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Abstract. SPS Chromaticities have been carefully measured on both

10 GeV/c and 200 GeV/c platforms, as well as during the magnetic

field rise. The linear part of the tune variation with momentum
("linear" chromaticity) thus obtained has been used to refine the

model which allows a very accurate compensation of both chromaticities
in the low energy part of the cycle. An important non-linear variation
of the tune with Ap/p has been shown to take place in the horizontal
plane. This effect now well known to the designers of large e-p
storage rings, arises from the particular sextupole distribution

used to compensate the linear chromaticities: because of the relatively
small number of sextupoles, the distribution is rich in harmonics other
than zero, and some of them are responsible for the non-linear effects.
Both analytic calculations and computer simulation with the AGS program
clearly show how this occurs, and what could be the eventual cures,
should this curvature of chromaticity be detrimental to the functioning
of the machine. A larger number of sextupoles would be needed for perfect
compensation.

Ceneva, 29th May, 1978
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INTRODUCTION

Up to now some part of the injected beam is always lost during
the early part of the acceleration cycle of the SPS, i.e. from injection
up to transition. These losses, which cannot be attributed to particles
not trapped by the accelerating system, have been partially reduced by
a careful adjustment of the machine parameters and are acceptable for
the actual mode of operation - one CPS pulse injection - but they become
much stronger when one tries to inject two CPS batches in the SPS. In
this case important losses can clearly be seen during the longer injection
platform [1].

Some possible explanations for these losses have been proposed, [2]
and, as suggested in this report, a systematic experimental study of the
beam behaviour in the transverse planes was undertaken in order to
understand the mechanism of the losses. In the course of these experiments
it was found that the machine sextupoles, used for chromaticity adjustment,
induce a non linear variation of the betatron tunes Q,,Q, with the
momentum deviation Ap/p of the beam, mainly in the horizontal plane.

Although this effect alone cannot explain all the observed beam
losses, it is sufficiently important in itself to be studied carefully,
which is the subject of this report. We will review first the experimental
observations which show the prime influence of the chromaticity sextupoles
on the curvature of the betatron tunes. In chapter 2, we will use the
computer program AGS, [3] to simulate this effect, which permits to
separate the various contributions to the curvature of the chromaticity
curves. Recent developments on accelerator theory have given analytical
expression for the non linear part of the chromaticity. This is
summarized in chapter 3, where these theoretical expressions are
compared and found to be in agreement with the results of AGS calculations.
In the next chapter, simulation of the SPS with the AGS program is
used to analyse the experimental data. Extrapolation of these results
allows to show how far one can correct this non linear chromaticity,
which has to be taken into account for the SPS intensity improvement
program, as well as for future developments like the p-p project.

1. REVIEW OF EXPERIMENTAL RESULTS

1.1 Observation of a non linear chromaticity in the SPS

This study was started by looking first at the losses which
occurred at a merely constant rate during the 1.2 sec long injection
flat bottom used for double batch injection experiments. In the
normal single injection mode, losses are also present during that
part of the cycle, but are less detrimental as the flat bottom is
much shorter.

The first step was to verify that the chromaticity of the machine
is properly compensated by the:LSF and LSD sextupoles set to their
nominal values, [5]. One then measured the dependence of Qu and Qv
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with the beam momentum, which was varied by changing the mean
radial position of the beam with the radial loop of the RF control
system. This immediately revealed a strong dissymmetry of the machine
in the radial plane, as shown by the dashed curves on Fig. 1: while Qv
remains practically constant over the whole range of beam displacements,
Qy increases for negative radial displacements reaching the 3Qu= 80
resonance for a mean radial position of about AR = -10 mm, where the
full beam is lost. Similarly the 50 % transmission points are obtained
for AR = -7.5 mm and AR = +19 mm. Moreover, the available radial
displacement forAR < 0 is further reduced if one tries to go back
to the nominal working point Qu= 26.62, Q= 26.58.

The possibility of a physical obstruction in the vacuum chamber
was completely eliminated after a survey of the vacuum chamber aperture
around the ring made by the operations staff with a local closed
orbit bump at each quadrupole location, which gave no result.

If such a non linear variation of Quwith momentum is due to
some localized magnetic defect, one should observe a strong reduction
in the transverse machine acceptance. This was checked by the kicking
beam technique, [4], in which one blows up 8 pencil beam in a controlled
fashion with the Q-measuring kickers and looks at the resulting trans-
mission one second after the kick. As compared to the results of
Commissioning Report No. 50, the horizontal kick amplitude for 50 %
transmission is reduced by a factor of two, whereas such a reduction
cannot be seen in the vertical plane (see Fig. 2, curves 1 and 2).

Soon after, however, the Main Ring Group discovered that because
of a burnt connection, half of the LSF sextupoles around the ring were
not powered, while the other half was fed with twice the nominal
current. When this fault was repaired, the working space in the Qu,
Q,diagram became larger and the horizontal dynamic aperture greatly
improved as shown by curve No. 4 on Fig. 2, which compares favourably
with previous measurements.

To the contrary, the non linear variation of Qy with the mean
radial position remained exactly the same (continuous CUrves of Fig. 1)
and had still to be explained: when measuring the dynamic transverse
aperture, it was found that the betatron tunes Qu and Qq are independent
of the amplitude of the applied kick up to at least the 50 % transmission
points, i.e. 40 mm horizontal and 15 mm vertical. This shows that there
is no stray octupolar field in the machine which could be responsible
for this curvature: the Landau damping octupoles powered at the level
necessary to damp the resiggive wall instability,_az 4A,2which produces
a Q-spread of about 2.5 107°) give AQy= 2.5 x 107" (AR)", AR in cm,
i.e. an effect much smaller than the one measured.

It should finally be noted that the losses during the injection flat
bottom were strongly reduced with the correct connection of the LSF sextu-
poles, but not the loss during the front porch.
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1.2 Calibration of the radial steering

Before studying in detail this non linear chromaticity effect, one
has to examine how the chromaticity is measured. Usually one displaces
the orbit of the beam off centre by an RF bump on the radial loop of
the RF control system. The resulting change Ap in the beam momentum
with respect to the equilibrium value p is related to the change AR
of the mean radial position of the beam by, (6] : :

Do —x? . AR (1)
T =l R

assuming that there is no field variation. With R = 1100 m and for the
present working point Qu = 26.62, Qv = 26.57, the kinetic energy at
transition is J, = 23.23 which gives : '

=.4906.AR (2)
(mm)

Ap
P (%o)
Such an orbit displacement may induce changes AOH,AQﬁn the betatron
wave number Q,, Q, from which the chromaticity gn’gv are calculated

by :

AQu - .Ap AQv _x .0p (3)
Qu 5 P Q S P

The mean radial position of the beam is measured by the beam position pick-
ups BP's, distributed around the ring, [7]. The effect of residual closed
orbit distortion is eliminated by acquiring the displaced orbit and
substracting from it the central orbit acquired just after or just before
the RF radial bump as shown on Fig. 3.

Nevertheless this method has several limitations :

- the BP's gain must be properly adjusted and calibrated
for each beam intensity, in order to avoid saturation in the
measuring chain, especially for the sum signal. Also all
the BP's must be working at the same time.

- for large beam excursions, the BP's are no longer linear.
This is particularly important at locations where the momentum
compaction function of; is maximum (see Fig. 3b).

- fluctuations from pulse to pulse require several
measurements to get a good accuracy.

One has then calibrated the amplitude AR of the required RF
radial bump against the mean radial position AR measured by the BP's
for different energies and for - 20 mm € AR € 20 mm (ten measurements
per value of AR). This gives :
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AR gp = (1142 £ .050).AR (4)

A cross-calibration of the radial steering was also made by measuring
the actual accelerating frequency f versus AR, which is related to the
mean radial position by, [6] :

AB= 2-Af 2_ 2 A&

which for AB = 0 reduces to :

A3=_._L.A£ (5')
R 5*-%;, f

For the same range of RF bump amplitudes AR as above, one has obtained :
DR e =(1095 *.015).AR (6)

The small discrepancy between (4) and (6) is within the experimental
errors, but as frequency measurements are more accurate, (6) will be
used throughout this report as calibration factor of the radial steering.
In practice we will have :

A{)E :.537.A§(mm) (2')

(%)

and

= DQuy . l.§62 4
EH'V Qu,v AR (mm) (a*)

1.3 Source of the non linear chromaticity

One has to find now which parameters of the machine influence
this non linear variation of the betatron tunes with the beam momentum
deviation. All the experiments reported below were done at a relatively
low intensity of 2.10%**12 p injected, with all the extraction elements
switched off, as well as the harmonic correctors and the Landau damping
octupoles. Only the active dampers were kept on. In this way one
eliminates any possible stray effect coming from high order lenses,
and the chromaticities should be practically independent of Ap/p, their
value being determined by the amount of correction applied by the
chromaticity sextupoles LSF and LSD.



-5 -

With these LSF, LSD sextupoles powered at their nominal operation
settings, one found first that at 10 GeV, changing the nominal working
point within the available space in the Q,,Q, diagram does not change the
curvature of the curve Qy versus AR. As it can be seen on Fig. 4a,
the only noticeable change is that the maximum permitted beam displace-
ment is increased when the central value of Qu for AR= 0 is lowered
to 26.59, as one is further away from the 3Q,= 80 stop band.

Measuring the chromaticity on the 200 GeV flat top under the same
conditions shows that this non linear effect is also present, but that
the curvature is less pronounced (Fig. 4b). For the nominal sextupoles
settings, the horizontal chromaticity is practically zero for AR > O,
whereas it is about -.3 for AR £ -2.5 mm. One can correct this residual
chromaticity by adding a correction of Afw = +.3 to the sextupoles
settings, but then one gets a positive chromaticity of about En= +.3
for AR > 0 (dashed curve of Fig. 4b). This effect does not exist in
the vertical plane, but was also observed in the horizontal plane
at 10 GeV.

The next step is to look at the bare machine, i.e. with the
chromaticity sextupoles switched off. This is more easily done at
200 GeV where the smaller momentum spread and beam emittances allow
larger excursion in tunes. As shown by the continuous curves of Fig. 5,
Quand Qy vary perfectly linearly with the mean radial position,
from which the natural chromaticities of the machine at 200 GeV can
be deduced :

.= -1.097 §, = -1.358 (7)

which is fairly close to previous measurements, [5].

In order to definitely prove that the non linear chromaticity
comes from the chromaticity sextupoles only, one then adjusted the
LSF and LSD such as to make a correction of AE,= +.50 and A¥,= +1.46.
One sees on the dashed curves of Fig. 5 that while the vertical
chromaticity is constant although slighlty overcompensated, there is
a kink at AR = 0 in the curve Q4(AR), corresponding to a jump in
the residual horizontal chromaticity of Ag,= +.1.

As there is no evidence of a magnetic defect in the LSF and LSD
sextupoles, which were carefully tested, [8], one can conclude that this
observed non linear effect is intrinsically linked to the way the
chromaticity is corrected in the SPS, its amplitude being roughly
proportional to the amount of correction applied.



2. SPS SIMULATION WITH THE AGS PROGRAMME

The AGS computer program allows the calculation of the betatron
and dispersion functions of any alternating gradient synchrotron, [3].
All the calculations reported in this chapter were performed using
a lattice structure with a super periodicity of 6, i.e. by neglecting
here the effect of the enlarged quadrupoles which are placed in the even
long straight section of the SPS. For the quadrupole gradients adjusted
such as to get :

Q.= 26.600 , Qy = 26.550

AGS gives a natural chromaticity of :

S

If we insert in the structure chromaticity sextupoles as in the real SPS,
i.e. one LSF in front of the quadrupoles QF - 02, 08, 14, 20, 26 and 32
in each sextant and one LSD half a magnetic period dOWnsgream of each
LSF, and if we adjust their normalized strengthes (in m 7) :

-1.262 , E,= - 1.260 (8)

SLsF JLSD -‘-'-1—-(-32—8- (9)

Be \2d x")LsF,LsD

(Bp is the magnetic rigidity for Ap/p = 0) such as to compensate

the chromaticities (8), we obtain the continuous curves of Fig.é6,
which are similar to what has been measured: Qu versus Dp/p exhibits
a strong curvature but this effect is much less pronounced for Qy .
Also, by changing slightly the sextupole strengthes Sise, Sisp; Qu
reaches its minimum for Ap/p #0, as was measured in Fig. 4.

Detailed calculations have permitted to separate the different
contributions to this curvature as explained below.

2.1 Effect of the sextupole distribution

As the sextupole distribution follows the SPS super periodicity
of 6 their effect can be assimilated to a set of periodic perturbations
whose spacial frequencies are all the harmonics of the super periodicity.
One of these harmonics, namely the 54th coincides with the 2Qu= 54 stop
band which is not far from the nominal working point Qu= 26.60. This
leads to an attraction of Qu into the half integer stop band at 27 for off-
momentum particles and to a change in the horizontal betatron amplitude(}ﬂ,
especially its maximum @%, which is effectively shown by the computer
simulation (Fig. 7).

Fortunately, the reqgular pattern in the sextupole distribution
allows to split the LSF sextupoles into two interlaced families such
as LSF1, LSF2, LSF1, LSF2, ..., which are in antiphase as far as the 54th
harmonic of their respective distribution is concerned. One can therefore
try to excite these two sextupole families with two different strengthes
S, skq a@nd Siqep , in such a way that :
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- the natural machine chromaticity is properly compensated,
- the effect of the 54th harmonic is minimized.

The sextupole strengthes are determined by calculating the change in tune
due to the sextupoles for an off-momentum particle, [9] :

C
§Q. :—1-/(5..(3) x(s) S(s)ds - (10)
4T

where x(s) = ™p(s) Ap/p is the particle position and S(s) the sextupolar
correction around the ring. In our case, (10) can be reduced to :

5a. .—.-g;r[z

¢ being the length of a sextupole of strength S. Using the lattice functions
calculated with AGS at each sextupole location, the first condition leads
to :

LSF4,LSF2,LSD

Pﬂ.ap.e.s}.épe | (11)

6.443%S ooy + 4.333%S opp = 10.776%S) o (12)

where S.s¢ is the LSF strength required for,chromaticity correction when
there is only one family. (S.s¢ = -.150 m ~ for curve A of Fig. 6.)
The second condition implies :

6'443*SL5F1 - 4'333*SL5F2 = 0 (13)

from which one obtains :

3 3

Sisey = 1254 M7, S opp = -.1865 m” (14)

These values are yery close to those calculated with AGS, which minimize
the variation gf @w with Ap/p (Fig. 7). With these values and with

Swep = -292 m ~ (as for curve A) one obtains the curve B of Fig. 6.
Although the curvature of Qu versus Ap/p is reduced, it is not completely
eliminated, which means that other harmonics are also important (see
chapter 3) but cannot be eliminated this way. Splitting also the LSD's
into two families does not help either, as it was verified with AGS: as
the LSD's are located half a magnetic period downstream of each LSF, they
are in quadrature with respect to the 54th harmonic of the LSF distribution.
Moreover their local @, value is close to @Hnﬁnimum, which means that
their contribution is small anyway.
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2.2 Variation of @ and op with Ap/p

In a linear machine, the contribution of the chromaticity sextupoles
to the change §Qu in tune for an off-momentum particle is obtained by
putting in (11) the lattice functions (w and op which corresponds to
the central orbit. To the contrary, the Qu value given by AGS is
calculated by integration of (10) along the particle trajectory,
using the lattice functions determined for each momentum deviation.

As shown on the bottom graph of Fig. 7 for one particular sextupole
location, the momentum dispersion function4xp(s) varies practically
linearly with Ap/p. Similarly, but to a lesser extent, the betatron
function @, also varies with Ap/p, even in the case of two LSF families,
adjusted to minimize this variation. In other words, the effect
of the sextupoles is different from what was expected because of
the variation of the lattice functions with the momentum deviations,
due to the sextupoles themselves.

In order to see if this variation of the lattice functions withAp/p
explains the residual curvature, one can calculate its magnitude with
(11) and substract it from curve B. For instance, the LSF1 family gives
a correction :

) Qu LaFq =" %— .EL..,M .5‘_5,:4 .APE Z LSP‘\[P".O(P (se:d’. or\) —PH.GP (se)d'. oFF)] (15)

Substracting (15) from curve B of Fig. 6 gives the curve C.  The same
correction, calculated for the LSF2 and LSD families successively lead
to curves D and E respectively.

2.3 Bare machine

The curve of Fig. 6 still exhibits a small curvature, which
comes from the little variations of the lattice functions with Ap/p,
which are observed for the bare machine, i.e. the machine without
any sextupole correction. In this case, AGS shows a variation of
£3 % for &p and of * .5 % for @,, when Ap/p varies by * 1.5 % (Fig. 7,
bottom graph). When plotting Qw versus Ap/p in this case, one obtains
a slight curvature in comparison with a perfectly linear machine,
i.e. a machine with a constant chromaticity of E, = -1.262. Here again
the magnitude of this effect can be characterized by :

50w = Qu (82), , ~ 0u(0)[1+ 8, (42 -0). b¢]

- QH (-%E)

AGS

——26.600[’1-‘1.262 APP_] (16)

One can also substract this correction (16) from curve E. This gives
the final curve F, which is practically flat, the residual fluctuations
being within the accuracy of the calculation of the different corrections.
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So far, we have looked only at the horizontal chromaticity as
this is the one with the strongest non linear behaviour, but the same
exercise could be performed on the Qv curve. It remains to be seen
if AGS calculation can be fitted with the SPS experimental data, which
will be done in chapter 4.

3.  ANALYTIC CALCULATION OF THE CHROMATICITY

The non linear part of the chromaticity can be calculated by
developing the Courant and Snyder equation to the second and if necessary
to the third order in momentum deviation & = Ap/p, [10],[11]. We will
briefly recall the derivation of the formulae and then apply them to
the SPS. '

3.1 Derivation of the formulae

In the presence of field perturbations éB, the equation of the

horiion§al betatron motion for a particle of momentum p = p.(1+8),
is, [17] :

By limiting 8B to sextupolar fields and developing in &, (17) can
be written as :

L (20 K= § (555 )+ Kx(6-8%4-) - g (1-848-) (17)

where - P is the bending radius, B is the magnetic field

- K(s)

B'/Be is the focusing parameter

- S(s)

B"/Be is the normalized sextupole strength

The transverse displacement x(s) is equal to the sum of the betatron
amplitude xga and the closed orbit deviation a?S. With the usual Courant
and Snyder transformation, [12] :

x:’a‘c(a‘,,'“ o<,,=&?(§," dp=-ds_ (18)

voG.

this equation becomes :
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[ ¥ ?..,,_i _S2 2 32 _82 2 z~-§ _ 2y 2 Sh~a (19)
;L;+v°x—? (§-8%)v, Bo + k(8 )vo(sox 2('1 §+8 )v.,(ao x

where (,and V.are the betatron function and tune for the central
particle (6=0). Note that y,was called Qu(Ap/p=0) in the previous
chapter. In writing :

x:xP+uPS P 'i=§e+3,,8 (20)
and with
°‘r=°‘pa"'°‘\>48+"' > &Pngo+§?~S+'°' (21)
we can find from (19) separate equations for X, and &, X, -
(5 Pod P4
L~ A~ [y 2 2 ~ ~ 2
‘j;fi“ 4V Ey = (K-8atp).(8-8%) v, Po %o+ e(cs).«(5 (22)
2~ 2 >/%
9% 428, =% g, (23)
dot e
dt&' 2 ~ [ 8 3/2.( A ,_)
S2et 4 v, oy, = Vo B 3 +Kocpo-%o(',o (24)
d¢*

(22) is the betatron equation. Let us write :

(Sop~x)(8-8%) = a(¢).8 + b(9).8* (25)
with :
() =¥ gy (Sotp, k)
2 (26)
b(¢)= VYo (3: (50(?4"S°‘p°+k>
a(®) and b(¢) being periodic in ¢ can be expanded in Fourier series :
al)=a +Z_ anetw‘ b(d)=b -\-X_ b,.e"w (27)

n¥0 ndo
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In reference 10, the betatron equation is then solved by a successive
approximation technique, which results in the perturbated tune :
2

Vizv: 438 +[ZZ _— +'\§]8a (28)

n>0 n —4\)01

The solution for &;o and Eﬂ” are easily found :

~ 2 Fo ing

0(‘,0: Vo W .e (29)
~ ~ Fnl ing
°<P4 - —dPD +Y ™y vﬁ_n'l - (30)

where F and T are the Fourier components of the functions F°
and F* respectively :

32
F°=%— Fi= Gi/z(dpak _‘% u:o) (31)

(28) can be rewritten as :

V"_v: = ZVO.A\}:ES +[ZZ _a‘i_._ +-B:I52 (28')

wso N*=4v2

The first term on the right hand side of (28') gives the usual linear
chromaticity :

E:Aﬁ."_:i (32)

with
2T

c
a = .2_':;'/\):(5: (Sotp,-K)d& =?V;/(5,(So(%— K)ds (33)

o

For a linear machine, with the chromaticity compensated by sextupoles,
this term amounts to zero. The second term in (28) is made of two parts:
the first one comes from the variations of @ induced by the sextupole

distribution and contains also an intrinsic part which gives a curvature
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of chromaticity even for a pure linear machine, not compensated by
sextupoles. The second part is :

2w
(<

Here again appears an intrinsic term adding to the curvature of chromaticity
for a linear machine. When the linear chromaticity is compensated by
sextupoles, the integral of K - S vanishes and we are left with :

2
- ~ N in
e gh [t T g s as

n Yt-n?
(35)
S/ 1
:-ZV:.OE +'\): Z ((5 L;S).:-Fn
n Voi=n

Again F% contains an intrinsic part, and a part which depends on
the sextupole distribution, this time through the induced variations

of the ot function.

3.2 Application to the SPS

The basic ingredient is the harmonic analysis of the following
lattice functions: (3"01‘,05, %o, S and oy, K.

The interest of the analytic calculation is that it shows
clearly how the sextupole distribution, through its Fourier harmonics,
influences the non-linear § and hence how to eventually modify it
to reduce the unwanted curvature.

So we will give in detail (Table I) the relative contributions
of the most important harmonics n for the two main terms :

'S
o
- the " (sterm"‘ 2, _(ﬁ -Eszt)" .
- the "uFterm" -2 (P2 8)n . ( @3/‘ . %% . %p )n
ytont

where (F)n means the nth Fourier component of the function F(@®).

One must be careful to carry out the summation to orders n much
higher than those given here, as their total contribution is not
at all negligible. Notice the following :

- "pterm" : the important harmonics are those close

to.2.v = 53.2. Hence the importance of harmonic 54, but also

of harmonics 36 and 72, which are further away from the resonance
condition, but still contribute a lot because of their greater
(intrinsic) strength. The terms above and below resonance tend

to cancel out, leaving a sum very close to the sole contribution
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of harmonic 54. So one sees easily how to play with this term,
either by reducing the strength of harmonic 54, or by changing

the machine tune. It turns out that the main contribution comes
from the following ("og') term, so this game is not very rewarding
anyway.

- " Xe term" : here clearly trouble arises because the number

of sextupoles (36) is too near to the w value. Just doubling

this number (72) should eliminate almost completely the.contribution
from this term (which is the most significant).

Table I

n " (5 term" " u‘,term"
0 -.55
6 -.02

12 -.03

18 -.02

24 -.03

30 -.03

36 -.68 1.34
42 -.06

48 -.15

54 .57

60 .10

66 .04

72 .45 .17
78 .02

84 .02

90 .01

96 .01

102 .01

108 .12 .07

Finally, let us give the results of the complete analytic calculations
in the case of the "normal" machine (chromaticities = -1.3) and compare
them to the results obtained from the AGS program (Table II).
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Table II
Ave /5t  analytic AGS

Intrinsic 58 55
(no sextupoles)

" P" 107 95
"o 185 240
Total 350 390
(compensated

machine)

The agreement between analytic calculations and AGS runs is
very good.

For the 10 GeV/c compensated machine, comparison between analytic
calculations and AGS results or experimental data is complicated
by the presence of sextupole errors in the magnets (see chapter 4).
Nevertheless, results are in good agreement with experimental data
(within the error bars).

In the vertical plane, the effect is much less pronounced.
There are several reasons :

- the harmonic n = 54 of the LSD distribution is much
smaller than in the horizontal case. Consequently,
the "@," term is small and negative.

- the "' term is also small because the influence of LSD
sextupoles on o, is small. In addition, interaction with
the LSF sextupole effect gives a cross term of opposite
sign which cancels out partially this effect.

Finally, analytic calculations give a vertical Av, /8% of 58,
whereas the AGS program gives 85. Again the results are in reasonable
agreement, if one considers that in this case many terms of opposite
sign cancel out, and errors add up.
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4.  ANALYSIS OF THE SPS DATA

4.1 Fitting with AGS calculations

Both the horizontal and vertical chromaticities of the SPS before
sextupole correction vary with time during the acceleration cycle:
on top of the natural terms which come from the momentum dependance
of the focusing strength of the machine quadrupoles, field proportional
errors, remanent field and eddy currents in the vacuum chamber induce
sextupolar fields which modify the machine chromaticity. This was
taken into account in the computer simulation by putting in the AGS
data sextupolar components Smaaand Swmes in the field of the main
bending magnets MBA and MBB. These two parameters are adjusted such
that the chromaticities calculated from the AGS output for Ap/p = * 1%
are equal to the measured values. For instance, at 200 GeV and for
the uncorrected chromaticities deduced from Fig. 5, one finds :

Swen = --1298 x 107> m™> - Spaa= -.0332 x 107 m™>
Here also these sextupole strengthes are normalized to the magnetic
rigidity, according to (9). The effect of the chromaticity sextupoles
can now be simulated by adding in the AGS data their normalized strength
deduced from their measured currents. Comparison of AGS results with
the 200 GeV measurements of Fig. 4 shows an excellent agreement as
it can be seen on Fig. 8. Note that for the curve No. 2, the quadrupole
gradients in the AGS data were slightly readjusted as compared to
curve No. 1 in order to match the measured and calculated values
of Qw for the central orbit (AR = 0). On this figure, the error bars
correspond to two standard deviations taken over ten measurements.

The same perfect agreement was also found for the other 200 GeV
data of Fig. 5, in particular for a partially compensated horizontal
chromaticity for which some curvature was experimentally observed.

One cannot perform exactly the same exercise at 10 GeV, where
the uncorrected chromaticities are much more difficult to measure
accurately: with no sextupole current, one looses most of the beam
as soon as one tries to move it radially. One then had to apply
some correction, measure the residual chromaticities and deduce from
that the machine chromaticities, in order to estimate the stray
sextupolar components Swea, Smeato be put in the bending magnets
at this field level. In doing so one assumes that the effective
partial correction given by the LSF and LSD sextupoles is equal to
what can be calculated from their measured currents. This was verified
by changing the sextupole settings and observing that the measured
chromaticities were changing accordingly. As a result the uncorrected
machine chromaticities at 10 GeV are :

E,= - 2.130%.05, ¥, = -.484%.05

which can be obtained with the AGS program if one uses :

Suen = -5435 x 107 m™, Sy = 5573 x 1070 m 7
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Computer simulation was then performed as before and again a perfect
agreement with all the available data at 10 GeV was obtained when the
momentum deviation is not too large, i.e. |Ap/pl < 8 °/00. Fig. 9
shows two examples: the dashed curves No. 1 correspond to the nominal
operation settings of the LSF and LSD at that time, whereas for the
continuous curves No. 2, the sextupoles were firstly trimmed in order
to flatten both Q-curves as much as possible near AR = 0. The dynamic
aperture shown by curve No.4 of Fig. 2 was measured under the latter
conditions. One should note that if the radial displacement exceeds
* 15 mm, part of the beam is lost and the measured Q-values have
less meaning. One also has to take care of the separation between
Qn and Qy to avoid any coupling during the beam displacement. Comparison
with Fig. 8 shows that the curvature of Qu is more pronounced at
10 GeV than at 200 GeV, as the relative strengthes of the sextupoles
are higher because of the amount of correction needed.

Similar fittings were also done for several instants in the
acceleration cycle, in particular near transition and at 80 GeV,
and the same excellent agreement was always observed, as long as
beam losses for large radial excursions do not perturb the measure
of the Q's.

4.2 Chromaticity matrices

It follows from the previous chapters that if one neglects the
non linear part of the chromaticity, i.e. its curvature, the effect
of the LSF and LSD is equivalent to a change of chromaticity which
to a first approximation is given by :

&

A%, =‘z1‘1r‘ [ZLS: Pv‘yr ('st SLSF+ZLSD GVO‘P P'\.snst.sn]

where the lattice functions @,, @,, o, are taken forAp/p = 0.
These relations were used in the preceding paragraph to calculate
the effect of the sextupole at 10 GeV. (36) can be inverted and
written in a matrix form : ‘

A¥ :_1—[ Z - (5.4 Xp CiseSiee + ZLSD Fuur etsDS\.SD] (36)

sx S. S| [ ME
= B. . (37)
SL:D 53 84 Agv

This is the relation presently used in operation for,calculating
the required sextupoles strengthes Syee, Siep in T/m” at a given
bending field level B in order to obtain the corrections A%, , A,
for the chromaticities. For the sake of simplicity, the same S;
coefficients, calculated from AGS output for the bare machine

e



throughout the accelerating cycle.
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This assumption can be verified

by calculatlng directly from the AGS output, the A% corresponding

toAp/p =

/oo and to different sextupoles strengthes. This was

done for all the values of the stray sextupole components Swea, Suag
obtained in the preceding paragraph and the results are given on

Table III.

Although the operation parameters were determined for Qu = Qv = 26.40
while the other values are calculated for Qu= 26.620 and Qy = 26.570,

the discrepancy does not exceed 1 ~/oo which is good enough for all

practical purposes. One also sees that the S coefficients do not

depend on the Sygn, Swggbut only on the working point Qu, Qv

Table 11T
AGS simulation | ¢ _ L 3. Sy (m ) | Sg (m2) | S5 (m?) | S, (m-?)
bare machine -1.2622 |-1.2608 |[-36.1065 | -7.7248 | 15.2324 | 70.5382
10 GeV -2.1300 |- .4836 |-36.1131 | -7.7572 | 15.2348 | 70.5517
21 GeV + .5428 |-2.2168 |-36.1218 | -7.7964 | 15.2515 | 70.6285
83 GeV - 5673 |-1.7972 |-36.1223 | -7.7656 | 15.3137 | 70.6286
200 GeV -1.0969 |[-1.3568 [-36.1045 | -7.7618 | 15.3061 | 70.6269
Operation val. -36.0743 | -7.7953 | 15.2452 | 70.5875

The chromaticities given in this table are those for the uncorrected
machlne. If one wants to have zero chromaticity, one must calculate

*

SLSF ’ Sst for AE\'\(V)_ "EH(V) N

One can similarly write a matrix relation which gives the stray
sextupole components Swga, Swgg @s @ function of the uncorrected
machine chromaticities :

Suga(m™

S MBB("\A)

-1.1000

= 10"3 ,.

+.6581

-.5255

AE .,

1.4499) | OEy

(38)
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Here the AE»av are the difference between the uncorrected values
€u,n o By,n  and the corresponding natural terms calculated for
the machine.

4.3 Chromaticity along the cycle

To complete this study we have to see if the linear part of
the machine chromaticities vary during the acceleration cycle
according to the simple model used so far, [5] :

()= a + b.Bini +c. Bl (39)
Suv (®) B(t) B(t)

where Bin; is the injection field level and B(t) the time derivative
of the bending field. The coefficients a and b can be calculated
from the measured chromaticities on the 10 GeV and 200 GeV platforms
and then c deduced from the other measurements near transition at

21 GeV and at 83 GeV (Table IV).

Table IV
from measurements for best fit
H v H v
a -1.043 -1.403 -1.042 -1.43
b -1.087 | + .919 -1.020{ + .95
c (21 GeV) + .388 - .258
+ .38 - .33
c (83 GeV) + 438 - 334

The determination of c, and hence the correction near the
transition is not very precise : on top of the errors on the
coefficients a and b, its accuracy is limited by the difficulty in
measuring the chromaticities during the ramp. These coefficients
were therefore used as a first approximation to correct the
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chromaticities and the sextupoles were then trimmed all along the
acceleration cycle in order to obtain a zero chromaticity at each
instant. The best fit between (39) and the experimental curves

(t) is obtained when one enters in the sextupole power supplies
the coefficients given in the second part of Table IV. The differences
with respect to the first set of coefficients come from some time lag
in the tracking of (39) by the sextupole power supplies, but these
values are in good agreement with previous measurements, [5].

The simple model (39) is therefore valid for the actual 6peration

cycle and allows a chromaticity correction with an accuracy better
than .1.

5. EXTRAPOLATION OF AGS SIMULATION

As the AGS program gives an excellent simulation of the non
linear behaviour of the SPS chromaticity, one will use it to see
how this effect can be compensated and what are its implications.

5.1 Correction of the curvature

It follows from chapter 3 that the first non linear term for
the perturbated tune is quadratic in Ap/p (eq. (28') ), which is
confirmed by the parabolic shape of the curves obtained by AGS.
One can therefore try to correct the chromaticity curvature with
octupoles, for instance the so-called Landau damping octupoles,
LOD, which are located in front of the defocusing quadrupole No. 29
in each sextant. This is illustrated in Fig. 10, in which the
continuous curves No. 1 represent the same AGS simulation at 10 GeV
as in Fig. 9. One can find LOD settings which flatten the horizontal
chromaticity (curves No. 2), but this is catastrophic for the vertical
one, which is due to the bad LOD location. Moreover the required
strength corresponds to about 60 A at 10 GeV which is prohibitive
as it will introduce an enormous Q-spread, incompatible with the
operating conditions. '

It is more interesting to see the effect of the new octupoles
which are to be installed in the near future: There will be one focusing
LOFN upstream of the quadrupoles Nos. 8, 10, 22, 26 and 28 and one
defocusing LODN before the quadrupoles Nos. 3, 5, 7, 25, 31, 33 and 35,
in each sextant, [13]. These octupoles provide a much better correction
as shown by the curves No. 3 of Fig. 10, thanks to their distribution.
Nevertheless their normalized strengthes are not negligible - about
2 A per LOFN, with 30 octupoles in total - and it remains to be seen
if this does not lead to undesirable effects.

By far the best correction is achieved when one increases the
number of sextupoles: the curves No. 4 were obtained with one LSF
in front of each focusing quadrupole and one LSD before each defocusing
i.e. three times more sextupoles than now installed. This clearly
demonstrate once more the effect of the sextupole distribution on
the non linear chromaticity.
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One may think of using the actual 36 sextupoles of each type
but split in more than two families in order to minimize the main
harmonics induced by their distribution. This was tried using the
optimization program HARMON, [14] but the correction obtained was
never better than with the future octupoles : for the SPS nominal
working point, the betatron phase shift per magnetic period is close
to 90° and because of the reqular sextupole distribution, the main
harmonics 36, 72 and 108 (see Table I) are always in phase, the only
exception being the 54th harmonic. A working point near 20.6 would
be much more favourable in this respect.

5.2 Applications to the p-p project

In its actual design stage, the proton-antiproton project [15]
implies the injection of the antiprotons at 3.5 GeV into the SPS.
At this field level, the remanent field effects become very important
and it was experimentally found during the first 3.5 GeV injection
tests, [16], that on top of other things the machine chromaticities

were about :
¥, =-513, ¢, =+2.15

which was determined from the amount of correction needed for the

best transmission. Although these values are not very precise, they

are good enough to simulate the SPS behaviour under these conditions,

as shown on Fig. 11. When the above chromaticities are corrected,

only with the actual sextupoles, curves No. 1, the chromaticity curvature
is much more pronounced than at 10 GeV: the momentum excursion which
corresponds to AQ,= * .01 is Ap/p =t2.5 ©/00 as compared to * 4.5 ©/00
for 10 GeV. The Q, curve also exhibits a strong curvature, whereas

this was marginal at 10 GeV.

As before, the future octupoles can improve the situation.
For the curves 2, their strengthes were ajdusted such that, (3] :

QHN(%E=~.004.) + QHN(%E: +.001) = 2.*QHN(%§_ =0)

which leads to a momentum acceptance of Ap/p = X 3.5 ©/00 for AQz= £.01
This momentum acceptance is increased to *6.5 ~/oo,curves 3, if one
performs the octupole optimisation for Ap/p = 5 %/00, but note that
this improvement is obtained with a relatively small change in the
octupole strength as compared to curves 2, which means that this
adjustment is critical. Also in both cases, the normalized LOFN
strength is about four times greater than at 10 GeV which results

in an enhancement of higher order terms.

Here again the best correction of the chromaticity curvature
is achieved with one LSF and one LSD per magnetic period : see the
curves No. 4, for which the momentum acceptance is *10.5 °/0o0. This
correction has the further advantage of introducing no higher order
terms.
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One may also expect a somehwat stronger non linear chromaticity
when a low beta section is inserted in LSS5 in order to increase
the luminosity at the collision point. With the insertion parameters
given in [15] AGS simulation shows indeed a change with respect to
the regular machine (Fig. 12) but not as drastic as those obtained
for larger storage rings, [11]. Even with a second insertion in
LSS4, the tunme variation with momentum is mainly parabolic and could
be corrected with octupoles, but it remains to be seen if this type
of correction has no detrimental effects on the stored beams, and
is also feasible when switching on the insertions.

CONCLUSION

The non linear chromaticity which has been observed in the SPS
mainly in the horizontal plane, has been completely explained with
the existing perturbation theories. The perfect agreement between
the experimental data and the simulation of the SPS with the AGS
program allows to anticipate the consequences of this effect for
the future SPS developments and to indicate ways for correcting it.
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