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Direct Measurement of Resonance Driving Terms at SPS at 26 GeV

M. Hayes, F. Schmidt and R. Tas, CERN, Geneva, Switzerland.

AbgraCt =21 Z jfjkl7rz,(21m)]+g_l (QIy)H% (l)

In 2001 a series of experiments has been performed at Jkim
the SPS at an energy of 26 GeV to measure resonance driv- el (1= +k) (2mve N+tag ) +(m—1) (2mvy N4y, )]
ing terms. Theory predicts that these terms can be deter- _ _ _
mined by harmonic analysis of BPM data recorded afteW/herel. andi, are the horizontal and vertical actions,,
applying single kicks. This analysis works equally well forand?y, are the horizontal and vertical initial phases and
linear and non—linear diagnostics of accelerators. Resulty @€ the horizontal and vertical tunes including the am-
of the experiments are presented, including a direct meR!itude dependent detuning and the factgys,,, are the
surement of resonance driving terms and a comparison generating function terms. These are related to the Hamil-

the theory. tonian terms .., by the following expression,
1 INTRODUCTION B hjkim 5
Since many years perturbation theory [1] and more re- Firtm = 1 — e—22n[(G=F)ve+(I-—m)ry] 2)

cently the Normal Form [2, 3] techniques have been used . .
to understand nonlinear motion of single particlesin hadroh'°t€ that the _temfjk’“” drives the resonance €k, 1— .
accelerators. This has proven to be very useful in the dé’-l)' Th_e Hamiltonian terms are <_jef|n_ed by the following
sign phase of an accelerator. When it comes to existin‘?_}fqoans'On of the non-linear Hamiltonian,

machines these sophisticated tools have been rarely in use itk Ltm

up to now. In part this is due to the complexity of the the- H = Z Bt (21) 7= (21y)
ory but also due to the fact that a nonlinear model of the Jhktm

accelerator cannot be easily anticipated. Checking such a

model experimentally [4] may prove even more difficult. . .

One well documented attempt to overcome this problen\ﬁv hr?ra% agd lbyl arrel dt;e horlzotnﬁl ?ndF\'/:eTrtlcfa:hanth;an
has been made by Bengtsson [5]. In the framework of th a ﬁjr:iomqlséx sia nal czzgk?:isedatoameas&e ﬂe]eu er:-
first order perturbation theory he has studied how the rea? P 9 S 9

rating function and the Hamiltonian terms. The spec-

spectra from tracking or experimental turn—by—turn dat : . .
can be related to resonances. This study has stopped s%’# line (1—j+k, m—I) depends only on the terf,..

of a complete solution. An important prerequisite to his y line (m, nl)nV;er(;r;\??nna:;?nse’ptigrfcl)rlr:nIeexwgih ;raelqi:ir:)?
analysis was a tune measurement technique superior to w o Ny P 9

standard FFT [6]. Similar attempts were performed in thé r#ﬁfigﬂﬂgg%g';ﬁaj?;ew'tni?z?gsi ar?cvta::(teérms de-
field of celestial mechanics [7]. Iiton g Ing functi

%gnd on the longitudinal location where they are calculated.

><efi[(jfk)(d’w+ww0)+(l7m)(w’y+'¢’yo)] , (3)

Recently, new techni wer vel llowin .
ecently, new techniques were developed [8], allo understand how they vary along the ring the values of a

an even more precise determination of the tunes. It see miltonian term at both sid f . f non—linearit
therefore appropriate to review the link between experi- amiitonian term at both SIdes of a source of hon—ineartly
re compared. Prior to this element the term Jg;, , and

mental data and theoretical models. The frequency ma% N - . ] )
analysis by Laskar [8] can be used not only to derive thafter it is R i - Thg non-linearity contributes to thg first
tune, but also to find spectral lines in descending order §f2S€ With th2e q“a}cnt'wﬂ;’lm and to the second case with the
magnitude. It has already been shown how these speciantitye™ rU=BreHEmin gy, because the element
can be applied to remove from a sequence of tracking dap@s moved to the end_of the lattice. _Therefore the relation
unwanted regular complexity. Moreover, this method haS€tween the two Hamiltonian terms is expressed as
been successfully used, again in tracking simulations, to,2  _ ;1 —i2n[(j—k)ve +(l—m)vy] _ 1\1..
correct resonances excited by sextupoles [9]. Pkt = P+ (e 20O D (4)

In this article we summarise our SPS experiments ithe equivalent relation between the generating function
2001 which were done in the quest to establish this methagrms is given by
as a tool for routine use in the control room.

2 THEORY jzklm = fjlklm - kjk’lm . (5)

The turn—by—turn single particle motion in normalisedThese relations state that the amplitude of these terms
coordinates to first order in the non-linearities is giverfhanges abruptly at the location of the sources. Their am-
by [10] plitudes remain constant along sections free of sources.

This feature is very important since it allows the localisa-

E(N) —ipa(N) = +/2@,e'?mvaN+vo) tion of multipolar kicks.



In a real machine the beam is not a single particle but 55

a particle distribution and processes like the beam deco- EXLﬁﬁgge'g{ —

herence change the Fourier spectrum of the turn—by—turnuT 02 Tracking 0.25 +0.01

motion. The effect of the decoherence due to amplitudeg '

detuning has been described in [11]. The relevant conclug -0.26 £0.02

sion is that the spectral line (m,0) of a decohered signal is;z 0.15 ¢ ]

reduced by a factor din| compared to the single particle g

case. = 01t 1
3 MEASUREMENT OF COUPLING X 005 & - |

The technique of coupling correction involves measuring 2
the amplitudes of the coupling lines, normalised to the am- 90 8 _0‘ p 0 0‘4 0‘8

plitude of the fundamental line, as a function of the strength
of the skew quadrupoles. The optimum setting of the skew
guadrupoles is then inferred by finding the minimum couFigure 1: Coupling resonance term versus skew quadrupole
pling line amplitude. Previously a different slope at eitheistrength. Results from experiment and tracking.

side of the minimum was found [11]. The theory is now

revised to explain this puzzle and a better observable has

Skew Quadrupole Strength [A]

been found. The turn—by-turn horizontal and vertical coor- __ 0.05 '
dinates in first order in the coupling resonance tefig: S 004! m=0.0029 + 0.0001 <
are given by kol
£ 003t
A - A ] N+ =
B(N) = ipp(N) = /2Ll BN S 002! e :
—2i fro011/ 21, €' @7 N o) T oorl % e A .
~ N i : = . ) xperlment [ ]
G(IN) — ipy(N) 21, ¢!y N Hvo) (6) - 0 e _Linear Fit (mx) -
—2i floo1\/ 2L e CTre N TYe0) 0 2 4 6 8 10 12 14

. . . Kick amplitude [KV]
From these equations it can be seen that the normalised M- e 2- Normalised amplitude of th tral line (-2.0
plitude of the vertical tune line from the horizontal plane is gure 2: Normalised amplitude of the spectral line (-2,0)

9 /—Iy/Iz|f1001| and the normalised amplitude of the hori- VErsus horizontal kick amplitude for one pick-up.
zontal tune line from the vertical planeds/ I, /I,| fi001]-.

Therefore the best way to measyfigoo | independently spectral line (-2,0). Three measurements for every kick

gJ_thhse actions is multiplying the former two ObserVables'strength were done to assess random errors. The slope of

the fitted line is related to the corresponding resonance term

Tine(0, 1)z Tine(1, 0)v in the following way,
2| fio10] = T - . (7)
ine(1,0)y line(0, 1)v 1m_2,0) —1/2
| fa000] = 6 0091 [mm™"/],
In fig. 1 this new observable is plotted versus the strength 1 m('Q 0)

of the skew quadrupoles together with the prediction from |fi200] = 5 0.004 [mm /2] . (8)
the model and two linear fits. The fitted slopes are indicated ’
in the figure as well. The agreement between measuremenhere then is the measured slope and its subscript denotes
and prediction is excellent and the slopes of the tangentBe spectral line from which this slope originates. The fac-
are the same on both sides of the minimum. tor 0.094 is the calibration of the horizontal kicker in units
of mm'/2/KV. These relations hold as far as the beam
4 MEASUREMENT OF SEXTUPOLAR does not experience any decoherence. When the centroid
oscillations are completely damped due to decoherence
RESONANCE TERMS caused by amplitude detuning the spectral line2,0) are
To measure sextupolar resonance driving terms the beamduced by a decoherence factor of 2 [11]. The sextupolar
is kicked to different amplitudes and the turn—by—turn comsesonance terms are measured for different machine set-
plex signal is Fourier analysed to obtain the amplitudeaps. The first set—up was the baseline machine with the
of the different spectral lines. For every pick-up the nornominal tunes), = 26.62 and@, = 26.58. The am-
malised amplitudes of the sextupolar spectral lines are ploplitude detuning was compensated with octupoles to avoid
ted versus kick strength and a line is fitted constrained to gadditional decoherence of the signal. In fig. 3 the mea-
through the origin. As an illustration a plot from this pro- sured amplitude of the sextupolar resonance tefsgs is
cedure is shown in fig. 2 for a particular pick-up and forplotted versus the longitudinal position together with the
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Figure 3: Amplitude of the ternfsggo versus longitudinal
position along the SPS ring from experiment and trackings

for the baseline machine. g

tracking prediction. The error bars correspond to the errorég
given by the linear fit. On average, experiment and modela
agree and the location of the jumps (which correspond to § ' ;
sextupole locations) are the same in both curves. Neverthe= 1 [ 5‘ ]

N w »
|

less in some regions the curves differ in amplitude. 0 ‘ ‘ ‘ ‘ ‘
In another set—up the first four extraction sextupoles 0 1 2 3 4 5 6 7
were powered te-30 A and the following four extraction Longitudinal Position [Km]

sextupoles were powered te30 A. Tr_le horizontal tune Figure 4: Amplitude of the ternfsqq versus longitudi-
was moved to 26.69. The beam oscillations were dampegl| hosition. Top: Experiment and nominal model with
due to decoherence, therefore the decoherence factor is Rsoherence factor. Bottom: Experiment and model with

plied to compare experiment and model. In fig. 4 (top) thejisplaced sextupoles and decoherence factor. The vertical
measured amplitude of the sextupolar resonance f85  |ines show the position of the extraction sextupoles.
is plotted versus the longitudinal position together with a

tracking model. The disagreements in this plot requires an
improvement of our model. The displacements of the sex-
tupoles with respect to the closed orbit were measured fron§~ 20
pick—-ups and added to the model. The agreement betweeg ;¢ |
the experiment and the new model improved considerablyi‘E

as shown in fig. 4 (bottom). A similar agreement is ob- 8 12
served for the other sextupolar resonances. For exampl%c., 8
the amplitude of the ternfi;oog is shown in fig. 5. ¥

5 CONCLUSIONS

The measurement of linear coupling with the proposed
method is now better understood and a new observable has
been constructed to obtain more accurate results. For tiégure 5: Amplitude of the ternf,9o versus longitudinal
first time sextupolar resonance terms have been measurgaekition from experiment and tracking with displaced sex-
at SPS at 26 GeV around the ring. The predicted effects ¢fipoles and decoherence factors. The vertical lines show
decoherence on the spectral lines have been confirmed. Tt position of the extraction sextupoles.
beta—beating caused by the closed orbit at the sextupoles
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