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MEASUREMENT OF DRIVING TERM S

F. Schmidt, R. Tomas, CERN, Geneva, Switzerland, A. Faus—Golfe, IFIC-Univ. of Valencia.

Abstract can be found in the next subsection. The second subsection
In 2000 a series of MDs has been performed at the S scribes how resonances are related to s_pec_tral lines. In
e last subsection we give a shortened derivation of how a

to measure resonance driving terms. Theory predicts th% . o . .
these terms can be determined by harmonic analysis oLtg E&al::g:gsdlstnbutmn alters the results obtained for sin-

BPM data recorded after applying single kicks at variou$
amplitudes. Strong sextupoles were introduced to create . .
sizable amount of nonlinearities. Experiments at injectio@a'l Single Particle Formalism
energy (26 GeV) with single bunch as well as one expercomplex Fourier spectra of normalised coordinates can be
iment at 120 GeV with 84 bunches were carried out. Theyritten as:
expected nonlinear contentis compared to the experimental . o 2 (s e )
observation. B(N) = ipy(N) = 372 ajelBrimvatni ) N,]

m;,n; € 74,

1 INTRODUCTION )

. . The connection between one—turn maps and Normal Form
Since many years perturbation theory [1] and more recentla{an be conveniently described using the Map—Normal
the Normal Form [2, 3] techniques have been used to und%-

stand nonlinear motion of single particles in hadron acce Form Diagram (for details see [2, 3]):

erators. This has proven to be very useful in the design X M </

phase of an accelerator. When it comes to existing ma-

chines these sophisticated tools have been rarely in use up @—11 lqu )

to now. In part this is due to the complexity of the theory ,

but also due to the fact that a nonlinear model of the accel- ¢ T ¢

erator cannot be easily predicted. Checking such a model

experimentally [4] may prove even more difficult. Generating functiod” and HamiltonianH are given by:
One well documented attempt to overcome this problem P — P9 U= gHW): 3)

has been made by Bengtsson [5]. In the framework of the
first order perturbation theory he has studied how the redlhe Normal Form coordinates can then be written as:
spectra from tracking or experimental turn—by—turn data . L

can be related to resonances. This study has stopped short C=e"h, hi =2 Ei0p., (4)

of a complete solution. An important prerequisite to hiSyiin the generating function in resonance basis:
analysis was a tune measurement technique superior to the

standard FFT [6]. Similar attempts were performed in the Fo=>)" Fiam GGG G ®)
field of celestial mechanics [7]. jklm

Recently, new techniques were developed [8], aIIowing)r
&n even more precise determlnatlon qf the tunes. It seems = i fjklm(2Ix)# (2Iy)l+% %

erefore appropriate to review the link between experi- (6)
mental data and theoretical models. The frequency map e~ —=E) (Yo +1bag ) +(I=m) (dy +1yo)]

analysis by Laskar [8] can be used not only to derive the

tune, but also to find spectral lines in descending order ofhe generating function in action leads to:

magnitude. It has already been shown how these spectra .

can be applied to remove from a sequence of tracking data h = ¢"7'¢ = C+ [£%, ¢] + S [F, [Fro (] + - (7)

unwanted regular complexity. Moreover, this method hash ut i | lised di b
been successfully used, again in tracking simulations, tb"€ €volution of linearly normalised coordinates can be

correct resonances excited by sextupoles [9]. written as:
In this article we summarise our SPS experiments in hi(N) = 2Le'?mveNtvs,)
2000 which were done in the quest to establish this method 9 Z G fimm (2L,) 2 (21) 72" x
as a tool for routine use in the control room. Trim ! ! (8)
2 SOME THEORY el (1=3+k) (2mve Nttpag )+ (m—1) (2mvy N1y, )]

The theory concerning single particle has been developéthis expression relates the terms of the generating function
in Ref. [10]. A short outline for the case of single particlesand the spectral lines.
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2.2 Resonance-Spectral Line Relation attention has to be drawn to the fact that the factg¢— is

A simple rule holds that says that for each resonance (n, r{:{jesent in both di_stri_butipns. This means that the spectral
there is a spectral line in the horizontal and vertical planin€s taken from distributions are smaller than the expecta-
respectively: tion from single particle motion. In fact, lines correspond-

ing to resonances of ordéf + k) are reduced by a factor
e Horizontal Plané—[n — 1], —m) |m| (called decoherence factor in the following) of Eq. 13

after applying the normalisation with the tune line.
¢ Vertical Plang(—n, —[m — 1]) PPYINg

For example the (3, 0) resonance appears as a (-2, 0) line, 3 EXPERIMENTSAT SPS

the (1, 2) resonance is found as (0, 2) line, both in the hori- .
zontal spectrum. The skew resonance (0, 3) is not found i"ﬁ'l Non-linear measurements at 120 GeV

the horizontal spectrum, but appears as (0, —2) in the verti- Detuning

cal spectrum. The detuning as a function of the square of the amplitude
_ _ in the horizontal phase space, (= A2/3,) was measured
2.3 Effect of Filamentation and compared with the tracking model (Fig. 1). In absence

Pf an exact knowledge of the octupole settings we used very

particle distributions rather than single particle motion. Fo h(::arlr(1:;ggﬁégczlgfetshelIr?tli?etzecg(r)ndir?l tggtstgi dsrtil::g:‘?:he
simplicity we restrict ourselves to treating horizontal mo- ' n 9 P

tion only. A particle distribution right after such a horizon- influence of the octupoles will be further studied.
tal kick by A, whereA, = (3, « Az’ /o, takes the form:

In a real machine we will measure the centroid motion o

0.005 T T T T T
P Qy
p(Im%o) _ 2ie—(2lm+Ai—2Amv21w cos(¥20))/2 (9) 0 /b___‘,//_'
™ ~
The Fourier transforn# ; (w) of the centroid whichis the /| |
spacial integral of.; (V) from Eq. 8 can be written as: £
B _ CiwN 8 o1} ]
H, (w) = /deIzdwmo P(Iz,z0)hy (N)e ™™ . (10) ox
. . . o -0.015 b
The tune is a function of amplitude and in first order of the Experimepr:teﬂig?gﬁ R
horizontal invariant we get: 0.0 ‘ ‘ | : ‘
, o 05 1 15 2 25 3
Uy = Vg + V215, (12) g [um]

. ) ) . 9
The horizontal Fourier transforifi  (w) is a sum over the Figure 1: Detuning as a function ef = A;//f,.

componentsf_, (w), with the horizontal line indiceg 0.05 Predicion

andk: < 0.045 + 2 x Experiment - i
y . _ £ 004 N
%@jo(21”(10))”6_5(2%(10)“3')x § 0.035 | | |
H o (w) = I (Ag /212 (w)) , if Ip(w) >0 (12) & 003 * |
S 0025 [ 3 |
0,if I,(w) <0, £ oo} o | |

o ; ;
where we substituted the expressions containiragnd k& g 0015 g i
by: £ o001t : i
n=(G+k—1)/2 £ o005 | |
m=1-j+k. (13) % 05 1 15 2

I 1/2 [ “mllz]

I, is the modified Bessel function of order. Lastly, mul-

tiplying Eqg. 11 bym and withw = 27muv, (from Eg. 10) Figure 2: Resonance (3, 0) as afunctiomﬂfz.

we define the functiod,, (w) as follows: Resonances (3, 0)
1 w According to the last section the (3, 0) resonance corre-
I, (w) = Cy— (2— — myzo) . (14) sponds to the (-2, 0) spectral line. In Fig. 2 the averages
muvl, \2T

over the longitudinal positions of the experimental and the
Considering evolving particle distributions instead ofsingle particle model data are shown together with their

single particle motion turns the scalar quantity, I, into  value. As described in the last section the experimental data

the distributionst , (w) and /. (w) respectively. Special had to be multiplied by the the decoherence factor. In our
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case withj = 3 andk = 0 this decoherence factor has thetune line. Fig. 4 shows how the amplitude of the spectral
value two. Both the average value and the sigma values bfie varies with the skew quadrupole strength. We could
the experiment are in excellent agreement with the modéhen demonstrate that the optimal skew quadrupole setting

data.

allowed a closest tune approach®df 10~4. It has to be
noted that the change of slope from below to above the op-

Localisation of Multipoles Contrary to the traditional timal skew quadrupole setting remains to be understood.

belief the driving terms vary along the ring, in fact abrupt
changes occur at the longitudinal locations of multipole~
kicks. In Fig. 3 this longitudinal variation of the (3, 0) 5 .

al

resonance is compared between the model and the expéi%—
imental data, for the latter the decoherence factor has beeg
applied. In the upper graph the results are shown for thag
polarity of our intentionally strongly excited sextupole that 5
seemed plausible compared to other SPS sextupole circuits.
Much to our surprise we discovered that the two data set&
were out of phase. The SPS operation experts later veriﬁeﬁl
that the definition of the polarity of these special sextupole%
was indeed opposite to that of the other circuits. Reversing
the sign for these sextupoles in the model led to much bet€
ter agreement as shown in the lower part of Fig. 3. To ourg
knowledge this is the first example of how a driving term g

25
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analysis can become useful to control nonlinearities in ex-

isting accelerators.
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Figure 3: Longitudinal variation of the (3, 0) resonance.

3.2 Linear Coupling Compensation

Linear coupling is linked to the (1, -1) resonance whic
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Figure 4: Linear Coupling compensation.

4 CONCLUSIONS

In last year's experiment at the SPS we could demonstrate
for the first time that pick—up data allow the measurement
of driving terms in an existing accelerator. In particular,
the ability of measuring the longitudinal variation of res-
onances can be very useful to understand and steer an ac-
celerator in the nonlinear regime. It is also of great value
that the same tool allows to control linear features like the
linear coupling to high precision. Although there are still
some issues to be studied we believe that now the feasibil-
ity of this method for the use in the control room has been
demonstrated.
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