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Abstract

A possible structure for the lLinac of the CERN
heavy lon complex is the quasi-Alvarez. This has super-
periods including 24X cells and 8 cells with focusing
quadrupoles only in the longer cells. We have applied a
new fully relativistic general formalism to three stages of
the design. Firstly the longitudinal dimensions are de-
fined via prescribed synchronous phase and electric field
laws, using cavity computations to derive the axial fields.
Then the transverse matching and quadrupole parame-
ters are checked. Finally, multiparticle dynamics com-
putations are used to investigate coupling and emittance
variation between 0.25 MeV /u and 4.2 MeV /u.

Introduction

For the heavy ion programme at CEERN 12, several
distinct options for the injector linac are heing developed,
in particular the “quasi-Alvarez” drift-tube structure to
accelerate lead ions (Pb25+4) hetween 0.25 MeV /u and
1.2 MeV/u ®.

For low energy ions with small q/A (= 0.1 ) im-
practicably high quadrupole gradients are required in a
AA accelerating structure, so the quasi- \lvarez minimises
the number and strength of the quadrupoles by a) using
an optimum quadrupole separation and a betatron phase
advance of about 80" /focussing period and b) making
the quadrupole length about (.58 i.e. using a 282X pe-
riod locally. To maximise the acceleration rate, 3 peri-
ods are used between quadrupoles with smaller “empty”
drift-tubes for RIF power economy and mechanical sim-
plicity. Thus each focusing pericd between 0.25 MeV /u
and 2 Mev/u is 88X long (N=8) and has two long cells
(24A) and t normal cells (8A). Between 2 MeV/u and
1.2 MeV/u an N=10 focusing period is used.

Design Methods for Feasibility Study

The initial design was developed using simple pro-
grams for the beam dynamics. To study the transverse
motion, and quadrupole strengths and dispositions, an
analytical approach and a precise matrix formalism were
applied to the critical region at 0.25 Mev/u 3. With the
selected period layout (N=8), the allowable RI" defocus-
ing and limits for tolerable surface fields, the first struc-
fure designs, could be tested using the RF cavity pro-
gram, SUPERFISH to compute cells between 0.25 Mev/u
and 2 MeV/u. Flectric field results were interpolated
at intermediate energies to give a first linac design e.g.
cell lengths, numbers of cells and quadrupoles, and RF
power. As the increase in 8/accelerating gap is only 1.5%
in most of the first section, the analytical formulae give
good indications of acceptance in the longitudinal phase
plane for comparison with computational results.

Beyond the feasibility stage, a more systematic ap-
proach is necessary, to cover the stages between the cav-
ity computations and multiparticle optics. This was done
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for CERN Linac2 * but the programs used cannot treat
the superperiodicity and local asymmetrics of the quasi-
Alvarez.

Design with a New Formalism

It was decided to apply the gap acceleration treat-
ment of Lapostolle and Valero 3 to the three logical stages
viz. longitudinal design (for precise cell dimensions),
transverse design (to confirm the quadrupole settings)
and multiparticle dynamics (to study coupling and emit-
tance evolution). These new fully relativistic codes allow
accurate trajectory computations through long rotation-
ally symmetric accelerating elements for a wide range of
particles e.g. protons and electrons as well as heavy ions.
No particular symmetry is required for the longitudinal
electric field.

For a bunch of particles, the speed of computation is
substantially increased by developing the dynamics vari-
ables as a Taylor expansion around the bunch centre. in
the longitudinal motion, the phase and energy dependant
terms are such that the Jacobian is close to unity so the
treatment satisfies Liouville’s Theorem. Although the
4 x 4 matrix formalism applied to the transverse motion
ignores third order abberations, all the chromatic terms
are included as well as phase dependant effects and again
the Jacobian is very close to one. This allows observation
of transverse-longitudinal couplings and vice-versa, fila-
mentation cffects and emittance transfers. Comparisons
with a very accurate but much slower step-by-step inte-
gration routine show no significant differences with the
Taylor expansion method.

Particle Type: Lead Tons with A=208, q=25+

Tank 1: 19, = 0.2 MeV/u 1V, = 2.0 MeV /u
Tank 2: W, =20 MeV/u 1V, = 1.2 MeV/u
Frequency 202.56 Mz

Effective Synchronous Phase (¢, ;)

Tank 1: Goeyy = AB™MIT = 40" at 0.24 MceV /u
Tank 2: Buref)= 2300

Mean Flectric Field (MV/m):

Tank 1: G =209+ 0.2787

Tank 2: I5 const., W' continuous between tanks
Acceleration Perindicity:

Tank 1: 3 gaps/ 132

Tank 2: 4 gaps/508A

Table 1: Starting Conditions for Linac Design

Computations of Cell Dimensions

This section concerns the development of a program
which will compute the sequence of cell lengths, given
the starting conditions of Table I and interpolating be-
tween cavity ficld computations corresponding to a small
number of different cell lengths to obtain axial field dis-
tributions.
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Eleven cases corresponding to nine cell lengths be-
tween 0.25 MeV /u and 2.0 MeV /u (with two increases in
aperture diameter) were computed for half RF supercells
i.e. for a length of 28A. Good resolution in the axial
field results with an adequate representation of the drift-
tube profile, could be obtained with 60 or more mesh
points on the axis. The program HARMNY processes
the field data by making a spline fit to 33 equally spaced
points in each S interval centred on the three gaps per
superperiod. Then for other period lengths, the axial
fields are derived from the two nearest cases computed by
SUPERFISH. Best results were obtained by logarithmic
interpolation (versus cell length) between actual fields
rather than Fourier cocflicients. Then a Fourier analy-
sis over the A interval provides up to 20 coefficients for
ITARMNY.

The condition ¢, .5y = AB~"2 cannot be applied
directly as a) the particle phase is only computed at the
input and output of an accelerating interval and b) @, ./
will be some average value over three gaps (four for Tank
2). For the tank input at 0.24 Mev/u the unknowns
are, the (exact) cell length and the particle input phase.
These are adjusted itcratively using a simple algorithmn so
that ¢, .yy= -40" and the ratio of input to output phase
varies as 377, In subsequent cells the input phase is
known so only the cell length need be adjusted to satisly
the phase relation. At each iteration the accelerating field
distribution and average accelerating ficld must also be
reset. The starting value for the cell length is an extrap-
olation from the two preceding cells and the linac cav-
ity cnds after the superperiod nearest to the prescribed
energy. The design parameters produced by TARMNY
{Table 2} correspond to the largest surface electric fields
considered feasible at present.

TANK 1 TANK 2
Energy (MeV /u) 240—-2.129  2.129—4.238
Length (m) 7.684 6.634
RF superperiods 31 12
Mean B field (MV/m) 2.090—1.152 3.960
Aperture dia. {mm) 1216 1820
Quad.length (mm) 51—125 115
Quad. Grad. (T/m) 170—61 16—41

Table 2: High Gradient Quasi-Alvarez Linac

First Order Transverse Dynamics

The transverse envelope matching, quadrupole
strengths and batching are tested with the program
TRANSPORTVA which has input data as a sequence
of beam transport elements (c.f. TRANSPORT). In par-
ticular the accelerating regions usc the above mentioned
formalism. Cell lengths, clectric fields and input con-
ditions are as derived in IARMNY thus giving identical
longitudinal dynamics. Transversely, the evolution of the
beam envelope is computed using the RF defocusing term
for the synchronous particle and the given quadrupole
gradients. The usual matching and quadrupole optimi-
sation features were unnecessary as the gradients derived
hy the matrix trcatment gave sufficiently good beam en-
velopes. There was a slight worsening of the results when
the quadrupoles were grouped into threes with identical
gradients. Transverse matching leatures may be nceded
between the linac tanks, but here the difficulty may be
to control the longitudinal phase increase.
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TRANSPORT VA gives ideal first order dynamics re-
sults with no emittance increase or distortion and so pro-
vides a bench-mark for the multiparticle simulations.

Tank 1 Tank 2
Input Ellipse Semi-A xes
x,x/ plane 5.10 x 8.6 2.17 x 6.9 mm mrad
y,y! plane 1.99 x 22.4 566 x 2.64 mm mrad
W.,é plane  5.77x20.0 1563 x 7.39  keV/u"
Output Ellipse Semi-Axes
x,x/ plane 1.94x 7.6 542 x 1.95  mm mrad
y,y! plane 190 x 3.12 2.22 x .78 mm mrad
W,é plane 15.0 x 7.7 18.5 x 6.13 keV /u"

Table 3: Nominal Input and Output Matching

Multiparticle Dynamics with SIMUL

This program uses the the Taylor expansion ap-
proach to advantage when it is applied Lo a bunched beam
(represented here by 200 particles). With the dimensions
and fields from (HARMNY), and the quadrupole and
matching parameters as confirmed by TRANSPORTVA
this program, SIMUL, checks the behaviour of the quasi-
Alvarez linac. In particular, the way the emittance varies
for changes in beam and machine parameters can be stud-
ied. The structure of the program follows the TRANS-
PORT model with additional subprograms concerning
the accclerating regions, the filling of the input emit-
tances with particles, and statistical analyses and graphs
of the output beam .

The main optics problem at low energy concerns cou-
plings between the phase planes. Qualitatively these are
due to the variation of acceleration with radial position
essentially as Io(27r/(B1)) and the variation of RT" defo-
cusing with phase, essentially as r sin ¢. In fact the stan-
dard input data uses an upper limit for normalised input
emittance E, = Imr mm mrad, and the corresponding lon-
gitudinal emittance of 1.6x 107% eVs/u '. The (4 rms)
emittances given in Table 3 are right ellipses with axes de-
fined by the matrix treatment (transverse) and the linac
acceptance formulae *. Two distinct ways of assigning
particle initial co-ordinates were used.

[nitially particles were chosen at 13 positions in the
transverse planes so that the linear region near the axis
and the hmit of the emittance were represented. Then
for cach of these transverse positions, 13 co-ordinates in
the longitudinal phase plane were assigned, (8 on the
emittance boundary), giving sets of co-ordinates for 169
particles in total. The results at 2 MeV/u in fig. | show
that particles initially at the same position in the longi-
tudinal plane spread out depending on their initial trans-
verse positions. However the net cffect does not appear
to be an increase in the longitudinal emittance because
the limiting particles fall inside and outside the emittance
cllipse fitted to the paraxial particles. In the transverse
planes the dominant effect seems to be a spread in beta-
tron phase for particles with differing initial longitudinal
co-ordinates , but no net movement to outside the ideal

emittance. . .
ese coupling effects are rather smaller than might

be expected at 0.24 MeV/u, as with a maximum radial
excursion of 5mm, In(27xr/(8A)) = 1.23. In fact the beam
envelope in the accelerating gaps is less than 85% of the
maximum, the envelope is not representative of the mo-
tion of individual particles and this coupling reduces with
increase in beta.
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For other beam simulations, random sclections of
particle co-ordinates were made so as to fill the 4-
dimensional transverse phase space uniformly and simul-
taneously, to fill the longitudinal ellipsc uniformly. These
distributions were adjusted so that the first and second
moments as computed by the standard statistical formu-
lae, are exactly as prescribed despite the relatively small
number of particles selected (200). Except where other-
wise specified the standard input conditions of Table 3
were used. Surprisingly , for the majority of cases the
emittance changes between 0.24 MeV/u and 2 MeV/u
were barely significant. Thus for the normal case {Ta-
ble 3) two results corresponding to distinct sets of ran-
dom numbers differ by about 3% whereas the nominal
emittance increases are less than 5%. A similar, comfort-
ing result was obtained when batching the quadrupoles
in threes (to reduce the number of power supplies). The
output projections on the three normal phase plancs and
the x,y plane arc given in Fig. 2.

Attemnpts to demonstrate significant coupling be-
tween the phase planes were not conclusive. The method
used was to make, in turn, one ol the 3 emittances

either twice the normal value or 10% of the normal
value. The only significant emittance increases occurred

in the fongitudinal plane, by 10 to 15% when the trans-
verse emittances were increased and then by 50% when
the longitudinal input emittance was 10% of normal
Results where large increases in transverse dimensions
could occur, are somewhat hypothetical as there might
also be beam losses. Other tests were made using mis-
matched beams as would occur if the normal beam passed
through a drift space until its length increased by 22%.
These mismatches persisted throughout the acceleration
to 2 Mev/u with a significant emittance increase, 18%,
only for the longitudinal plane when it was mismatched.

One advantage of the quasi-Alvarez structure is
its large longitudinal acceptance, which should allow
effictent acceleration for several charge states around
q=25+. Two complementary approaches were tried.
Firstly the RF field level was varied by £10% about the
nominal level with the nominal input beam, which will
evidently be mismatched both in input phase { by -6" and
+8") and in ellipse dimensions. These fields would be
ideal for fictitious particles with q=22.5+ and q=27.5+
respectively! Another test used the normal accelerating
conditions but for a beam with mixed charge states viz.
q=244, 25 + and 26+ in ratios 25%, 50% and 25% respec-
tively. When varying the RF level there was a 10% lon-
gitudinal emittance increase at the -10% setting whereas
for the nominally smmaller effect (dg==+ t cfdq=4 2.5) the
snperposition of three beams each making coherent oscil-
lations gives a longitudinal emittance increase of 16%.

The results obtained between 2 and 1.2 MeV /u con-
firmed the above findings with negligible emittance in-
creases except for the longitudinal plane with large input
mismatch (18%).

Conclusions

This package of programs has been used to design a
Quasi-Alvarez linac as far as its beam dynamics is con-
cerned. Further iterations on the design e.g. to optimise
cavity lengths for RI" or post-coupler reasons 8, should
be straightforward. With the relatively small rate of in-
crease in 3 and the absence of space charge the close
agreement with the simpler matrix and analytical ap-
proaches was not unexpected, but the negligible emit-
tance increase, even with rather drastic mismatches, was
an agreeable surprise.
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Figure 2: Phase Plane Projections at 2.13 MeV /u
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