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SUMMARY

A study of the beam dynamics in the Radio Frequency
Quadrupole (RFQ) proposed by Kapchinskiil and Taployakov
has been carried out. Different schemes to design the
RFQ for a better transmission efficiency and lower
emittance growth for an ion beam are explored. A
three-dimensional particle code which includes the
effect of the space charge force has been emploved to
follow the dynamics of a beam in the RFQ. Our calcu-
lations show that the RFO 1is able to bunch a DC beam
with good efficiency and accelerate it to high energies
suitable for the injection into conventional linacs.

The transmission efficiency of a beam has been studied
as the current or the final energy of the beam increases.
A comparison between our calculational results and those
from recent experiments at Los Alamos are presented.

I. INTRODUCTION

In the conventional Linac, the radial focusing
force for the beam is provided by periodically spaced
magnetic quadrupoles. The magnetic force, which depends
on the velocity of the particles, usually is quite weak
at the initial stage of the accelerating scheme where
the particles were gaining energy from 750 keV to 2 MeV.
Yet it is recognized generally that the quality of the
beam, for example its emittance is determined in this
initial stage, and preserved through the energy range
from 2 - 10 MeV. Therefore, it is desirable to employ
an alternative focusing mechanism which will exert
stronger focusing force to produce a beam of better
quality.

The RFQ was first proposed by Kapchinskii1 and
Taplyakov in 1969. 1In the past two years or so, con-
siderable efforg has been put into the study of the RF(Q
in Los Alamos®~®. It is basically an electric quadrupole
structure which provides continucus radial focusing and
longitudinal accelerating forces for the beam. A po-
tential field V Sin (wt +¢) is applied on a four-vane
resonator to produce the guadrupole electric field. The
longitudinal field is obtained by periodic variations of
the radius of the pole tip.

II. BEAM DYNAMICS

To study the beam dynamics in the RFQ, we have in-
voked the electric field given by Kapchiniskii and

Taplyakov. The potential function, to the lowest order,
is
b= 5 cosxa) T (i’ + D) + B2 Pyt &5
2 2a
where A = — m -1 » B = 1-A I_(Ka) )
m Io(Ka)+Io(Kma)
27
K = —B_X , A = 2mc/w (3)
s
Vv = Vo sin(wt + ¢) ) (4)

with ¢ denoting the speed of light, R ¢ the synchronizing
velocity, w the R-F frequency, V_ the maximum potential
amplitude across the vane, ¢ the phase angle, T the mod-
ified Bessel function, m and a parameters related to the
vane structure.

The conventional procedure for particle simulation
for linacs is to write the equations of motion in terms
of the independent spatial variable z. However, in our
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application the current density is high enough that the
space charge force needs to be included. We have chosen
Z_, the z coordinate of the synchronized particle, as
the independent variable. It serves the purpose of
giving us the positions of all the particles in the beam
at the same instant, which is necessary for calculating
the space charge force. In the mean time, it also
enables us to keep track of the position of the beam
relative to the structure of the accelerator.

The equations of motion are
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where x-y-z denotes the coordinates of the particle in

the Cartessian frame of reference, Bz is Vz/c, BS is Bz

for the svnchronized particle, and T denotes the electric
field due to space charge. Note that the Bessel func-
tions in the potential field have been simplified for

our particular applications by assuming xy\{x +y7) << 1.

IITI. DESIGN OF THE RFQ STRUCTURE

In order to minimize the radial emittance growth,
it is important to have a matched beam in the RFQ.
Because the energy of the beam increases along the
z-axis, both the accelerating strength A and the focusing
strength B as shown in Eq..(2) can be functions of z as
well. Therefore the question of how to match the beam
along the whole machine is quite complex. One way to
simplify the problem is the following.

qAKZVO qBVo sy
= —— = , Eq. then
Defining Rl i and R2 q
Ma
becomes
2 dg - qE
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One may require the machine designed in the parameter
range such that Rz >> R1 and R2 = constant. So the

transformation matrix will essentially be defined by R
only, and the same matched beam can be found for diffefent
cells along z.

Another factor that determines the efficiency of
the machine is the particle loss. To minimize the
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particle loss due to the longitudinal phase mixing, one
possible solution has been proposed by Kapchinskii and
Taplyakov (X-T). In this method, the zero current
longitudinal oscillation frequency and the length of
the separatrix are kept as constants.

Los Alamos Scientific Laboratory (LASL)5 has de~
signed the RFQ structure for the proof-of-principle
experiment in a somewhat different way. They have
separated the structure into four sections, and only in
one of the sections has the K-T method been invoked.
The other sections are designed by keeping one or
several of the variables such as R,, A, ¢, a, m as con~
stants while varying the others limearly. We have
examined both the proposed method by K-T and the modi-
fied method by LASL. We set up beams passing through
the two schemes with exactly the same input condition.
Both are matched for the same R, value, yet the emit-
tance growth of the beam in LAS% design is smaller than
that by the K-T method.

IV. SIMULATION RESULTS

A. No Space Charge Case

In our simulation we first investigate the case
where the space charge force was neglected. The
parameters which define the structure of the RFQ are
as follows: B/a” = 25.4, A: 0~ 0.58 m: 1+ 2, a:

0.2 cm > 0.12 cm, ¢ = -90° + -34°. The RFQ accelerates
a proton beam of 100 ReV up to 2 MeV. The total length
is 2.75 meters. The other parameters that were used in
the simulation are V_ = 44 kV, and W = (425 MHz) - 27.
The emittance of theoinput beam 1is €i v 0.012 marad-cm,

Eyi "N 0.011 mrad-cm. The beam is assumed to have zero

spread in V
whole RFQ,
constant.

initially, thus €__, ™~ 0. Throughout the
the emittance in the radial direction stays
The capture efficiency is about 95%.

B. With Space Charge

1. Calculation of Space Charge Force: Before
presenting the results for the case that current I+0,
we need to discuss the method by which the space charge
force is calculated. The electric field is calculated
from the point-point summation method

-> >

. N (rJ - ‘L'J)

E, =L - (9
rl [N 2 2 372
1 =1 {ikri—rj){ + A ]

where j stands for the jth particle, N the total number
of particles, and A, the cut-off distance between
particles which serves the purpose of avoiding any
divergence in the calculation. Since both the total
charge and the volume of the beam are finite, N and A
are interrelated. It has been found that the calcu-
lated emittance of a beam is larger when either A& or N
is smaller. Depending on the choice of N and A, the
discrepancy in € can be more than 40%. Therefore, it 1is
essential to employ the correct method in the evaluation
of the space charge force. Our understanding in this
area is still not complete and more effort will be re-
quired on this problem.

In the calculation for the RFQ, the beam is started
with a diameter V0.2 cm, and length of 1 cm. In the
later stage -of the acceleration, the beam diameter stays
about the same, whereas the beam length due to bunching
has been shrunk down to about 0.4 cm. Therefore, the
field values in the beam should be somewhere between
that obtained analytically from a infinite cylinder and
a sphere.

We have used the analytical results from the in-
finite cylinder and the sphere as a guideline to deter-
mine the values of N and their corresponding &. Two
calculations are carried out. One is for a beam assumed
to be of length Zmax = 1 c¢m and radius R = 0.1 cm. Let

the electric field for the ith particle calculated froT
Eq. (9) be Ei and that from an infinite cylinder be E c).

The deviation of the two results is measured by *
N 2
I (. - £,
- i=1 ij ij
AE, = (10)
J v (c) 2
EOELTD
=1
where i = (x,y,z) stands for the three components of the
field. The other calculation carried out is for a short
beam with Z = (0.2 em and radius R = 0.1 cm. This

case is compared to the results gained from a spherical
beam with radius 0.1 cm. Let A, be the value of 4 which
}ong beam with Z =

gives the best results for the 1 cm,
such that AR, and A are minimum, and Az be the best
value for the short beam case where Z = (.2 cm. Since

max
these two cases considered are the extreme conditions

for our beam in the RFQ, we can take A and Ay as the
upper and lower bound of the A to be used.

2. Calculation of Emittance: Using the same RFQ
design mentioned in the previous section, we have also
simulated the cases for both I = 35 mA and I = 100 mA
from 100 KeV to 2 MeV. The distribution of the mean
square of x and phase spread in the z direction fatu]
are plotted in Figs. 1 and 2, respectively. The capture
efficiency and emittance growth are listed in Table I.
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Figure 1. Mean square of the bean spread in the

x direction for a beam with I = 100 mA.
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Figure 2. Upper and lower bounds of the phase spread

in the z direction for a beam with I = 100 mA.
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TABLE I

Simulation results for the RFQ. The decreases in the emittance are due to
the loss of particles in the beam.

Input Radial RMS Output Capture Emittance
Current Emittance Energy Efficiency Growth Rate
(90% Contour)

35 mA 0.014 cm-MR 2 Mev 72 % 0.68

35 mA 0.014 cm-MR 640 KRev 75 % 0.80

100 mA 0.017 cm-MR 2 MeV 40 7 0.47

100 mA 0.017 cm-MR 640 KeV 45 7. Q.70
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V. DISCUSSION
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n our simulation, we have neglected the image
field® induced by the beam in the RFQ. The image field
should decrease the longitudinal diverging field exper-
lenced by the particles, which in turn may improve the
calculated capture efficiency of the beam. As mentioned
above, we also need to put more effort into the investi-
gation of the method of calculating the space charge
force for a non-neutral beam in the finite-size-particle
simulation model. For the application to a higher
current beam, it is essential that we fully understand
this area.
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