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TRANSITIONLESS LATTICES FOR LAMP? II

by

Bernhard J» Franczak

ABSTRACT

Some techniques are described for the design of
synchrotron lattices that have zero dispersion in the
straight sections and/or Imaginary transition energy
(negative momentum-compaction factor) but no excessive
amplitudes of the dispersion function. Included as an
application is & single-stage synchrotron, with variable
optics, that has different ion-optical properties at
injection and extraction but: requires a complex way of
programming the quadrupoles. In addition, a two-stage
facility consisting of a 45-GeV synchrotron of 1100-m
circumference and a 9-GeV booster of half that size is
presented. As alternates to these separated-function
lattices, some combined-function modules are given that can
be used to construct a synchrotron with similar properties.

I. INTRODUCTION

The following section discusses some basic requirements making it

worthwhile to have e synchrotron lattice that avoids both nonzero dispersion and

transition crossing during the acceleration cycle.

Section III details how to arrange dipoles and quadrupoles to obtain the

desired properties. It is easier to achieve either zero dispersion or imaginary

transition than to achieve both at the same time. The principle of variable

optics is useful in some cases.

Section IV describes a single-stage synchrotron accelerating from 0.8 to

~50 GeV without transition crossing. The synchrotron will require imaginary

transition because injection above transition energy is almost impossible.

Because the requirements at injection and extraction energy are different, this

machine will need variable optical properties during the acceleration cycle.



This variation seems much more complicated for a rapid-cycling synchrotron with

resonant power supplies than for a slower one with free programmable

quadrupoles, which might be one more reason to prefer a two-stage scheme.

Sections V and VI describe the 9-GeV booster and the 45-GeV main ring for

this concept. Though it is possible to avoid transition-energy crossing just by

designing the transition energy to be high in the first ring and low in the

second one and by transferring at an energy between them, there are still some

advantages to variable transition energy in both rings. This idea is discussed

in more detail below, One of the advantages of the two-ring concept is that

each ring can be optimized separately; thus, variation of optics during the

cycle covers only a small range and can be accomplished with resonant power

supplies, in contrast to the one-stage design.

Finallyj Sec VII gives an example of how to build lattices with zero

dispersion and imaginary transition using combined-function dipoles. No

complete lattice design is given, but a normal cell and a dispersion suppressor

cell that are the main components are described.

II. BASIC REQUIREMENTS

In high-current synchrotrons, particle losses play a much more important

role than in low-intensity machines. For LAHPF II, the design goal is to keep

the losses below 0.1%.

Because the synchrotron has to accelerate at a high repetition rate to

achieve high particle currents? the energy gain per turn amounts to several

megavolts; therefore, the frequency of synchrotron oscillation may reach a value

of 0.1 at injection, high compared with only a few per cent for slower-cycling

machines. Now if coupling between the radial and phase motion occurs,

(synchrotron-betatron coupling), the usable space in the tune diagram is reduced

substantially by a number of coupling resonances in the v$^inity of an integer

tune.

Sources of coupling are rf cavities located at positions in the lattice

having nonzero dispersion. Therefore, one important design goal is to make all

straight sections used for rf free of dispersion or at least to keep the

dispersion low at these places.

The crossing of transition ganma during acceleration is generally

considered a standard procedure. But in the presence of space charge, crossing

cannot be accomplished by a simple phase jump. Instead, more complicated
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schemes oust be used.1 These techniques are based on the linear approxlnation

for the phase notion and require precise timing. Thus transition crossing is a

possible source of particle losses. The elegant solution seems to be to have no

transition at all in the energy range between injection and extraction.

Transverse emittances are determined by the incoherent space-charge tune

shift, Which is not to exceed 0.25. They depend on the number of particles in

the machine but not on the diameter or on the lattice structure. A realistic

assumption for emlttance for N - 2 x lO1^ particles is 8.5 ir mm*mrad in both

planes, which is considerably larger than the emlttance of the LAHPF linac. For

the design of the vacuum chamber, an additional safety factor of 4 to 9 must be

applied on the emittances to keep even the sparsely populated parts of the

intensity distribution well inside the good-field region. Consequently, the

acceptance of the machine has to be made large without use of excessively large

apertures.

These three aspects are the main determining factors in the lattice designs

presented here.

III. DISPERSION- AND TRANSITION-FREE CELLS

The following ideas for cell design are far from being a theory but are

more than the mere statement: "I told the computer to find a solution, and it

did."

A. Dispersion-Free Cells

The term "cell" refers to a unit of a periodic structure. The coordinates

of the closed orbit for an off-momentum particle (dispersion function) are by

definition the same at both entrance and exit of such a cell. To design a cell

that has zero dispersion on the straight section outside the dipoles, one may

assume that this function is exactly zero on the axis at the entrance. If one

now finds a way to focus and bend the particle so that it is back on axis when

exiting the cell, then this is the solution for a dispersion function of zero in

the straight section.

Figure 3-1 shows three of the simplest ways to accomplish this. The

configurations consist of two dipoles (long boxes) with some focusing device

between them. The upper of the three schemes contains one focusing quadrupole,

and both dipoles are equal in length. If the strength of the quadrupole is such

that the slope of the dispersion is zero in the middle, then the dispersion

function will also be symmetric (zero) at the exit.
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Fig. 3-1. Three ways of building dispersion-free cells. Wide boxes are
dipoles; small boxes are quadrupoles. The matched dispersion
function is shown for all cases.

Top: single quadrupole between dipoles of equal length.
Center: doublet of nearly equal strength between different

dipoles.
Bottom: triplet between dipoles of equal length. Here the

strength of the center quadrupole can be chosen arbitrarily, and the
. outer ones mast be adjusted accordingly. In both other cases, there

is a unique solution for the quadrupole strengths if the dipoles are
given.



This solution is simple but has the disadvantage that there Is no focusing

in the vertical plane; the quadrupole singlet causes a strong defocusing. To

overcome this, one usually adds a second quadrupole of comparable strength but

opposite sign to form a doublet.

Because such an arrangement is not symmetric, the dispersion function

inside the doublet is not symmetric. Consequently, there is no hope of finding

a solution for two equal dipoles with a necessarily symmetric behavior of the

dispersion function inside. As the middle part of Fig. 3-1 shows, the dipoles

must have a length ratio of about 2:1, and the longer dipole oust be next to the

horizontally focusing quadrupole to obtain the desired properties.

Because of the longer dipole, the maximum of the dispersion function is

much higher than it is for the singlet case. One needs either two different

types of dipoles or three items instead of two.

Note that for each choice of dipole lengths, there is one, and only one,

set of quadrupole strengths that gives zero dispersion; the system is completely

determined by this constraint.

To restore symmetry and gain an additional degree of freedom, one must

replace the quadrupole doublet with a symmetric triplet and nay make the dipoles

equal in length again, as shown on the lower part of Fig. 3-1* It can be seen

that now a wide range of solutions for zero dispersion is possible. The

slightly curved line in Fig. 3-2 shows the strength of the D-quadrupole vs that

of the F-quadrupole for these solutions.

But matching the dispersion function as described is only one part of the

task. Stable motion in the betatron phase space is absolutely necessary. For

the triplet case, which is the most flexible of the three, Fig. 3-2 shows the

region of quadrupole strengths where the motion in both transverse planes is

stable (working diamond). Obviously this region does not coincide with the

range of quadrupole strengths needed for zero dispersion. Even with almost zero

lengths of the straight section, this region does not change substantially

(dashed line in Fig. 3-2).

To obtain a usable solution for a dispersion-free cell requires introducing

additional focusing elements. Fortunately, they can be located on the straight

section at any desired place, and they may have aay desired strength to produce

optimal conditions for the betatron motion. They will not change the dispersive

properties of the system because they cannot change the dispersion function if



Fig. 3-2.
The slightly curved line shows the
strengths of the quadrupoles for the
triplet in Fig. 3-1 that give zero
dispersion. Abscissa is the 1-quad,
ordlnate the 2-quad. Also shown is
the working diamond that defines the
area of stable motion in both
transverse planes (solid line). The
dashed line is the diamond for
nearly zero length of the straight
sections. There Is no combination
of stable motion and zero dispersion
without additional focusing elements.

Thus they affect only the betatron

e. B'(l.QUAD) 15.

It Is zero everywhere Inside these elements

motion.

Figure 3-3 shows a cell that has both zero dispersion (dashed line) and

stable transverse motion in the transverse planes. It is based on the doublet

case of Fig. 3-1. Let me give some insight into the design process.

As mentioned before, there is only one solution for the doublet between the

dipoles for a given ratio of angles, and there Is no significant degree of

freedom for the vertical motion. One must adjust this ratio to obtain a

solution with minimum amplitude in the vertical plane» During this adjustment,

the horizontal motion characteristically remains almost unchanged because the

optics are determined by the dispersion condition, whereas the vertical motion

reacts very sensitively to changes in the dipole length.

This result does not mean unstable behavior, but suppose one has a solution

for zero dispersion; then, a small change in dipole length will also cause a

small change in dispersion, probably of little consequence. But a program

always requiring exact solutions may eventually change the quadrupoles by a

considerable amount because the dispersion is not sensitive to quadrupole

changes. Because the program cannot adjust for vertical motion,, the solution

might quickly become unstable.

If one wants to use a particular ratio of dipole lengths, for example, 2:1,

then it might be better to tolerate a small amount of dispersion instead of

having vertical betatron amplitudes that are too large. For the lattices



Pathlength (mm) 4200*.

Fig. 3-3. Complete cell based on the doublet case of Fig. 3-1. The necessary
transverse stability is introduced by the additional doublet on the
straight section. Solid lines are beam envelopes in the horizontal
and vertical plane; the dashed line shows the dispersion function
that Is zero in the straight section. ~

proposed here, triplets are used instead of doublets. Therefore, these kinds of

problems can be avoided.

B. Transition-Free Cells

Once the technique described in the previous section is developed, it is

only a small step to increase the transition gamma substantially or even to make

it imaginary.

The transition gamma (Yt) is related to the momentum compaction factor

ap by the equation y£ - l/<*p. An imaginary yt or negative momentum-compaction

factor means that a particle with higher momentum than that of the reference

particle travels in a shorter path around the machine. To achieve this path, it

is necessary to make the dispersion function negative in some of the dipoles

because these are the only elements in which the path length depends on the

initial coordinates in first order.

The quadrupole multiplet between the dipoles can be considered as a device

that transforms a point on the axis at the entrance of the first dipole to a

point at the exit of the second one. If one increases the focusing strengths of

this multiplet, its focal length decreases, and both points are moved toward the



center of the cell . Consequently, the dispersion function becomes negative for

sufficiently large quadrupole strengths.

This Increase In strength of the quadrupoles that are between the dipoles

must be compensated by an appropriate decrease of the quadrupoles on the

straight section to maintain constant frequencies for the betatron oscillations.

Unfortunately these lenses are also at locations with nonzero dispersion

l unction and therefore they react on this function. Thus the system behaves

less straightforwardly than before.

The practical way to achieve solutions for the quadrupole gradients with

both correct tune and high Yt Is to Introduce an additional fitting constraint

that is related to Yt» This constraint can be on Yt itself, on the dispersion

function In the straight section, or on the momentum compaction factor.

Starting with the settings for zero dispersion, i t is possible in most cases to

obtain the gradients for the desired tune and Y(-» As an example, Fig. 3-4 shows

the same structure as Fig. 3-3 but with quadrupoles tuned so that Yt = 15i.

Pathlength (mm) 42000.

V4. The same geometry as for Fig. 3-3, but the quadrupoles are tuned so
Yp = 151 is obtained. Note that the horizontal envelopes (solid
lines) look worse than those in Fig. 3-3, but the vertical ones could
be kept smooth in both cases. This behavior can hardly be 'voided
because of the constraint on the dispersion function (dashed lir.e).



If one more constraint is set on the vertical-amplitude function or its

slope, the beam envelopes can be kept smooth in that plane. There is in general

no way to avoid some uneven behavior of the horizontal envelopes because this

behavior is closely related to the locally concentrated focusing power needed

for the proper dispersion function=•

An interactive computer program2 seems to be helpful because the influences

of the various strengths and positions of the optical elements can be judged

quickly, especially if graphics are included.

C. Other Schemes

In general it is worthwhile to have a high number of short but identical

periods (high superperiodicity), which can be achieved easily with two dipoles

and one multiplet between them.

A large number of periods have the advantage that higher-order systematic

resonances are clearly separated in the (vv,vv) tune diagram. A resonance

condition exists if, for the tunes v., and v,,, the following equation holds:

m \>x + n vy = p S

where m* n, and p are integers. It is obvious that, in a given tune interval,

the density of resonance lines decreases with increasing S. This is important

for high-current machines that are to be operated at their sptrce-charge limit,

because the maximum current is proportional to the largest tune shift that fits

between dangerous resonances, usually those with low absolute values of m and n.

For larger machines with limited space, longer periods with more dipoles

and fewer straight spctions between tham might be advantageous. Such structures

have not bean Investigated in detail except the one consisting of three dipoles

and two triplets, which is the basic cell of the 50-GeV single-stage lattice

described in Sec. IV.

Achieving a negative momentum-compaction factor with such a structure

requires in general much higher amplitudes of the dispersion function. Because

the wave length of this function is higher, and its positive amplitude is

unavoidably high i- seme of thy dipoles, high negative amplitudes are required

in turn in some others , This ic in contrast to the schemes described above

where the positive maximum occurs in the quadrupoles only and lower negative

amplitudes are required *



D. Combination of Zero Dispersion and No Transition

A combination of cells that simultaneously provide a negative

momentum-compaction factor for the whole machine and zero dispersion in some of

the straight sections might be more interesting because changing the optics

during the cycle is „ in principle, an additional complication.

To avoid synchrotron-betatron coupling, zero dispersion is needed only at

injection and low energies where a negative momentum-compaction factor is not

necessary. Because the superperiodicity is unavoidably reduced by at least a

factor" "of 2, one may prefer a variable-optics scheme for a low-energy machine,

if it can be realized in a simple way.

Things are different for a machine with high-injection energy if one needs

a high 3 region free of dispersion for extraction. In this case, both

properties are needed at the same time. On the other hand, a low

superperiodicity would be acceptable for low energies. We should look for

solutions combining all that is needed into one fixed-optics lattice. Section

VII gives examples for this case.

IV. 50-GeV SINGLE-STAGE LATTICE WITH VARIABLE OPTICS

This section describes a single machine as one of several possibilities for

accelerating from 0.8 to ~50 GeV. No attempt is made to discuss the advantages

and disadvantages of single- and two-stage solutions from other than the

ion-optics point of view.

A. Choice of Focusing Structure

There are basically three ways, quite different in their optical

properties, to arrange focusing quadrupoles in multiplets.

First, and most common, is the F0D0 scheme, which clearly requires the

minimum focusing strength but at the same time has the largest variation in

amplitude functions. A factor of 2 between minimum and maximum is typical and

is equivalent to a factor of ~1.5 in beam diameter.

The second way, just opposite in properties, is the triplet scheme, which

provides very smooth and low-amplitude functions but needs at least twice as

much focusing strength for the same tune.

Third, the doublet scheme is very much like FODO; only the space between F

and D is different from that between D and F. This gives lower amplitudes than

FODO but requires higher focusing fields depending on the ratio of distances.
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Looking for the optimal arrangement, one would first try to minimize the

necessary apertures in the dipole magnets, especially the vertical one, because

the costs are most sensitive to apertures. Because the aperture must be

designed for the maximum of the amplitude function, there is some wasted space

in a FODO lattice from the factor of ~1.5 in diameter mentioned above.

Therefore, the first choice would be a triplet scheme that can "«e the *•*>-•-•'•-

gap by fitting the average beam size optimaxxy in every part.

However, a considerable share of the saved money must be invested in more

and stronger quadrupoles, and there are other important aspects to be considered

before a final decision can be made.

The correcting elements, such as small quadrupoles, sextupoles, or

octupoles, always affect both transverse planes of motion. A difference in the

effects is only introduced by different horizontal and vertical amplitude

functions at the correcting element. The larger this difference is, the more

easily one can control each plane independently» Thus the advantage of smooth

and almost constant amplitude functions of a triplet lattice turns into a

disadvantage—for example, in chromaticity correction in one plane without

affecting the other one. In this case, one would use relatively strong elements

of opposite sign to obtain the desired effect as a small difference of large

quantities. FODO provides a more economical way to deal with this kind of

problem.

We must also consider slow extraction from the machine, which basically

consists of applying a kick to a part of the beam. Because the efficiency of

such a kick is proportional to the amplitude function, one would clearly wish to

have it high at those points in order to minimize the required deflecting

strength. In the case of the electrostatic septum, this is even more important

than at other parts of the extraction system because the septum thickness is

constant, depending on technical limitations. Thus the relative beam losses

decrease with increasing gap width, which, however, can be realized only if the

strength of the kick is moderate. For slow extraction with high efficiency, one

would prefer a FODO or doublet structure with its high-amplitude function at

several places.

B. Variable Optics

In every accelerator, the momentum of the particles increases during

acceleration; otherwise, the machine would be a storage ring. As a consequence,

the transverse emittanees and the beam diameter decrease at the same time. A
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ratio of 10:1 or more between maximum and minimum momentum is quite cotamon and

is equivalent to a diameter ratio of about 1:3.

All considerations with respect to ape.-.ure requirements and amplitude

functions are valid only at injection, where the transverse beam size has its

maximum value. As soon as the beam shrinks as a result of acceleration, its

ratio of diameter at different places may vary over a wide range, and it will

still fit into the apertures easily. Therefore, a FODO lattice at high energies

will not use more aperture than a triplet structure at 1ejection.

Arguments related to field strengths of quadrupoles, multipnles, oc

extraction elements apply only to those times when the particles are close to

their maximum momentum. A quadrupole designed to focus properly at final energy

could provide twice the focusing strength for particles of half-momenturn without

applying stronger magnetic fields. So it is no problem to make the

high-focusing strength as strong as a triplet at injection by using the

relatively weak quadrupoles of a FODO-like structure.

Consequently, the ideal configuration would consist of triplets at

injection and FODO at maximum energy. All special advantages of both schemes

would be in effect only when needed, and the disadvantages could be avoided

because they would occur only at those times when they do not really matter.

Of course there is no way :o change the hardware during the cycle, but it

Is possible to modify the quadrupole fields so that the desired change in optics

is achieved. The only parameters of the machine that must not be changed under

any circumstances are the betatron tunes in both planes. Once these tunes have

been defined at injection, they have to be maintained during the whole

acceleration process. It is impossible t"o cross integer (or even half-integer)

values without losing the beam.

In a normal lattice with constant optics, this is not difficult because the

ratio of the magnetic fields of dipoles and quadrupoles remains constant,

whatever function of time they follow or whatever the focusing structure looks

like.

The situation is a little more complicated for variable-optics lattices;

changing the focusing scheme from triplet to doublet means that one of the outer

lenses is turned down to zero. At the same time, the other two have to bi:

changed to keep the tune constant. Usually the lens in the middle of the

triplet may be reduced by more than one-third, whereas the other one must be
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increased in strength by somewhat less. The program for the quadrupole field

now takes into account both momentum increase and changing optics.

This principle of optics variation is not restricted to solving the problem

of whether to use triplet or FODO-like focusing. It can ba applied to any

combination of apparently contradictory requirements provided

© they can be fulfilled separately, and

© they do not have to be fulfilled at the seme time.

As mentioned in Sec. II, It is desirable to have zero dispersion in sosae of

the straight sections and to have high or imaginary gamma transition. These are

not really contradictory properties, but it is difficult to combine them in one

optics scheme, especially if one wants to keep a fairly high degree of symmetry-,

Checking the time dependence of these requirements, one finds that a short time

after the start of acceleration, both the tune spread (from space charge) and

the synchrotron frequency decrease. That means the beam does not require as

much space free of resonances in the tune diagram as before, and the resonances

excited by synchrotron-betatron coupling decrease in bandwidth. Only at

injection and shortly thereafter is it necessary to suppress these resonances by

making the dispersion zero in the rf cavities. At higher energies, no trouble

should occur even with finite dispersion.

For the problem of transition, the situation is the opposite: at injection

energy, one is far below transition anyway because in an arbitrary lattice, one

can expect Yt t o *>e close tc= the tune. With growing energy, however, one must

ensure transition moves upward so that it is always well above the actual

particle gamma. Thus the dispersion of the revolution frequencies

7 1 •

with
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does not get too close to zero. Such a process may now require higher amplitude

functions; the beam will fit in both the tune diagraa and the vacuum chamber

because this manipulation takes place at sufficiently high energies and low

emittances.

C. Description of the Lattice

Basically, the lattice consists of 10 identical and symmetrical arcs of 36°

bending angle each. Six dipole magnets cf 6° (12.6 in for 1.4 T) and two

quadrupole triplets are arranged according to Fig. 4-1 to form a sector

essentially filled with magnets. This is not the shortest possible achromatic

cell (compare Fig. 3-3), but because of limited space, it was chosen to obtain a

high filling factor for the dipoles. The sectors are connected with straight

sections consisting of two small quadrupole doublets at both ends and field-free

space between them; they are also designed to be symmetric. Two different types

of straight insertions are foreseen as indicated in Fig. 4-1. The data for this

structure are listed in Tables IV-1 and IV-2*

D

M d2
-BS-

(0

ft

50

Fig. 4-1. Basic components that form the 50-GeV synchrotron:
(a) 36° arc with six dipoles and two quadrupole triplets,
(b) long straight section with low-amplitude function for rf, and
(c) short straight section with high-amplitude function for extraction.
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36C arc

Uipole, 6°

Space

Dipole, 6°

Space

Quad (t)

Space

Quad (D)

Space

Quad (F)

Space

Dipole, 6°

Space

Length

(m)

12.798

0,8

12.798

1.0

0e600

1.0

2oOOO

2.8

2.000

0.8

12.798

0.4

TABLE IV-1

GEOMETRY

Long Straight Section

(LSS)

space

quad (d^)

space

quad (fp

LSS

(used for

rf cavity)

quad (fp

bpace

qu?,d (dp

space

(m)

0.8

0.724

0.8

0.730

18.813

0.730

0.8

0.724

0.8

Short Straight

(SSS)

space

quad (d2)

space

quad (f2)

Section

(m)

0.8

0.476

0.8

0.470

SSS 10.813

(used for

extraction)

quad (f2)

space

quad (d2)

space

0.470

0.8

0.476

0.8

plane of symmetry—-

99.588 24.921 15.905

Triplet mode: field gradients normalized to maximum magnetir rigidity

t -41.63 T/m

D +18.85 T/m

F -9.,84 T/m

+37.00 T/m

-37.00 T/m

d2 +37.00 T/m

f2 -37.00 T/m

Doublet mode: field gradients normalized to maximum magnetic rigidity

t 0.0 T/m

D +11.23 T/m

F -13.37 T/m

I|B'L| 49.20 T

+11.63 T/JI

-18.35 T/m

21.78 T

+11.63 T/m

-18.35 T/m

14.20 T
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TABLE IV-2

Betatron tune

Phase advance between SSS

Chromaticity

Transition gamma

Amplitude function mid LSS,

Amplitude function mid SSS,

Dispersion function LSS, m

Dispersion function SSS, m

Maximum beam radii for e =

in dipole magnet, mm

F-quadrupole, mm

D-quadrupoleV^mm

ION OFTICS

Triplet Mode

X

8.5

108.0°

-1.24

:

m 21.5

m 58.5

0.0

0.0

15ir

28.8

29.8

y

6.5

-1.86

10.18

16.3

26.9

15ir mm^mrad

25.8

36.2

Doublet Mo<e

X

8.5

108.0°

-1.77

12.

35.3

148.4

-6.5

-12.2

y

6.

-3.

38i

16.

27.

5

09

7

3

The idea is to place the rf cavities in every other one. of these straight

sections and to accommodate the extraction system in the remaining sections.

For this purpose, the tune is chosen so that a phase difference of 108° between

every other straight section occurs. That is, v_ = 8.5 for 10 periods.

The magnet sectors have the following property: with the triplrts powered

as FDF-triplets at injection energy, each sector becomes achromatic. Therefore,

in each of the straight sections between them, the dispersion vanishes

completely. So the rf cavities could be located at any convenient position.

Figure 4-2 (top) shows the dispersion function for this case.

Changing the optics to doublets by turning down the outermost lenses of

each triplet moves the principal planes toward the center of the arc. At the

same time, the F-quadrupole is increased and the D-quadrupole is decreased in

strength in order to keep the tune constant. As a consequence, the dispersion

16



120000

C
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^77h^/

0 120000

Fig. 4-2, Dispersion function (in meters) of a
(top) and doublet focusing (bottom).

36° sector with triplet focusing
Tune in both cases is v 8.5

x
and vy = 6°5» Note the negative values in some dipoles (hatched
lines) in doublet mode responsible for imaginary y^.
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function (seen from the plane of symmetry) reaches the axis earlier and even

becomes negative in the outer dipoles. This leads to high or imaginary values

of gamma transition. Figure 4-2 (bottom) shows the dispersion function for this

case.

This scheme would work without any additional focusing, although the

amplitude functions show some undesired oscillations. These functions are not

shown here. A substantial improvement, however, can be obtained by replacing

the bare drift spaces with insertions containing small doublets at both ends.

The main purpose of the doublets is to optimize the amplitude functions, but a

positive influence on gamma transition occurs also.

At injection it is necessary to make the amplitude functions, especially

the vertical one inside the dipole, as smooth as possible. because a large value

at one end of a magnet cannot be comnensafed by a small one at the other; the

result would be wasted aperture. The optimum for the lenses of the mini

doublets turned out to be at nearly equal strengths. Because the doublets in

the straight sections do not perturb the tune strongly, only a minor correction

of the triplet in the arc is necessary to maintain the right tune and the

achromatic condition. Figure 4-3 (top) shows the optimized solution for the

amplitude functions and triplet mode.

For maximum energy, i.e., in the doublet mode, the appearance of the

amplitude functions in the dipoles is not important because the diameter of the

beam is small. Now the mini doublets are used to obtain very high-amplitude

functions in the. straight sections where the extraction system is to be located.

In this case, the optimum shows considerably stronger F- than D-quadrupoles.

Exact values will be given in the tables. This manipulation also helps to raise

gamma transition to imaginary values. (If it were the other way around, one

would have to nodify the dipole lengths.) Figure 4-3 (bottom) shows the beam

size for this mode of operation. Note that the emittances are the same as for

triplets. Therefoi-e, the figures can be used to compare amplitude functions but

not real beam cross sections at different times.

So far we have assumed a lattice with perfect tenfold symmetry. This is

not necessarily the optimum solution, though it would be with respect to dipole

aperture and systematic resonances. The space required for rf is larger than

for extraction. Also the amplitude functions in the straight sections for

cavities should be sir*ll at injection, whereas they need not be small in the
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Pathlength (mm)

Pathlength (mm)

Fig. 4-3. Horizontal (x) and vertical (y) beam radii for emittances of
15 it mm*mrad. The boxes indicate apertures of 80 mm 0. The upper
diagram shows the triplet mode (injection), the lower one -he doublet
mode (extraction). Tune in both cases is v = 8.5 and v,r = 6.5.
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other ones. Therefore, the next step in design is to make the straight sections

different in length and the amplitude functions different in size.

Making the straight sections for rf about twice as long as the other ones

does not perturb the tune and the amplitude functions significantly because the

symmetry makes the amplitude functions equal in both sections. Any perturbation

from changing one length is canceled by the necessary change of the other one

because the total length has to be constant. Therefore6 there is little

limitation on choosing the ratio of these lengths.

However, as a result of the introduction of the superperiodicity 5, the

resonance 3 vv = 25 excited by sextupoles becomes a systematic one. Because

sextupoles are abundant in the dipoles and vx =• 8 1/3 is in the working region

(8.0 to 8.5), the influence of this resonance should be investigated.

Because the mini doublets were introduced to adjust the amplitude

functions, they can be used to obtain different amplitude functions in the

straight sections. Of course the two doublets at both ends of a straight

section will still be equal in order to retain the symmetry there. It does not

matter if the field gradients or the lengths are changed, so long as it is

possible to power those quadrupoles in series. In this case, the ratio of

strengths is fixed and must fit both injection and maximum energy requirements.

For the structure finally obtained, the developing of beam sizes in both

planes for e = z = 15 it mm*mrad and the dispersion function (dashed line) forx y

Ap/p = 0.2% during the first part of the cycle are shown en Fig. 4-4. The

curves denoted "I" are those for injection energy. The calculations are based

on the assumptions below.

Because of accelerations the emittances shrink with f5y~ ; a factor of 1.23

Is assumed between the momenta of two adjacent curves, giving a total ratio of

1:5.4 for the momentum increase. For the off-momentum particle (dashed line),

no change in its Ap/p is assumed.

The small quadrupole denoted "t" is powered with direct current giving the

correct field gradient for triplet mode at injection. Therefore, its focusing

strength decreases with the same factor of 1.23 for each step.

The four small quadrupoles denoted "f," through "d2," forming the two types

of mini doublets, are made different in length rather than in field gradient.

The criterion for the length ratio is a fairly low-amplitude function for the rf

and a smaller one elsewhere. This length ratio gives, also at maximum energy,

the desired high amplitudes for extraction.
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Pathlength (mm)

Fig. 4-4. Beam radii and dispersion function (dashed lines) in the proposed
lattice during the first part of the cycle. Envelopes include
shrinking of emittance as well as changing the optics from triplet to
doublet focusing. One tenth of the machine is shown. Note that the
ends of the diagram are planes of symmetry located in the middle of
the straight sections. For more details, see text and Table IV-1.

For the tiii« dependence of quad fields, there are no tight restrictions

because it Is assumed that the tune is controlled by programming the two main

quads, F and Do It is assumed that the quad fields consist of two parts: one

exactly proportional to the dipole field and the other one produced by a simple

dc offset. Thus the continuous transition between the triplet and doublet mode

is achieved for these lenses.

Now the two remaining lenses F and D can be adjusted to give the right

tune, and there is no remaining degree of freedom to program them differently.

Figure 4-4 shows that the increase of amplitude function that takes place

on the way from triplets to doublets is compensated almost everywhere by the

decrease of emittance. The net effect is a beam shrinking with acceleration,

but with different rates at different places.

An idea of the variations of the F- and D-lenses is presented in Fig. 4-5

showing the field gradient of each quadrupole as a function of the relative

strength of the lens "t." The value 42 on the abscissa means triplet mode,

and 0 means doublet mode. Note that all gradients given here are normalized to

21



0 42
Doublet Triplet

Gradient Quad "t" (Arb. Units)

Fig. 4-5. Relative field gradients of quadrupoles during transition from
triplet (42) to doublet (0) focusing. For locations of these quads
in the lattice, see Fig., 4-4.

maximum momentum. Therefore, they give the ratio of quadrupole and dipole

fields rather than true field gradients during the cycle.

The ion-optics equivalent to this kind of quadrupole variation is given in

Fig. 4-6, which shows the horizontal- and vertical-amplitude functions in the

middle of the straight section to be used for extraction as a function of the

type of focusing, as in Fig. 4-5. Note the increase of the horizontal amplitude

by a factor of 2.7, which shows the effect of the special programming of the

mini doublets. The momentum compaction factor oL and the dispersion function nx

are also given in Fig. 4-5. Zero is indicated with a dashed line for these two

factors.

If it is necessary to correct the chromaticity of the machine, one must

place the sextupoles at positions where the dispersion function is nonzero

during the whole cycle. Obviously this is impossible in the straight sections,

but it can be done within the triplets between F and D. The space of 2.8 m

foreseen here should be large enough to accommodate these elements.
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Doublet
Gradient Quad t" (Arb. Units)

Fig. 4-6. Amplitude functions £$„ and 0 , dispersion function r\ , and the
momentum compaction "factor a during the transition from triplet
(42) to doublet (0) mode of focusing.

To provide information on the beam energy for the rf system, it is

necessary to measure the radial beam position at a place with nonzero

dispersion. The free spaces between F and D can be used for this purpose.

D. Programming Considerations

The curves shown in Fig. 4-5 do not include any assumption about the time

dependence of the change from triplet to doublet mode. For each value on the

abscissa, one can determine the settings of all quadrupoles to obtain the right

tune. There are different ways to do this as a function of time.

At first sight, the easiest way is to keep the lens "t" at a fixed field

while the dipoles fields are increased, so the effect of t goes to zero, and the

triplet mode turns into doublet mode. Only two of the three lenses of the

triplet have to be programmed individually in this case.

But there is a severe disadvantage to this simple approach. During the

first part of the cycle after the energy has doubled, the synchrotron frequency

and the incoherent space-charge tune shifts require maximum free space in the

tune diagram. So it is necessary to keep the conditions at injection, i.e.,

low-dispersion function, constant for a certain time.
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Unfortunately, constant conditions are the opposite of what the dc-lens

concept can give. The change in the optical properties is most rapid at the

beginning of the cycle. At twice the injection energy, the focusing reaches the

middle of the abscissa, and the dispersion function climbs to more than half of

its maximum value in the doublet mode (Fig. 4-6).

A better but more complicated method is to program the t-lens as well, in a

way that produces a field rise nearly parallel to that of the dipoles but

returns to the injection field af•sr the first part of the cycle. Whereas the

normal field rise from bottom to top is obtained by integrating a half sine

wave, the field for t is produced by integrating a full sine wave of double

frequency but half amplitude. This integration gives nearly the same slope for

both fields at the beginning of the cycle and therefore keeps the the optics

almost constant. The change to doublet mode takes place halfway between bottom

and top before the required fields are too high for triplet mode. Figure 4-7

shows the fields as a function of time for half and full sine wave integration.

This technique is suitable for dealing with optics as a function of time

but does not help to program the quadrupoles D and F as a function of time.

Because resonant power supplies always produce a cosine wave plus dc offset,

iZ
o
"5

(a) (b)

\

Time (Arbitrary Units)

Fig. 4-7. Left diagram shows half (solid line) and full (dashed line) sine
waves used to generate the magnetic fields shown on the right side.
The ratio of amplitudes is chosen as 1:2 to make both fields as
similar as possible during the first part of the cycle.
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anything other than a linear function can only be realized with correcting power

supplies acting on the same quadrupoles or with separated correcting quads.

Both would have to be freely programmable.

In any case, the realization of the variable optics with a resonant power

supply makes the system considerably more complicated, in contrast to a machine

with freely programmable power supplies where the problem reduces to a matter of

software instillation.

V. A 9-GeV BOOSTER FOR THE TWO-STAGE FACILITY

A. General Properties

Though the main purpose of the booster is to be an injector for a 50-GeV

synchrotron, it will also be useful as a machine for physics. Thus the final

energy of 9 GeV, which is a suitable transfer energy, is not the absolute

maximum one might wish to have. In this energy range, it is not trivial that a

machine always operates below transition. To avoid crossing transition, one

must take special measures to make the transition energy substantially higher

than the maximum expected energy.

The straightforward method of using a high tune with an associated high Yt

has the disadvantages of a high, but still finite, limitation of the energy and

a need for a high number of focusing and bending elements, which probably will

increase the cost of the machine.

For the lattice presented ,;ere, the techniques described in Sec. Ill have

been used to design a machine with freely adjustable transition and straight

sections free of dispersion. These features can avoid problems with

synchrotron-betatron coupling in the rf cavities.

In addition, a variable yt makes it possible to produce short bunches by

adjusting yt close to the particle energy. In this case, the area of the rf

bucket reaches very high values and the matched bunch becomes very short. There

will probably be a limitation of the particle current, and it seems to be

necessary to take into account: the nonlinear behavior of yt for this mode.

Information provided by J. L. Warren.
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B. Lattice

Because the machine will be operated at its space-c>i~rge limit, it is

necessary to make the superperiodicity S not too small. Therefore, only cells

with two dipoles and a focusiug device between them have been coneidered. The

emittance of the beam at injection, including a safety factor to keep the

penumbra inside the good field region, amounts to 34 IT mm*mrad in both

planes.* It is, therefore, worthwhile to choose as focusing structure a triplet

that provides low-amplitude functions in the dipole magnets to keep the

apertures small. In addition, both dipoles can be made equal in length<>

The structure consists of 10 arcs of 36° bending angle, each separated by

10 long straight sections of about 20 m (Fig. 5-1). Two dipoles and a

quadrupole triplet form a symmetric arc that provides both bending and control

of the dispersion function, the latter determining gamma transition. The proper

focusing (tune) is achieved with two quadrupole doublets at the ends of the

straight sections. To save focusing strength, the two lenses of these doublets

are separated by 2.6 m and form a FODO-like pattern. The space is not wasted

but fits a rf cavity. Because the lengths of the straight sections are nearly

equal to the dipole lengths plus clearance, one has, in each superperiod, three

focusing periods of roughly the same length.

The distance between dipoles and triplets is not as small as possible, but

the longer distance reduces the needed focusing strength of the lenses. The

space can be used for correcting elements and beam diagnostics. Making the

distances within the triplet larger would also help to decrease the focusing

strength but would at the same time increase both the vertical-amplitude

function and chromaticity, which is not desirable.

As tunes for the machine, v_ = 8.5 and v,_ = 6.5 were chosen corresponding
y

to phase advances of 102 and 78°, respectively. Of course, these values are

only approximate ones, but they define a half-integer square area in the tune

diagram from (8.0,6.0) to (8.5,6.5), which is almost free of systematic

resonances. The only exception is 4v^ + v,T = 40, which is excited by skew
x y

decapoles. This mode seems not to be very dangerous because these kinds of

multipoles are not part of a normal imperfect dipole but require some

misalignment or perturbation of the median plane of the machine. Therefore,

they can be expected to be smaller than normal decapoles contained in the

dipoles.
Information provided by E. P. Cotton and M. H. Fcss.
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Fig. 5-1. The booster ring of the two-stage facility. Large curved boxes are
dipoles; small ones are quadrupoles. No rf, injection, or extraction
is shown here. Circumference = 551.384 m, energy = 9 GeV, dipole
field = 0.92 T.
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C. Modes of Operation

Basically there are two possible modes of operation for the lattice. Both

of them have the same tune of v H = 8.5 and vv = 6.5 (approximately) and

minimized amplitude functions in the vertical plane.

By suitable setting of the triplet between the dipoles, the dispersion in

the straight sections can be made zero. In this case, gamma transition is 12.2,

which is slightly above the maximum particle gamma of about 10. It is not

necessary to cross transition to reach 9 GeV, but this value of Yt gives a value

of r\ (1/f2 - 1/-Y|) of only 0.0022. In addition, the energy that can be reached

without crossing transition is limited.

Increasing the strength of the triplet causes the dispersion function to

cross the axis within the dipoles. The result is a negative momentum-compaction

factor or, in other words, an imaginary transition gamma. In this case, the

dispersion in the straight section is no longer zero but remains at the moderate

value of -0.9 m. The maximum energy is not limited, and n is 0.011 at 9 GeV,

which is about five times higher than the value obtained with zero dispersion.

Figure 5-2 should clarify the possible ways to operate the machine. The

abscissa is the strength of the outer (F2), the ordinate the strength of the

center quadrupole (D2) of the triplet. Line A represents zero dispersion on the

straight sections, and the line does not change with the strengths of the lenses

on the straight section; that is, it is independent of the tune. Line B

represents the possible triplet settings for a fixed and imaginary value of y*;*

This line is exact for a fixed tune but does not change its position very much

for different tunes.

If vertical motion is not important, choosing any convenient point on the

two lines will realize the two modes mentioned above. But vertical motion is

important and therefore another condition restricts the choice of settings for

the triplet. This restriction is indicated by the dashed line C in Fig. 5-2,

which represents those combinations of quadrupole strengths that produce a

vertical waist in the middle of the dipoles. (As a result of the symmetry, this

happens in both dipoles at the same time.)

Now a working range can be defined chat is not necessarily limited by lines

A and B but is always on line C, providing smooth and optimal vertical motion,

but with very different properties in the horizontal (= dispersive) plane.
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9 B'<2.QUAD>

Fig. 5-2. Working lines in the D2, F2 diagram. The abscissa is strength of F2;
ordinate is strength of D2 of the triplet between the dipoles.
Settings on line A lead to zero dispersion on the straight section.
Line B corresponds to yt • 15i. Line C represents minimum vertical
aperture requirement in the dipoles. All lines but A are for
constant tune only.

Figure 5-3 shows the beam envelopes and dispersion functions (dashed line)

for the two cases characterized by zero dispersion in the straight sections and

yt = 15i. The envelopes with higher horizontal amplitude in the dipoles and

higher vertical amplitude in D2 are those for the imaginary Yt case- Note that

there is little difference in the vertical-amplitude functions in the dipoles

because they are close to the optimal value (gy *= length of the dipole).

The narrow waist in the middle of the triplet looks unpleasant, but it is

hard to avoid because the condition for the dispersion function requires strong

horizontal focusing at this place. Fortunately the waist occurs where the

dispersion iffî lose to maximum. Thus the beam cross section, including the

momentum spread, does not look strongly modulated.
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Fig. 5-3. Beam envelopes for emittances of 8.5 u mm*mrad in both planes (top)
and dispersion functions (bottom) for Ap/p • 0.35% for the two modes
of operation, zero dispersion in the straight sections and negative
momentum—compaction factor (envelopes with higher amplitudes). One
superperiod is shown, and the dispersion is not included in the
envelopes.
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Fig. 5-4. Beam envelopes for emittances of 8.5 IT mm*mrad in both planes and
dispersion functions (dashed line) for Ap/p » 0.35% for zero
dispersion in the straight sections. The horizontal envelope
includes the dispersion. Obviously the widening (by dispersion) of
the cross sections occurs at those places that do not determine the
dipole apertures.

Figure 5-4 shows beam envelopes including dispersion for the mode with

dispersion-free straight sections. It can be seen that the widening due to

dispersion has no influence on the dipole aperture requirements.

D. Variation of the Optics

Because the version with zero dispersion on the straight section has a

transition gamma of 12.2, which is above the maximum particle gamma of 10.6 at

9 GeV, this lattice can be used with fixed optics as a booster if one must

consider dispersion in the rf cavities. On the other hand, the dispersion

function in the straight section is moderate (-0.9 m), and if being too close to

transition at maximum energy is a problem, it is easy to run the machine in the

imaginary transition mode at all times.
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Besides these two cases, one may, of course, use any intermediate state of

quadrupole setting on the dashed line C of Fig3 5-2. There will not be much

difference in the vertical motion, but more in the dispersion and Yt« Table V-I

shows all relevant parameters for the transition from the zero dispersion to the

imaginary Y^ case.

If both properties described above are to be combined during the cycle, the

transport has to be varied. In contrast to the change from triplet to doublet

focusing, as described in the previous section, the principal focusing scheme Is

not changed during this variation. Therefore, the changes in the amplitude

functions are much smaller (Fig. 5-3), and the variation of the quadrupole

strengths for the transition from zero dispersion to negative momentum

compaction is almost linear.

It is even possible to approximate the exact functions for the variation of

the quadrupoles with linear functions. Such a linear change in quadrupole

strength should be feasible with power supplies of the dc plus cosine-wave type.

Consequently the tunes and amplitude functions are not as constant as with the

exact functions. But the resulting errors are well within tolerable limits.

Figure 5-5 shows the excursions of the tune (left) during the change of the

momentum compaction factor (right). The maximum tune deviation is about -0.16

in the horizontal and -0.06 in the vertical plane. It would be lower of course.

If not, the whole range in Table V-l would have to be covered by this linear

approximation.

Because there are four different families of quadrupoles in the lattice,

four different power supplies are needed. It is not possible to power some of

these families in series; though the functions can all be linear, they are so

different in slope that excessively large perturbations of tune and amplitude

functions would occur. The power supplies are independent devices. Therefore

it is no additional complication to program them in a slightly different way so

long as this way remains dc plus cosine wave.

When defining the programming, remember to keep the optical properties

constant during the first part of the cycle because the incoherent space-charge

tune shift would not allow larger excursions of -he tune.

Assuming two quadrupoles are equal in strength at injection but are

supposed to have a difference of 10% at maximum energy, there are different

possibilities of integrating a sine wave to get from the right injection to the

right maximum fields. One can reduce the amplitude for one quadrupole to 90%
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TABLE V--1

Booster: 9 GeV, N - 30, S - 10, B - 0, 92T, C - 551, 384 m.
Tune: 8 • 2525/6 • 3300, &-y in dipole otimized.
Position Is in the middle of the straight sect ion.
Transition: from zero dispersion > moiaemtum-compaction factor -0.00444.

1)
2)
3)
4)
5)
6)
7)
B)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)

Q-HOR

B. 2524995B
6. 25249958
a. 23S4999B
B. 2524995B
B. 25249958
8. 25249938
8. 25250053
B. 25250093
8. 25250053
B. 25290053
8. 23250093
B. 2525O053
B. 25290093
B. 25250149
8. 23290149
B. 25250149
B. 25250149
B. 25250149
B. 25250149
8. 25250149
8. 23250149
8. 25250149
8. 25250053

Q-V£R

6. 33000040
6. 32998848
6. 329988OO
6. 329988OO
6. 32998753
6. 329987O5
6. 32998657
6. 32996657
6. 32998610
6 32990562
6. 32998514
6 32998466
6. 32998419
6. 32998371
6. 32998323
6. 32998276
6. 32998228
6. 32998180
6. 32998133
6. 3299B0B5
6. 32998037
6. 32998037
6. 32997990

XI-HOR

-]

—

-
-
— ]
-
-
-
—
— 1

L.21BB3047
L. 22657299
1.23535573
1.24540949
1.29661898
L. 26921923
1 28319812
L.29B79B92
I 31613314
1.33554757
1.35715799
I. 38130987

-1.40812016
-1.43B16614
-1.47191012
-1. 509B1426
-1.55257189
-1.60099220
-1.65576828
-1. 71B2B699
-1.7B993511
-1.B7221479
- 1.96743739

XI-VER

-2 49182773
-2. 51021290
-2. 52904598
-2. 54810405
-2. 56746387
-2. 3B7O4972
-2. 60693717
-2. 62705016
-2. 6473B941
-2. 66803002
-2. 68887642
-2. 70991373
-2. 731013149
-2. 75240016
-2. 7737V417
-2. 79524.329
-2. 8168CI799
-2. 83813666
-2. 8595.1044
-2. 88061309
-2. 90147972
-2. 92189455
-2. 94183710

BETA-HQR

8. 379B999B
8. 49904060
8. 61381626
B. 723B1401
8. 82860565
8. 92776680
9. 02087393
9. 10791247
9. 18726540
9. 25972939
9. 32490676
9. 38121223
9. 42947102
9. 46892262
9. 49922O85
9. 92004051
9. 93107452
9. 53203678
9. 52266979
9. 50274181
9. 47209544
9. 43044662
9. 37779331

BETA-VER

46 34183502
46. 15678406
49. 96716690
45. 77239990
49. 57205200
45. 36562347
45. 19257263
44. 93227003
44. 70401764
44. 46702957
44. 22041702
43. 96316528
43. 69414139
43. 412044S3
43. 11539459
42. 80249786
42. 47140B84
42. 119BB449
41. 74531555
41. 34465790
40. 91432953
40. 45009613
39. 94689560

ETA-HOR

0. C01B1355
-0. 05987407
-0. 12089427
-0. 18107472
-0. 24023402
-0. 29B18812
-0. 35475099
-0. 40973523
-0. 46295270
-0. 51421505
-0. 56333458
-0. 61O12453
-0. 65439993
-0. 69597834
-O. 73468024
-0. 77032983
-0. 80275571
-0 83179158
-0. 85727692
-0. 87905771
-0. 89698714
-0. 91092604
-0.920743BB

1)
2)
3)
4)
5)
6)
7)
B)
9)
10)
11)
12)
13)
14)
15)
16)
17)
IB)
19)
20)
21)
22)
23)

MOM. COMP. FAC

0. 006707101
0. 006131395
0. 005551270
0. 004968230
0. 004383777
0. 003799495
G. OO3217001
0. 002637961
O. 0020640B2
O. 001*97033
0. 000938728
0. OOO39O7GE

-0. OOO144971
-0. 000666743
-O. 001172747
-O. OO1661207
-0. OOC13O3S7
-0. 002578456
-O. 003003791
-0. 003404660
-0. OO3779437
-0. 004126623
-0. 004444551

CAMMA-TR

12. 21040249
12. 7708663?
13. 42157936
14. 1872B06r.
15. 10343552
16. 22322083
17. 63089561
19.46998215
32. 01083565
23. B4501076
32. 63849258
50. S8629227

-83. 05376431
-38. 72761917
-29. 2O1OO213
-24.53511810
-21. 66575432
-19. 69337273
-IB. 24589539
-17. 13806725
-16. 26610565
-15. 56691742
-14. 99981976

B'("D2">

5. 6374431
5. 66B6740
5. 6999049
S. 731137B
5. 76236B7
5. 7936006
5. 8248343
5. 8560653
5. BB72962
5. 91B5300
5. 9497614
5. 9809937
6. 0122237
6. 0434561
6. 0746894
6. 1059208
6. 1371527
6. 1683850
6. 1996164
6. 2308478
6. 262078B
6. 2933121
6. 3245420

B'<"F2")

-5.4679871
-5.5321040
-5. 5966935
-5. 6617689
-5.7273321
-5. 7933960
-5.8599634
-5.9270444
-5.9946494
-6. 0627847
-6.1314611
-6.2006912
-6.2704849
-6.3408546
-6.4118152
-6.4833813
-6.5555701
-6.6283989
-6.7018938
-6. 7760792
-6. 8509798
-6.9266353
-7. 0030SB0

B'C'Fl")

-5. 5086837
-5. 4770412
-5. 4445548
-5. 4111524
-5. 376753B
-9. 3412743
-5. 3046083
-5. 2666488
-5. 227266B
-9. 1863189
-5. 1436434
-5. 0990543
-5. 0523438
-9. 0032692
-4. 9515586
-4. B96B940
-4.838905B
-4.7771711
-4. 7111936
-4. 6403866
-4. 5640535
-4. 4813657
-4. 3913250

B'C'Dl")

5. 0480399
5. 0378771
5. 0274019
5. 0165830
5 0O53930
4. 9937963
4. 9817562
4. 969227B
4. 9561663
4. 9425120
4. 9282026
4. 9131689
4. 8973265
4. 8805780
4. 8628163
4. 8439116
4. B237133
4. 8020492
4. 7787132
4. 7534547
4. 7259779
4. 6959291
4. 6628609

Setting of the four families of quadrupoles giving the same tune in both planes,
a waist in the vertical plane in the middle of the dipoles, but different values
of the dispersion function and of ft on the straight section.

relative changes: D2, +12.2%; F2, +28.1%; Fl,, -20.3%; Dl, -7.6%.
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Ei.eee HORIZ.TUNE 8.300 S.639 B'd.QUAD* 6.330

Fig. 5-5. Left: tune deviation when changing all quadrupoles linearly from the
zero dispersion values to those needed for negative momentum
compaction. Note that the full scale is only 0.3 in both planes.
Right: range of momentum-compaction factor covered by this process.

and maintain the frequency of the sine-wave; this gives a steadily decreasing

ratio of the two quadrupole fields.

Another way is to reduce the amplitude to 95% and to increase the frequency

of the sine wave by 5%. By this means, the slope of both sine waves is the same

at the beginning of the cycle. Thus the ratio of the two quadrupole fields does

not change. The optical properties do not change either. Figure 5-6 shows a

comparison between these two ways of programming.

It may be interesting to investigate further optimum combinations of

amplitudes and frequencies for all power supplies. In particular, there might

be some need to vary the tune as a function of time in order to fit the

space-charge tune shifts into the tune diagram and to adjust the tune for

extraction purposes. All these things are beyond the scope of this report.

E. Imperfections

For a first estimate of the influence of dipole field errors and quadrupole

misalignments on the closed orbit, it was assumed that errors are randomly

distributed around the ring. Their magnitudes and the resulting closed-orbit

errors are listed in Table V-2. The effective emlttance can be calculated using
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(c) (d)

Time
Fig. 5-6. Two different ways of programming two quadrupole power supplies that

start at the same value but are supposed to reach different maxima.
The dashed lines refer to tbe quadrtipole with lower end field. In
(a) and (c), sine waves are shown that yield the integrated
cosinelike fields shown in (b) and (d). In (a) and (b), the lower
maximum is obtained by simply reducing the amplitude of the sine
wave. In (c) and (d), a combination of amplitude and frequency was
used, which gives nearly identical behavior of both quadrupoles
during the first third of the cycle.
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TABLE V-2

DIPOLE FIELD ERRORS AND QUADRUPOLE MISALIGNMENTS

Errors: AB/B = 2 x 10 dipole field

Ax,y = 0.1 mm quadrupole misalignment

Emittance: 8.5ir mm*mrad

Closed orbit displacements at maximum 6 location

Cause Dipole Quadrupole Total Effective emittance

X

y

6.

4.
62

33

3.88

8.13

7 .

9 .

67

21

17

16

.61

. 0

the beam cross section, in which the unperturbed eraittance and the perturbation

enter at the same place. Figure 5-7 shows the unperturbed beam envelopes (inner

curves) and the limit that beam will not exceed if the closed orbit is perturbed

according to Table V-l.

To give an impression of the sensitivity of the tunes to gradient errors in

the quadrupoles, Table V-3 shows, for the two cases of zero dispersion and

imaginary Yt, the values of (A\>/v)/(AB'/B') for each of the four families of

quadrupoles.

F. Chromaticlty and Sextupoles

Chromatic aberrations of the quadrupoles are the main reasons for the

natural chromaticity of a synchrotron, and their influence increases with

increasing amplitude function. Hence, in the lattice described here, the

vertical chromaticity is somewhat higher than usual because of the higher $ v in

the D2 quadrupole. On the other hand, the tune is relatively low, which means

that the tune spread from the natural chromaticity is still within tolerable

limits.

If the chromaticity is to be corrected, one must place sextupoles at

positions where the dispersion function is not zero. For this lattice, it is

therefore reasonable to choose the spaces inside the triplet and between

triplets and dipoles for thers correcting elements, because here the dispersion

never becomes zero. For symmetry, it is preferable to place 4 sextupoles in

each of the 10 superperiods.
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m
'.as

Pathlength (nm) 55138.

Fig. 5-7. Effect of closed-orbit distortion on beam envelopes. The inner
curves represent the unperturbed envelopes for an emictance of
8.5 IT nm*mrad. According to Table IV-1, if the closed orbit is
perturbed by dipole field errors and quadrupole misalignments, the
envelopes will not exceed the outer curves.

TABLE V-3

VALUES OF
(Av/v)/(AB'/B') FOR THE FOUR FAMILIES OF QUADRUPOLES

Family

Fl

Dl

F2

D2

Zero
X

+1.11

-0.87

-+0.52

-0.08

Dispersion

y

-0.60

+1.56

-1.40

+2.86

Imaginary yt
x y

+0.86

-0.30

+1.50

-0.07

-0.48

+1.25

-1.87

+3.93
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TABLE V-4

DEPENDENCE OF CHROMATICITY ON TRANSPORT MODE

Natural Chromaticity Sextupoles to Correct

Mode of Transport x y (B"L in T/m)

Zero dispersion

Zero mom- comp. factor

Imaginary transition

-1

-1

-1

.22

.40

.97

-2.

-2.

-2.

49

73

94

11.

10.

10.

25

31

61

8.

8.

8.

56

06

65

Table V-4 shows the natural chromaticities for three different modes of

optics plus the integrated sextupole strengths B"L in T/m needed to correct

these chromaticities to zero. The reason for the increase of the horizontal

chromaticity (the increase of (J ) at the same time makes the correcting

sextupoles become more effective. Therefore, the sextupole strengths are almost

independent of the mode of optics.

But these deliberately introduced sextupoles are not our only concern.

Dipole magnets do not have exactly homogeneous fields; there are sextupole, even

decapole, components that contribute to the chromaticity of the machine and may

change the natural chromaticity substantially.

If these errors are always proportional to the main field, it is possible

in principle to correct them by using some kind of shimming, which basically

produces a dipole with errors that cancel.

It is more complicated to get rid of another type of error: the multipoles

produced by eddy currents in the vacuum chamber, which may be very important for

rapid-cycling synchrotrons. These currents are not only related to the main

field but depend on the rate of field rise as well. Consequently they have to

be corrected dynamically with suitably programmed sextupoles if their

contribution to the chromaticity is harmful.

Whether sextupole errors are harmful or not depends on the dispersion

function in the dipoles. If it is zero, there is no contribution to the

chromaticity; if the dispersion function crosses the axis, the effects may

partly cancel. An additional advantage of lattices with adjustable yt is that
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the dispersion function can act to minimize the influences of perturbing

sext^poles in the dipoles, even if transition itself is unimportant.

Figure 5-8 shows this effect using the optics variation according to Table

V-l. The exact cancellation of the errors does not occur in both planes at the

same time, but there is a region in the middle of the diagram where the

perturbation seems to be small. The absolute values of the perturbing fields

are hard to guess, but &B/B = 1 x 10 seems to be reasonably high.

To calculate the effects in a realistic manner, each dipole was split into

9 pieces, and 10 thin sextupole lenses were inserted between them, representing

the errors of one-tenth of a dipole. Figure 5-9 S'IOWS this model schematically.

To compare the pr srties of this lattice with those of a lattice with a

smooth dispersion function, the quadrupoles were tuied so that the slope of the

dispersion was zero in the dipoles. In this case, one has yt = 7.97, which is,

as usual, slightly below the tune (8.5). Table V-5 contains the chromaticities

including sextupole errors (cf. Fig. 5-8), the deviations from the natural

5.630 B'(l.QUAD) 6.330

Fig. 5-8. Influence on the chromatic!ty of sextupole errors in the dipoles.
Solid l^nes show the natural chromaticity when tuning the quadrupoles
fr-~.» serj dispersion (left) to imaginary transition (right) according
tr T^ble V-l. The dashed lines give the perturbed values, assuming a
field perturbation in the dipoles that is -1 x 10 on the axis and
zero at x = ±4.5 cm and that is a pure sextupole« Crossing of both
curves means cancellation of errors.
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Pathlength (Arb. Units)

Fig. 5-9. Models employed to calculate chromatic and geometric aberrations from
sextupoles in the dipoles. Left: for chromaticity calculations,
dipole split into 9 pieces, 10 thin sextupoles inserted (+)•
Right: one thin sextupole attached at both ends of the dipole for
geometric aberrations.

chromaticities, and the sexiupole strengths required to restore these.

Obviously the mode with smooth dispersion iuaction requires much stronger

sextupoles to correct the same errors in the dipoles.

The chromatic aberrations are not the only second-order perturbations of

the lattice. Every sextupole in the machine, whether an error in a dipole or a

correcting element, produces geometric aberrations that make the tune dependent

smooth

TABLE V-5

COMPARISON OF CHROMATICITIES OF SEVERAL LATTICES

ap =

" p =

0

0

151

-0

-1

-2

.64

.60

.75

-2

-2

-2

?y

.90

.74

.69

AC

+0.

-0.

-0.

X

57

20

79

A

-0

-0

+0

5y

.41

.01

.25

B"L1

+4.22

-1.20

-3.33

B"L2

-0.96

+0.44

+0.59

+0.65 -3.13 +1.91 -1.88 +18.91 -6.70
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on the betatron amplitude or may even make the motion unstable for larger

amplitudes.

These aberrations are independent of the dispersion. Thus there is little

difference between zero dispersion and the imaginary Yt m °
a e i f t h e sextupole

error of the dipoles is considered. The difference becomes large if additional

sextupoles must be used to correct the chromaticity. Correcting the chromatic

aberrations does not mean that the geometric aberrations are corrected at the

same time. It seems, then, to be an advantage that the lattice described in

this section will probably not require such sextupoles.

In addition, it is an interesting feature of the dispersion-free mode that

one may be able to locate sextupoles on the straight section that can correct

geometric aberrations without perturbing the chromatic behavior of the oachine.

There is still interesting work left to be done with this machine in the field

of nonlinear phenomena.

Figure 5-10 illustrates the deviation from linear motion due to sextupoles

for the smooth dispersion case using the model on the right side of Fig. 5-9.

The upper diagrams show the effect of sextupole errors in the dipoles. In the

lower diagrams, the chromatic aberration is corrected with additional

sextupoles, but apparently the geometric aberrations become even worea in this

case. The ellipses represent the nominal emittances of 8.5 v mm*mrad including

a safety factor of 4, i.e., 34 n mm*mrad. The beams of the windmill are obtained

by tracking a particle, starting on a straight line, three to four turns through

the linear machine. The vanes point to the coordinates that the same particle

reaches if it is tracked through the machine, including the sextupoles.

These calculations should clarify in detail what happens if errors are

present. Both planes are treated separately, and no coupling is included. For

all (x,x") diagrams, (y,y') = (0,0) and vice versa.

From these plots, one can obtain the amplitude-dependent tune shift. For

the emittance indicated by the ellipse, this is -0.004 without and +0.010 with

chromaticity-correcting sextupoles in the horizontal plane. The vertical motion

is much less perturbed.

Figures 5-11 and 5-12 show the behavior of a particle starting on the

circumference of the ellipses in both planes at the same time, that Is, in the

corner of the plot of the physical space, and tracked over 2500 turns through

the machine. Figure 5-11 refers to sextupoles in dipoles alone, and Fig. 5-12
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-ze.e x /MM ze.e -ee. 6e.

-ze.e X /MM ze.e -6e. Y /MM 6e.

Fig. 5-10. Comparison between linear and nonlinear motion due to sextupoles.
Particles start in one plane with coordinates on a straight line.
Linear transformation over three (y) or four (x) turns gives the
straight beams of the windmills. The vanes point to coordinates
reached if sextupoles are included. Top: each dipole contains a
field error of -0.1%, whicu is assumed to be a sextupole.
Bottom: their contribution to chromaticity is corrected by two
families of 20 sextupoles, but geometric aberrations become bigger.



-ze.e X 'MM 20.0 -6e. V /MM

Y
/

: ,•. •• -•..«• ni

X /MM 20.0 -0.00450 'X /RAD 0.00450

Fig. 5-11. Tracking a particle with starting coordinates (13.5,0,41.1,0) in the
(x,x',y,y') space over 2500 turns through the machine perturbed with
sextupoles in every dipole. The starting values correspond to
emittances of 34 -IT mm*mrad in both planes. The motion is stable but
8lightly fuzzy.
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Fig. 5-̂ 12. Tracking a particle with starting coordinates (13.5,0,41.1,0) in the
(x,x',y,y') space over 2500 turns through the machine perturbed with
sextupoles in every dipole and four sextupoles per superperiod to
correct their influence on the chromaticity. The starting values
correspond to emittances of 34 TT mm*mrad in both planes. The motion
is stable but more fuzzy than in the uncorrected case.



if

refers to corrected chromatic aberrations, cf. Fig. 5-10. The perturbation is

still not too bad, but both emlttance and sextupole errors are not assumed to

have safety margins.

One should use a mode with suitable dispersion function to minimize the

effects of eddy currents in the vacuum chamber and to avoid more correcting

sextupoles than absolutely necessary. It would be worthwhile to investigate

these kinds of problems in more detail.

Tables V-6, V-7, and V-8 show the most important parameters of the lattice

for the zero dispersion and imaginary transition modes of operation.

VI. LATTICE FOR THE 45-GeV RING WITH NEGATIVE MOMENTUM-COMPACTION FACTOR

A. Basic Considerations

For a synchrotron with a relatively high injection energy and single turn

injection as the second stage, the emittance is that of the booster at its

maximum energy, which can be expected to be fairly low. As a consequence, the

magnet apertures are mainly determined by allowances for misalignments and the

thickness of the vacuum chamber. The beam size will eventually be less than

half of the aperture. Therefore, low-amplitude functions no longer play as

important a role as in the case of a booster synchrotron.

In addition, to obtain high final energies, one wants to use the highest

possible fraction of the limited circumference for dipoles. As a basic focusing

scheme, triplets are not as desirable because of the larger quadrupole lengths.

Because there is no advantage from the low-amplitude function of triplets, a

FODO scheme is employed for the lattice described here, which requires the

smallest possible quadrupole lengths.

B. Choice of Transition Gamma

If one wants to avoid crossing transition, there are two possible ways to

use the high injection energy of this machine: make transition gamma (yt)

substantially lower than injection gamma or make it imaginary.

Lattices with a smooth dispersion function usually have a yt close to the

horizontal tune. A machine of ~1000-m circumference can be expected to have a

tune not very different from the injection gamma. To obtain a low Yt» it: i s

necessary to make the dispersion function high in a couple of dipoles either by

a lower.tune or other means. The injection energy must always be high, and

there is no way to transfer from the booster at a lower energy if this were

desirable for some reason.
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TABLE V-£

GENERAL PARAMETERS

Circumference 551.384 m

Max energy 9.0 GeV

Max y 10.59

Max magnetic dipole field 0.92 T

No. of focusing periods 30

No. of superperiods 10

No. of triplets 10

No. of doublets 20

Total No. of quadrupoles 70 Length (m)

No. of dipoles 20 11.269 18.0°

Straight sections - long 10 10.6

short 20 2.6

Total 158.0

No. of ri cavities >40 2.0

Total >80.0

On the other hand, an imaginary Yt has several advantages and does not

necessarily require high amplitudes of the dispersion funct.on.

To fight head/tail effects, chromaticity must be negative below and

positive above transition. Thus the natural (negative) chromaticity would have

the right sign for the whole acceleration cycle. In addition, all contributions

of sextupoles in the dipoles to the chromaticity are minimized if the dispersion

function crosses the axis. It might therefore be possible to op-rate the

machine without sextupoles for chromaticity correction, thus avoiding the

additional geometric aberrations introduced by these elements.

Finally, av imaginary Yt can always be modified to make it close to the

final particle gamma. This provides a tool to produce short bunches. However,

it might be necessary in this case to reduce the intensity to avoid problems.
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TABLE V-7

ION OPTICS

Zero Dispersion

x y

Negative Mom. Comp.

x y

Betatron tune

Phase advance per period

Chromaticity

Transition gamma

Momentum compaction factor

n at 5.0 GeV

Amplitude function mid LSS (m)

Max amplitude function LSS (m)

Dispersion function LSS (m)

Max dispersion function (m)

Max amplitude functions (m)

at entrance of dipole

at exit of dipole

Beam radii for

Ap/p - 0.35% and

e * 8.5IT mm*mrad

at entrance of dipole (mm)

at exit of dipole (mm)

8.5

102.0°

-1.26

12

+0

+0

7.5

11.0

0.0

+2.4

33.6

12.9

16.6

16.9

6.5

78 ..0°

-2.56

.23

.0067

.0022

48.3

48.8

11.4

11.4

9.9

9.9

8.5

102.0°

-1.90

8.4

11.5

-0.9

+1.9

34.0

25.6

18.8

21.7

6.5

78.0°

-2.99

15.001

-0.0044

+0.0133

42.2

42.8

11.5

11.5

9.9

9.9

For these reasons the lattice presented here will always operate below

transition.

C. Lattice Structure

To obtain the desired yt, the dispersion function has to be negative in

most of the dipoles. Because the function is not normally negative, only

enforcement by some kind of oscillftion can make it so. To keep the amplitudes

of this oscillation low, its wavelength should be as short as possible, covering

only a few focusing periods.
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TABLE V-8

DETAILS OF A LATTICE FOR ONE SUPERPESIOD

Geometry

Space (1/2 LSS)

Quadrupole Dl

Space (1 SSS)

Quadrupole Fl

Space

Dipole 18.0°

Space

Quadrupole F2

Space

Quadrupole D2a

Space

Quadrupole F2

Space

Dipole 18.0°

Space

Quadrupole Fl

Space (1 SSS)

Quadrupole Dl

Space (1/2 LSS)

Length

(m)

5.300

0.900

2.600

1.000

0.700

11.269

1.900

1.700

1.000

2.400

1.000

1.700

1.900

11.269

0.700

1.000

2.600

0.900

5.300

Fields and

Zero Dispersion

+5.15 T/m

-5.68 T/m

0.92 T

-5.48 T/m

+5.67 T/m

-5.48 T/m

0.92 T

-5.68 T/m

+5.15 T/m

Gradients

Negative Mom. Comp.

+4.80 T/m

-4.65 T/m

0.92 T

-6.95 T/m

+6.33 T/m

-6.95 T/m

0.92 T

-4.65 T/m

\4.80 T/m

Total 55.138

lThere is a plane of symmetry in the center of quadrupole D2.
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Figure 6-1 shows a unit consisting of two FODO cells with three dipoles and

one empty space. If this structure is operated in the normal way, i.e., both F-

and D-quads have the same strength, the amplitude functions have the same shape

in both cells (thick solid line in Fig. 6-1). The dispersion function _thick

dashed line) is not symmetric because the dipoles are arranged in a

missing-magnet scheme.

In this case, Yt
 i s still real and basically equal to the tune. But if the

strength of the first F-quad (Fl) is increased and that of the second one (F2)

decreased to maintain the desired tune, two things happen: the

horizontal-amplitude function becomes asymmetric, and the dispersion function is

forced to negative values in two dipoles of the right-hand cell. Thus a

negative momentum-compaction factor (imaginary Yt) c
an be obtained. The thin

lines of Fig. 6-1 show amplitude and dispersion functions for two different

settings of the F-quads, giving zero and negative momentum-compaction factor,

respectively.

X

a•
•

V
•
M

*

i —™ • — !

> Fl D F2

Pathlength (mm) 57932.

Fig. 6-1. Beam envelopes in a missing-magnet double FODO cell and dispersion
functions (dashed lines). The thicker lines give these functions for
both Fl and F2 having the same strength. Arrows indicate the
increase and decrease of these quads necessary to obtain zero or
negative momentum-compaction factor. The associated functions are
given by the thinner lines. The tune in both planes is exactly the
same for all cases and the vertical-amplitude function changes very
little.
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One of the most desirable properties of a FODO lattice is that manipulation

of the optics in one plane hardly affects the other plane. Therefore, the

vertical-amplitude functions remain almost unchanged, and the change in strength

of the D-quads, which is needed to keep the tune constant, is only a few

per cent.

Though there is no principal constraint on the phase advances per cell in

this scheme, it is advisable to make the horizontal tune relatively large, say

130°, whereas the vertical one might be close to 90°. The reason is that the

optical properties of the first cell needed to get the right dispersion look

like a 180° advance in betatron phase. A reasonable phase shift must be left

for the second cell to match the horizontal tune. If the tune is too low, the

amplitude function in the second F-quad would grow to unwanted large values.

The straight sections in every other cell can be used to fit the rf system.

The horizontal-amplitude fv.nction has advantageously low values there. The

dispersion does not vanish 'jut is still moderate, and there should be no

problems with synchrotroa-betatron coupling because these spaces for rf are

evenly distributed around the ring, and the synchrotron tune vg is low at the

high injection energy. The details of the proposed lattice are given in Tables

VI-1, VI-2, and VI-3.

D. High g Insertion

Locations with a high horizontal-amplitude function to place septa and

kicker magnets would promote efficient extraction. In the unmodified lattice,

these locations are in the F2 quads between two dipoJLes. Because both amplitude

and dispersion functions are basically symmetric about these quads, it is

possible to replace one or more of them with an insertion that is also symmetric

and provides an additional straight section with a constant high-amplitude

function, but does not perturb the optics in the rest of the machine.

Such an insertion consists of two doublets in DF-FD polarity. Thus the

amplitude function in the space between the doublets is about 50% higher than in

the original F2 quad. Because the insertion is located at a position with

minimum vertical amplitude, it is impossible to obtain the necessary matching

with this polarity of the doublets. To overcome these problems, the two

adjacent D-quads are lowered in field gradient. The result is an increase of

vertical amplitude at the F2 location. Because these D-quads are located at

minimum horizontal-amplitude positions, there is almost no pertu"bation of the

horizontal optics by tMs manipulation.
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TABLE V I - 1

GENERAL PARAMETERS OF PROPOSED LATTICE

Circumference

Max energy

Max Y

Max magnetic dipole field

No. of focusing periods

No. of superpericds

No. of normal quads

No. of insertion quads

Total No. of quadrupcles

No. of dipoles

Straight sections (normal f$)

Total

Straight sections (high g)

Total

1102.768 m

45.0 GeV

48.96

1.5 T

36

6

66

24

90

54

18

6

11

12

226

11

69

.882 m, 6.6667°

.6 m

.8 m

.5 m

.0 m

TABLE VI-2

ION OPTICS OF PROPOSED LATTICE

Negat ive Mom. Comp.

x y

yt

Betatron tune.

Phase advance per period (°) 134.5

Chromaticity

Transition gamma

Max amplitude function (m)

Normal 0 straight section

High 8 straight section

Max dispersion function (m)

Normal f? straight section

High 8 straight section

13.45

134.5

-2.32

18

35.0

178.6

+5.4

-5.2

10.35

103.5

-1.55

.28i

62.5

15.0

13.45

134.5

-2.17

49

53.9

155.8

+5.2

-4.8

10

103

-1

.82

60

15

.35

.5

.51

.1

.5
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TABLE VI-3

GEOMETRY AND FIELDS OF PROPOSED LATTICE

Geometry

Lengths B,B' f i r s t l i n e : F ig . 6-2 (Yt = 18i)

(m) second l i n e : F ig . 6-3 (yt = 5 0 )

Quadrupole (D)

Space

Dipole 6.66666°

Space

Quadrupole (Fl)

Space

Straight section

Space

Quadrupole (D)

Space

Dipole 6.66666°

Space

Quadrupole (F2)a

Space

Dipole 6.66666°

Space

Quadrupole (DI)

Space

Quadrupole (FI)

Straight section

Quadrupole (FI)

Space

Quadrupole (DI)

1.000

0.600

11.882

0.600

1.000

0.600

11.382

0.600
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High 8 insertion replacing F2 missing above.
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Any insertion changes the tune of the machine if space is added to the

lattice, but the rest of the machine remains unchanged. The contribution to the

horizontal phase advance is very low because of the high amplitude within the

insertion. The decrease in strength of the D-quads mentioned in the last

paragraph decreases the vertical phase advance also. Because there is a

contribution to the phase advance from the insertion in this plane, both effects

are almost canceled.

It even seems possible to adjust the three quads (D plus doublet) so that

there is no perturbation in the vertical plane at all. On the other hand, it is

easy to correct small differences in the tunes from the design values by using

the main F- and D-quads in the normal FODO cells. This does not change the

matching conditions for the insertion.

E. Number of Periods and Superperiods

The main ring following the booster synchrotron will not be operated at its

space-charge limit because of its high injection energy. Therefore there is no

need to provide space in the tune diagram for a large tune shift free of

systematic resonances, as had to be done for the booster design. Consequently,

the number of superperiods (S) may be lower than in the booster. A reasonable

number seems to be S = 6, because enough spaces for injection and extraction

elements are needed but not much more.

From this choice, the number of focusing periods is almost determined.

Each superperiod must contain an even number of FODO cells, as described above.

Therefore, the number of focusing periods has to be an integer multiple of

2S = 12. The number 36 has neither too long distances between focusing

elements, causing high dispersion function, nor too many quadrupoles that would

consume too much space in the lattice.

The horizontal tune was chosen as v_ = 13.45. With this value, the phase

advance per cell is about 135°, and the phase difference between two adjacent

high f$ insertions is 87°. In the vertical plane, the tune chosen could be

lower, i.e., vy = 10.35 (y - 105°), to be close to the optimum value of 90°. In

the tune diagram, there are no systematic resonances up to the fifth order

within an area of about 0.3 x 0.3 around the working point-

Figure 6-2 shows the horizontal and vertical beam radii and the dispersion

function (dashed line) for one of the six superperiods and the two families of

F-quads adjusted to give yt = 18i. The high g insertion is marked with an

arrow.
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Pathlength (mm] 183995.

Fig. 6-2. Beam envelopes for emittances of 10 TI tnm*mrad in both planes and
dispersion functions (dashed line) for Ap/p = 0.1% in one of six
superperiods. The case shown has yt = 18i and a horizontal-amplitude
function of 178 m in the high S insertion marked with an arrow. The
three straight sections with low & are to be used for rf. All data
for this structure are given in the Tables.

F. Adjusting Transition and High g

Exciting the F-quads in a different way decreases the momemtum-compaction

factor. At the same time, the amplitude functions in one family of the F-quads

are increased. These two effects cannot be produced independently, but this is

not a severe restriction because the exact value of Yt i s n o t critical so long

as it is not too low.

Starting with the conditions of Fig. 6-2 (Yt = 18i), the procedure to reach

yt = 49.8, which is very close to the maximum y of the particles, is as follows:

decrease the strength of the Fl quads by 5.5%, increase the F2 .quads by 3.7%,

and adjust the D-quads by only 0.3%. The horizontal-amplitude function in the

high p insertion decreases from 178 to 156 m. Figure 6-3 shows the result. It

is not very different from Fig. 6-2.

There is no reason to decrease yt any further. The machine has reasonable

optical properties at any desired yt»
 and this condition can be obtained with

moderate changes in the quadrupole fields.



Pathlength (mm) 183995.

Fig. 6-3 • Beam envelopes for emittances of Hit) IT mm*mrad in both planes and
dispersion functions (dashed line) for Ap/p • 0.1% in one of six
superperiods. The case shown has y. = 49.8, which is close to the y
of the particle at maximum energy. The horizontal-amplitude function
reduces to 155 m in the high 6 insertion, compared with Fig. 6-2.
All data for this structure are also given in the Tables.

These changes in the quads should not be performed during the acceleration

cycle. An exception might be rhe generation of very short bunches on the flat

top by tuning yt close to the particle y. This could be done with correcting

quads and does not necessarily mean a more complicated way to program the power

supplies.

G. Remarks

To reduce the diameter of the machine, one can shorten the straight

sections for the rf. The result is an asymmetry of the structure, which would

probably cause an asymmetric behavior of the amplitude functions.

It is also possible to leave out two high g insertions and to replace them

with the F2 quads. Thus, in principle, a superperiodicity of only 2 is

introduced. But if the insertions do not change the phase advance much, only a

small perturbation occurs. The diameter of the machine would become smaller in

one direction.
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The different strengths of some of the quadrupoles can be replaced with

different lengths because there is almost no variation required in the optics.

Fine adjustment can be made with correcting quads on the straight sections.

VII. COMBINED-FUNCTION LATTICES

Though in most synchrotrons designed recently the functions of bending and

focusing are separated, I shall briefly discuss here the possibility of

realizing machines in some places with imaginary yt and zero dispersion with

combined-function magnets. This is not a complete lattice, but it has some

modules that can be used to build a synchrotron.

The first step is to form a simple cell that has imaginary transition, that

is, the dispersion function is negative in most dipoles. Figure 6-1 showed a

seTparated-function FODO cell with the desired properties. Now suppose that all
^.

quadrupoles except Fl p.re made longer and increasingly take over part of the

required bending. At the same time, the dipoles become smaller. It is not

likely that the optical properties change drastically during such a process.

Figure 7-1 shows that indeed they do not.

Of course, it is essential not to replac2 the quadrupole Fl with a dipole

because the trick is to have no dipoles where the dispersion function is

positive. This is not a severe restriction because drift spaces are needed

anyway.

The next step is to invent a cell that can act as a dispersion suppressor,

which is easier than expected. One simply adds one more F-dipole on the

right-hand side of the cell and adjusts the lengths of the drift spaces. The

results are shown in Fig. 7-2. The strength of the normal quadrupole can be

kept at its normal value.

This cell uses the periodic functions of a normal cell as input but is not

a part of a periodic structure. The cell needs some matching device for the

amplitude functions (to be located right of Fig. 7-2). Such an insertion could

be used to provide high ft for effective extraction.
A

For this report, no attempt was made to combine the modules presented here

with insertions to form a complete synchrotron, but, if one wishes, these units

could be a reasonable set for a beginning.
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Pathlength (mm) 53798.

Fig. 7-1. Envelopes and dispersion function (dashed line) in a cell consisting
of three combined-function dipoles and one normal quadrupole that has
imaginary transition. The vertical envelope is rather smooth,
whereas the horizontal one shows more fluctuation.

Pathlength (mm) 65175.

Fig. 7-2. Envelopes and dispersion function (dashed line) in a modified cell
consisting of four combined-function dipoles and one normal
quadrupole that acts as dispersion suppressor. The amplitude
functions are not matched; an insertion on the right-hand side would
be needed.



ACKNOWLEDGMENTS

T wish to thank Arch Thlessen and all the other friendly people on the mesa

for their hospitality, which made working here enjoyable for me and, I hope,

useful for the LAMPF II project.

REFERENCES

1. W. W. Lee et al., IEEE Trans. Nucl. Sci. J£ (3), 1057 (1971).

2. B. Franczak, "MIRKO: An Interactive Program for Beam Lines and
Synchrotrons," abstract published in Europhysics Conference Abstracts 7E, 61
(1983).

58

•U.S. GOVERNMENT PRINTING OFFICE: 1SS4-0-976-034/420I


