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Abstract

With the programs usually used to design lincar
accelerators. beam dynamics paramcters arc calculated from
data describing the accelerator structure. The desired phase
advances (with and without space charge) in the transverse
(o and oo) and longitudinal (o, and o¢) plancs arc
reached after several iterations on the structure parameters.

Codes which usc the opposit procedurc have been
written. The phase advances arc first chosen thanks to a
diagram which gives the tune depressions versus the phasc
advances without space charge :

G/o0 = f(cor) and 6,/Gy = f(Sor, Cor).

Once oo and oy are chosen (then o, and o;
determined), the structure paramgcters arc calculated. This
procedure applied to the design of a RFQ is described, some
comments on its usc for DTL and high-cnergy structures are
also presented.

1. INTRODUCTION

The phase advances per focusing period (with,
without space charge) of the transverse (o,,00) and
longitudinal (o,.0q) oscillations, and the related tunes
(v=o0/2n), arc crutial parameters for the design of
high-current linear accelerators. In fact, the beam dynamics
is strongly dependant of these four phase advances and the
owand og values determine the structure parameters
(transverse and longitudinal focusing forccs).

For the beam dynamics, they determine not only the
motion stability but also the emittance growths [1] and the
halo formation [2 — 5] which can produce intolerable bcam
losses in high-current accclerators. The beam behaviour is
governed by the choice of the zero-current phase advances
(oo . ony) and "tune" spreads (oo, —o, . oq—0;) which
detcrmine both type and number of the resonances which can
overlap and induce a chaotic behaviour. Tools centered on
these phase advances have then been developed for the
design of high-current linacs.

Section 2 presents a method to calculate the phase
advances with space charge (o, and o;) when the phase
advances without space charge (oo and o) and some basic
parameters of the accelerator are fixed. From this first step,
the designer can use a diagram which gives the tunc
depressions versus the phase advances without space charge :
Si/oo = flow) and oi/cy = o6 Sa).

The next step consists to determine the accelerator
characteristics as a function of the oo, and o values. Tools
which help the designer to find acceptable values for the
accclerator free parameters (rf ficld levels, cavity geometry,
transverse focusing strength ...) have been developed. They
will be presented with some details in scction 3 for RFQ,

more simply for DTL and high-cnergy structures in sections
4 and 5 respectively.

2. TUNE DEPRESSIONS IN THE
TRANSVERSE AND LONGITUDINAL PLANES

An uniformly charged ellipsoid with scmiaxes
a= f[aca, and b in the transverse and longitudinal
directions respectively is used as bunch model. The phasec
advances with space charge (defined over one nfA long
transverse focusing period) are then given by [6] :
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where the bunch form factor ff is a function of b/a [7], and

3n2Zo.qI23

= ith =377Q
P with Zp

The Q parameter is then fixed by the choice of the
beam current (/), the particle rest mass (moc?), charge (q)
and energy (/W — B,7), the frequency (fir — A = c/fyy) and of
the n value.

To compute the tune depressions solely as a function
of the phase advances without space charge, a and b must
also be expressed as a function of known parameters. The
bunch mean radius is determined from the total transverse
normalized emittance :

aloy

Em = ni

The bunch half length can be related to the synchronous
phase, for example such that :

B 14s]

b= 2n

So, for each oy value, an optimization routine
computes <, which verifies equation (1). The function
o¢=flog) being known, the optimization routine can be
used again to solve cquation (2) which can be written in the
form o; = flow.oo). Figure 1 shows two diagrams drawn
using this method, they allow the designer to know what the
oo and oy values are which must be selected to reach the
desired tune depressions.

The next step consists to determine the accelerator
parameters which give the choscn phase advances.
Obviously, this choice must lcad to a physically rcalizable
design and must be studied for each kind of structure.
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Fig.1 : tune depressions versus oo, and o for :
f,r =352 MHz, ¢s=-30°, 1= 100 mA, €,,= 1 mm.mrd and :
-(@)-n =1, W =300 keV (RFQ)
-(b)- n=2, W= 20 MeV (DTL)

3. HIGH-CURRENT RFQ DESIGN

Ref. [8] gives a detailed description of most of the
formulae which will be used in this section. The notations
will be the same than those used in this fundamental paper.
The radius parameter of the pole tip will be noted "a" and the

maximum transverse radius of the bunch "a .. "

3-1- Parameters at the end of the gentle buncher.

At the end of the gentle buncher, the bunch is
formed but the energy is still close to the injection one. This
is therefore the critical point of the structure, the point where
the space-charge forces are the most predominant.

The first constraint to deal with is the machine
aperture (a). It must be greater than the beam size (a . yean)
and large enough to minimize the multipolar ficlds and the
image charge effects. The designer can fix the (a) value to :

a=k k,>1)

-'amlxbetm
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Once "a" known, the parameters of the radial and
longitudinal dynamics : AV and X'V respectively, can be
calculated. The RFQ main parameters are then given by :

V=XV+ AV ]ka)
X=XVIV, r,=a/JX and A=AV/V.

The next step consists to draw a diagram which
gives the peak field (E, = KV/r, in Kilpatrick unit) and the

3)

with [9] © @ 0 peam =

modulation factor (m) as a function of the phase advances
without space charge in order to enable a choice which is
physically realizable. The modulation factor is computed
through an optimization routine which solves the equation :

A= ——ml
m2o(ka)+lo(mka)

Figure 2 shows a diagram obtained with this
method. It must be used in connection with the charts
o;=floo) and o;=floco, 0or) (section 2) in order to choose
the best compromize between beam dynamics and feasibility.
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Fig.2 : m and E /E,;,,.;, as a function of corand oo with :
fw=352 MHz, W = 300 keV, ¢s= -30°, £,= 1 mm mrd,
I=100 mA, K=1.36,and k, = 1.3.

3-2- Acceleration section parameters.

The code calculates the beam parameters (the four
phase advances, a ., pan ---) UP to the output energy when the
structure parameters are kept constant from the gentle
buncher output. In order to decrease the length of this
section, the same program can also calculate the beam and
structure parameters to keep k, =a/a .., constant.

3-3- Gentle buncher parameters.

The calculation of this section follows the K-T
approach described in ref. [8]. oy and "z," are kept constant
all along the gentle buncher. Its input energy which is chosen
by the designer. The beam parameters with space charge are
also computed all along this section.

3-4- Shaper parameters.

Once the RFQ input energy and the shaper length
chosen, the code calculates the synchronous phase law in
such a way that both the shaper output energy and the gentle
buncher input one become the same. This is realized with :
-i) a linear law for a and m,

-ii) ¢s =—90° up to a point determined by the code. Beyond
this point, ¢s is linearly increased to reach the GB input
synchronous phase.

3-5- Example of RFQ design.

Figure 3 shows the main parameters of a 100mA
RFQ obtained using these procedures. This design is done
with : input and output energies : 100 keV - 2.7 MeV, f =
352 MHz, €4,= 1. mm.mrd. The structure is 2.4 m long, V =
145 kV and ry= 5.1 mm.
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Fig.3 : Main parameters (¢s, energy, a and m) vs cell number
for a RFQ designed to accelerate a 100 mA proton beam
(injection and extraction energies : 100 keV - 2.7 MeV)

4. HIGH-CURRENT DTL DESIGN

In opposition to the RFQ case, the longitudinal and
radial external focusing forces can be tuned independently in

a DTL. In the longitudinal plane, each RF gap is
characterized by the parameter :
mn2gh sin ¢
R il ] <
ot L0 0

where Ejp is the effective accelerating gradient. As o is
" only dependant of A, its choice fixes the value of £o. For
example, in the case of a FODO law of transverse focusing,
A then £, can be computed by solving :

oo =cos (1 +4A+2A%)

In the transverse plane, the apperture can be
determined using the same method than the one presented in
the previous section (formula (3)). The transversc phase
advance can be easily computed from the Twiss matrix of the
focusing period. For a FODO focusing law, a simple matrix
calculus can be done using a thin lense approximation for
both quadrupoles and RF gap effects, it gives :

cor = cos“[l — (g — %) AR5 ZA] )

where A =Lg4/Lcy is the quadrupole filling factor and
07 =B/L2,,/Bp is the strengh of the quadrupoles when their
gradients are B/ and the beam momentum Bp.

A fixed, 0o then B’ can be computed as a function
of oo by solving (4). The machine apperture being known, it
is then possible to check the feasibility of the quadrupoles.

S. HIGH-CURRENT CCL DESIGN

Possible choices for the design are even more
numerous than for a DTL. The longitudinal phase advance

without space charge is a function of n, £y and N : the
number of cells per tank. The effective accelerating gradient
being imposed by the cost optimisation, the designer can test
some values of N in order to determine the total length of the
period (an), then the room available for quadrupoles and
diagnostics. This fixes an upper limit for the quadrupole
filling factor A. In the transverse plane, a calculus similar to
the one described for a DTL can be used.

This procedure can be applied from place to place
along the CCL to readjust the parameters as the beam energy
increases.

6. CONCLUSION

A method which allows to determine the parameters
of a high-intensity linear accelerator starting from the phase
advances with and without space charge has been presented.
As shown, it can be applied to RFQ, DTL and high-energy
structures. Up to now, this method has been mainly used to
design RFQ linear accelerators. Cross checking with the Los
Alamos codes CURLI and RFQUICK [10] has been done in
order to verify that both programs lead to consistent results.

Acknowledgements

The author wishes to thank Pierre Mattei for his
very helpful collaboration during the elaboration of these
codes and Bernard Tournesac for his critical comments and
improvements of the manuscript.

7. REFERENCES

[1] I Hofmann, "Transport and focusing of high-intensity
unneutralized beams". Applied charged particle optics, part
C, A. Septier, Academic Press, 1993.

[2] J-M. Lagniel, "On halo formation from space-charge
dominated beams", LNS/SM/93-35, August 1993, NIM-A,
June 1, 1994, Volume 345, No.1.

[3] J-M. Lagniel, "Chaotic behaviour and halo formation
from 2D space-charge dominated beams", LNS/SM/93-42,
December 1993, NIM-A, July 1, 1994, Volume 345, No.3.
[4] J-M. Lagniel , "Chaotic behaviour induced by space
charge", to be published : EPAC94 (London) conf. proc.

[5] J-M. Lagniel and A. Piquemal, "On the dynamics of
space-charge dominated beams", proc. of this conference.

[6] see for example :

- R. Chasman, "Numerical calculations of the effects of space
charge on six dimentional beam dynamics in proton linear
accelerators", LINAC68 conf. proc.

- R.A. Jameson, G.P. Lawrence and S.O. Schriber,
"Accelerator-driven transmutation technology for energy
production and nuclear waste treatment”, EPAC92 (Berlin)
conf. proc.

[7] A.D. Vlasov, "Teoriya lineinykh uskoritelie", Atomizdat,
Moskva, 1965. "Theory of linear accelerators", Israel Progr.
for Scientific Translations, Wiener Bindery Ltd., 1968.

[8] K.R. Crandall, R.H. Stokes and T.P. Wangler, "RF
quadrupole beam dynamics design studies", LINAC79 conf.
proc.

[9] C. Biscari and M. Weiss, "Choice of parameters for the
CERN high intensity RFQ", LINACS82 conf. proc.

[10] CURLI and RFQUICK, written by T.P. Wangler, Los
Alamos National Laboratory, group AT-1.

127



