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Abstract. The real values of dynamical characteristics in Nuclotron have been

measured by means of both sinusoidal and kick excitations of the beam. F
measurement of betatron tunes the method based on the Beam Treaunster
tion has been used. Beam-based modeling by means of Orbit Redpatrse

allowed us to calculate the amplitude beta function and the betatron phase ad-

vance with big accuracy. Applying this method, one can also calibrate thmBe
Position Monitors, and reveal the bad-working units.

PACS number: 29.20.c

1 Introduction

In first approximation an accelerator is described by thediroptical model. To
measure the dynamical characteristics of this model is gntle@ major tasks
of accelerator commissioning and optimum exploitation.e Tlal accelerator
optics usually differs from the machine design. Knowing tloerect values
of the accelerator optical functions, such as beta functi@tatron tune, and
betatron phase advance is of major importance.

For measurement of the accelerator optical functions @sysf Beam Position
Monitors (BPM) and orbit corrector magnets (CM) is used. BRkkasure the
beam center of charge position with respect to the refereriiie CMs produce
dipole kicks that distort the closed orbit.

The behavior of any dynamical system is fully described byésponse to one
of the standard excitations. The response of a dynamicétsys unit step
function is known as transient function. The response ofreadycal system to
a Dirac pulse function is called impulse transient functiorsometimes weight
function. The response of a dynamical system to sinusoixigtagion is the
well-known frequency characteristic or transfer function
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Each of these characteristics describe both transienttaadysstate modes.

In accelerator practice the transfer function is known asB@&ransfer Function
(BTF). The shock beam excitation by means of a fast kickermaagesults in
the coherent beam oscillations. The response of the cefitbagge positions to
kicks in closed orbit correctors is called Orbit ResponsérM@ORM). A gen-
eral theorem states that the transfer function is a Foudester of the impulse
response.

One of the most important parameters of any cyclic accaleiatthe tune of
the betatron oscillations €. The value of@ determines the position of the
so-called working point of the accelerator. The workingnponust be kept
away from any dangerous resonances during the whole aatmieycle. Many
accelerator parameters, such as chromaticity and the depea of the tune on
the amplitude are firmly connected with tgevalue.

One may say that the efficiency of the accelerator and thélplityso reach the
maximum beam intensity are determined by the proper cheideraintenance
of the betatron tune.

On the other hand the structural beta function describebehen envelope and
the betatron phase advance.

For measurement of the correct values of the structural fogigtions and of
betatron phase advance in Nuclotron, a method based on thie Rsponse
Matrix has been used.

2 Betatron Tune Measurement in Nuclotron

Nowadays, all the existing synchrotrons, storage ringscatictiers have elec-
tronic systems for on-line tune measurement.

The Nuclotron tune measurement system is based on thengxottitransverse

oscillations of the beam applying an external sinusoidaialiand measurement
of the corresponding center of charge response. This respsknown as Beam
Transfer Function (BTF).

Transverse BTF [1] is determined by the ratio of the ampétofithe center of
charge oscillations to the external sinusoidal excitation

r(w) = <§i> = 1 () + ini(w) )

whereF is the amplitude of the external sinusoidal excitatiéh=£ £ cos wet),
and(y) is the corresponding center of charge deviation.

The external signal excites slow waves with a frequency:

wps = (n — Q)wo, (2)
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and fast waves with a frequency:

war = (n+ Q)wo, 3)

n being any integer.

In accelerator practice we are interested not in the indalidscillations of the
beam particles, but in the center of charge motion. Thiseésathly measured
by BPMs value. For this reason, we have to average the indiVigarticle

responses over the distribution of the betatron frequency

It can be shown that

(V) fast = (ry cos(wet) + risin(wet)) 4

2w,

wherew, is the excitation frequency.
The resistive part of the BTF is

PV/f waf dwﬁf (5)

We — Wgft

where f(wg) is the betatron frequency distribution function aRd’. denotes
the Caushy principal value of the integral.

The reactive part of the BTF for fast waves is
Ty = _ﬂ-f(we)' (6)

For slow waves one must substituig; with wgs,.
A simplified block-diagram of the used equipment is showniguFe 1 [2].

For the excitation of the transverse betatron oscillationdUCLOTRON we
have used a broadband amplifier. It consists of 9 identicalksl with a trans-
former output. One of these blocks is used as a preamplitieioutput signal
excites in parallel the other 8 blocks. The secondary wigsliof these blocks
are connected in series and this gives 250 V on the load inré¢ggiéncy range
0.6-6.0 MHz. The load represents 100 pF capacity in panaitbla 759 re-
sistor. The maximum output power is 0.6 KW. Input and consighals are
transmited by 0.5 km matched cabels to and from the accetaing.

The already existing pick-ups used for orbit measurememte been used also
for the beam excitation and for the response measuremerseTpick-ups are
11 cm long and are situated in special boxes in the vacuum lhaof the
accelerator. The minimum voltage on the pick-up, which we sl reliably
measure, is 20QV. This corresponds to 1 V on the ADC input.

A spectrum of simultaneous measurement of horizontal amticge betatron
oscillations is shown in Figure 2.
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Figure 1. Simplified block-diagram of the tune measurement equipment.

For betatron tune measurement in Nuclotron, we tried alsartethod with ob-
servation of damped coherent beam oscillations.

The successive beam centroid positions in a given pickugtrelde are measured
and LSQ fitted to the theoretical curve. For a beam with Gansdistribution

qv= FvoiFo = 17/41 = 0,414 Fo - FIRST HARMONIC OF THE
qh=FhOFO =19/41 = 0,463

a REVOLUTION FREQUENCY

40 50 60

Figure 2. Spectrum of simultaneous measurement of horizontal atidavdbetatron
oscillations in NUCLOTRON (Along the horizontal axis the channel numbbtespec-
trum analyzer is shown; the vertical axis is in relative units.).
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Figure 3. Coherent beam oscillations. Horizontal scale is proportiotia¢time elapsed
after injection in relative units; 2000 divisions corresponds to 200 pargetgutions.

of the betatron tunes, this theoretical curve reads

() = Acsp  — (2270

where(y,,) are the turn-by-turn center of charge deviations in the eh&PM
andyc, is the closed orbit at the monitor's azimuth.

) cos(n2m@ + ¢) + Yeo (7)

In this method the successive beam center of charge densatica given BPM
is measured, and the collected data are fitted by the thealretirve (7). From
the fitting the fractional part of the betatron tune and theetum.s. could be
determined.

The coherent oscillations of the beam center of charge awrsim Figure 3.
The beating is due to small coupling between horizontal @ntoal oscillations.

The Fourier spectrum of the coherent betatron oscillattmrssists of betatron
sidebands at frequencies £ @) fo, » being any integer ang}, — the revolution
frequency. The measured Fourier spectrum of vertical estidretatron oscilla-
tions in Nuclotron is shown in Figure 4. The double pick bt- ¢) f is due to
the coupling.

These two methods can reveal only the fractional pgrof the betatron tune

Q=n+q.

The integer part?i’ of the tune can be determined from the spectrum of closed

orbit. The following relation between the Fourier harmanid the random per-

turbations in the magnetic fields and in the quadrupole posit- f}, g, and of

the corresponding closed orbit distortions vy, holds [1]:
Q? Q?

Up = == fr Vg = mgk

7 ®)

As the spectrum of the perturbations is white, the maximuth@brbit spectrum
drops on a frequency numbet’, which is the closest to th€) value. This
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Figure 4. Fourier spectrum of vertical coherent betatron oscillationsuicidtron (the
revolution frequency forions witl /A = 1/2is f, = 0.122 MHz, the fractional vertical
betatron tune ig = 0.414).

is illustrated by Figure 5, in which the Nuclotron closedibdnd its Fourier
spectrum are shown. It is clearly seen that the integer fdheobetatron tune
in the Nuclotron is equal to seven.

Summarizing all the measurements one can conclude thadtimhtal betatron
tune in Nuclotron is equal t@);, = 7.463, while the vertical isQ),, = 7.414.
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Figure 5. Measured Nuclotron closed orbit and orbit spectrum: (A)orizbntal closed
orbit; (B) — vertical closed orhit; (C) — horizontal orbit spectrum; (D) wvertical orbit
spectrum.
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These values differ from the design values, which &g: = 6.80 and@, =
6.85. After discussions it was concluded that the reason for disrepancy
lies in the interaction between magnetic fluxes in some teighing structural
elements. The experimental verification of this hypothissis the way.

Knowing the correct values of the betatron tunes is cruciattie optimization
of the accelerator operation and for the intensity incredtsis very important
and for the proper work of the injection and extraction syste

3 Measurement of Optical Functions in Nuclotron

One powerful method for measurement of optical functiofssed on the Orbit
Response Matrix (ORM).
The ORM is defined by [3]

Y de
wheredz; is the change of the center of charge positigrat thei-th BPM due
to a changele ; in the kick at j-th CM

One should distinguish between the theoretical ORMIE®" which reflects
the properties of the accepted linear optical model of theelacator, and the
measured ORM R™MeaS

We could expand the theoretical ORM to the first order in theorsrin
quadrupole strengths\; )

©)

8Rij
i A (10)

R = R+ 3
l

We should fit the measured ORME[***with giR‘i*;QO’sj, g; being the BPMs
gain factors and; being the correctors scale factors.

In the fit we should take into account that a kitk ; in the j-th CM leads to a
change of the synchronous particle energy and thus it intesl an additional
momentum error:
dp 1 Dje;
p Ej L
— — o
E2
provided the dispersion at the correcfoy is non-vanishing. In (11) denotes
the momentum compaction factdr,is the machine circumferencé,, E, are
the total and the rest energies of the particles-aigithe relativistic factor.

11

For that reason the theoretical response matrix becomes:

theor V @ﬂj DiD;
Rz] 2sin 7TQ COS(TFQ |M1 :uj |) + LT] ( )
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Figure 6. Experimental setup for ORM measurement.

wheren = (1/4? — ) andy is the phase advance.

Because there is no direct way to measure the dispersior abthector magnet
(Ap/p); should be considered as a fit parameter.

There is one more thing that should be taken into accountehattat the dif-
ferent BPMs have different noise level. This can be meastoedach BPM
by successive orbit measurements under constant corstmogths. Let; be
the rms orbit deviations for theth BPM. This rms deviation is a measure for
the noise level associated with this BPM. Hence we mustdiite the weights
(1/0;) in the fitting.

Summarizing we reach to the following system of equationgfps;, Ak;, and
(dp/p);: oR I

iJ ] )
ok, Ak + n )Sj

1
meas __ . .
Rij - O__igZ(RZjO + El (13)
As (13) includes more equations than the unknowns, it shioellsblved in LSQ
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Figure 7. Comparison between design and measured amphitfutections: measured —
solid lines, designed — doted lines.

sense. The best way to do this is the singular value decotigpusi

The orbit response matrix is a good instrument for studyimgmme optics due
to the very large number of experimental points. This alléevghe right indi-
vidual gradients to be determined. Using the calibrate@lacator model it is
possible to compute the right values of the beta functions.

The orbit response matrix gives direct information abow Had operating
BPMs and the broken symmetry of the ring.

The experimental setup is shown in Figure 6 [4].

By now we have measured eight columns of BRM — 160 numbers dso&ew
This allowed us to reveal the real values of the amplitdefanctions, although
with less accuracy.

The design and measurgefunctions are shown in Figure 7. The discrepancy is
rather small, less than five percents.

To check the proper work of the BPMs, we have realized thevioilg experi-

ment. First of all, we measured the closed orbit producedheyandom pertur-
bations in the magnetic fields and to the random displaceofemadrupoles.
After that we fired one of the orbit correctors, increasing écitation current
from 1 to 2 and 3 Amps, and again measured the closed orbitr&iting from

these latter orbits the initial orbit we received the closebit due only to the
corrector. The difference orbits in horizontal plane arevain on Figure 8. It
is clearly seen that some problems with the BPMs occur ard@dzimuths
153 m (BPM-#12) and 185 m (BPM-#15).
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Figure 8. Horizontal closed orbits due to excitement of corrector HKiTH gurrents 1,
2, and 3 Amps. Some problems with the proper work of BPMs #12 and #15

4 Conclusions

The frequencies of betatron oscillations in the supercotigg heavy ion syn-
chrotron Nuclotron of the Laboratory for High Energies d# thoint Institute for
Nuclear Research in Dubna have been measured by means @detih Trans-
fer Function and Coherent Beam Oscillations methods. Thessary electronic
equipment and data processing software have been develdpede kinds of
measurements are nowadays available from the control rédhe @ccelerator
and can be applied to any point of the accelerator cycle.

The elements of the Beam Response Matrix have been partiathgured. This
allowed us to reveal the real values of the amplitgde functions of the accel-
erator.
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