
of the capture efficiency on the number of bins for a given
number of macropartides. The choice of the number of bins
is dictated by both physical and computational considerations.
Obviously, too few bins give a poor representation of the par-
ticles' distribution. On the other hand too many bins give a
good representation only if there are enough macroparticles.
Moreover, the microwave cutoff consideration leads to an up-
per limit on the number of beam harmonics to be included
in equation (8). The cutoff for the lowest (TEu) mode of a
circular pipe of radius b is

(9)

Therefore, the maximum number of Fourier components is

\lcam/r«mc

Ae 3.4126k
(10)

Similarly, the maximum number of bins that is consistent with
the microwave cutoff is

(11)

This maximum number of bins corresponds to a minimum bis
length, or equivalently a minimum interaction length between
adjacent bins, below which the fields generated by one bin
travel freely along the beam pipe at a speed different from that
of the bunch and therefore do not contribute to space charge
effects. For the AGS Booster 7 as 1.2, and Xrf ~ 120 m for
the early part of the cycle. Thus

(12)

This number is rather large in our application, so the limit
on the number of bins is generally dictated by the number of
particles in the simulation and ultimately by the computing
time.

Simulation of Proton rf Capture

Muititurn injection

We did three series of studies. In the first study, we es-
tablished that rf capture with muititurn injection is more ef-
ficient than with single turn injection. This difference can be
attributed to the fact that (pace charge is incrementally built
up (or muititurn injection. Its effect is small at the begin-
ning and the total effect is felt only after injection is finished.
la the case of single turn injection, however, the total space
charge force is felt at the beginning. This effect is particularly
strong after a quarter period of synchrotron oscillations when
the azimutbal distribution of the particles in the bunch is very
peaked around the synchronous particle.

In this first series of studies, we not only established
the fact that muititurn injection ii favorable for high inten-
sity space-charge dominated beam, but also explored the ef-
ficiency of early capture by various voltage program*. The
traditional method of adiabatic capture gives better efficiency
and smoother beam distribution only for low intensity beams

where space charge does not play & role during capture. How-
ever, for high intensity beams with strong space charge forces,
slow voltage is not sufficient to contain the beam during early
blow-up. We found the voltage wave form in Fig. 1 to be near
the optimum for both early capture and later acceleration.

0.0 50.0 100.0 150.0 200.0 250.0 300.0
TIME (usec)

Fig. 1. RF Voltage program for cases 1-4.

Un-choppcd beam

To further understand the beam behavior during raulti-
turn injection, we did a second series of study and found that
an rf capture of 9094 can be achieved for the un-chopped bssaa,
but for better capture efficiency, the Linac pulses would have
to be chopped, to eliminate those particles that hfcve rf phase
angles close to 0 and 2r. Indeed, chopping the Issitx beam
might become necessary because, due to the high beam cur-
rent present in the Booster, eren a small beam loss during
the rf capture will result in high background radiation in and
around the accelerator ring.

Chopped beam

We will present in greater detail the results of a third se-
ries of simulations of proton rf capture in the AGS Booster for
the case of a chopped Linac beam. We studied S cases which
we will label 1, 2, 3, 4.A, 4.B, and 4.C. All the cases were done
for the voltage program shown in Fig. 1 and for an initial ran-
dom uniform distribution in 6 and gaussiin distribution in E,
with <rg as 0.2 MeV. We found that injecting at 45 kV and
raising the voltage to 80 fc V just after the end of injection was
a good rf voltage scenario since it made the linear charge distri-
bution somewhat smooth during injection time.The magnetic
field used was given by

where Bt =0.16 T (kinetic energy = 200 MeV) and Bt =0.54 T
( kinetic energy = 1500 MeV) are the initial and final magnetic
fields defined at times U = 0 and if = 60 nu ( half the Booster
cycle) respectively. The coefficient a was equal to 2 for case
1, 3/2 for case 2, 5/4 for case 3, and 1 for cases 4.A-4.C. The
curves of the magnetic field programs are shown in Fig. 2.



Therefore, the bucket moves up in energy by about 1.5 MeV
during the 84 turns it takes to finish injection. We further mod-
ified the capture in cafe 4.C where the chopped Linac beam
< u injected at 201 MeV kinetic energy instead of 200 MeV.
We show in Fig. 5 the evolution of the beam-rf bucket system
during the first 100 fttec of the multitum injection for case 4.C.
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Fig. 0. Proton beam captured in the rf bucket at 1 mate.
for cue 4.C.

Conclusions and discussions

From our studies carried out so far, several conclusions are
obvious:
1. Half voltage capture gives good efficiency because the early
beam blow up by the space charge force is well contained.
2. Multiturn injection allows the beam intensity to build up
slowly and thus give* a better capture efficiency.
3. By chopping the the Linac beam, we eliminate those parti-
cles that are close to the unstable fixed point of the rf bucket
which results in a higher capture.
4. The case with a chopped beam and a slow magnetic field
rise during capture (cases 1-3) gives a better capture efficiency
because the bucket area is maximum for the voltage at injec-
tion.
5. In the capture studies presented so far, we included rf focus-
ing and space charge forces only. Some studies have also been
done to evaluate the contribution from the wall impedances
and we found that their contribution is small compared to that
of space charge. As for the contribution from the rf parasitic
modes, our studies show that it becomes noticeable only for
R'*/Q > 50 ifl. After the construction of the Booster cav-
ity, actual impedances will be measured and their effect on rf
capture will be studied.

References

1 Booster Design Manual, BNL, October 1986.
1 J. A. MacLachUn./'artiefe fraeiinj in E-<t> Space at a

Vaian Tool for Cyclic Accelerator^ Proceedings of The IEEE
Particle Accelerator Conference, 1087 (1987).

Fig. 5. Distribution for case 4.C at 0, 50, and 100 fia

This finally has made the rf capture at 500 fitcc and 1 ms very
close to that of cases 1-3 (see Table 1 and Fig. 6). However,
the overall capture efficiency from the Linac drops from 92%
to 50%, a price too high to be affordable.
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