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Abstract

When rf quadrupok(RFQ) eedric field is applied to the
circulating beam in asynchrotron an equation of transverse
motion is reduced to Mathieu’s Equation. A new analyti-
cd method to obtain an approximate solution has been de-
veloped, while anumericd computationisusualy applied.
Since the solution suggests that a fast tune contrd can be
adhieved by rapid tuning of both amplitude and frequency
of rf voltage, this process could be applied to compensate
atune shift caused by a space charge effed. An RFQ fast
tune controller hasbeen install ed at HIM AC synchrotronin
cooperation of RCNP and NIRS, and the performance test
isbeing caried out to contrd averticd tunevdue at injec
tion energy where the space charge effed is lamged. The
observed tune shift was consistent with that estimated by
the approximate solution.

1 INTRODUCTION

For ary particle accéerators, a high-intensity bean is a-
ways desirable but it isknown that a high-intensity beam is
lamgely lost at and nea after injedion due to a space charge
effed. The feaure of heavy ion beam at injedion has
been investigated at HIMAC synchrotron [1] constructed
at the National Institute of Radiologicd Sciences(NIRS).
From this result, the beam loss a injecion occurs with
traversing the resonant lines due to a tune shift caused by
a space chame effed, and these processs continue in the
time scdesfrom us to ms order. Although rapid contrd of
betatron tune is strongly expeded for efficient beian oper-
ation, the ordinary tune shift by quadrupoke magnetsisnot
applicable because of itssow repons.

In the last paper [2], we have obtained a new analyti-
cd expresson of an equation of motion reduced to Math-
ieu’s Equation which was obtained by means of RFQ elec
tric field goplied to the beam circulating in a synchrotron.
Trand ating the behavior of approximate solutionintoterms
of an RFQ eéledric field and betatron oscill ation, afast tune
contrd can be achieved by rapid tuning of both amplitude
and frequency of rf voltage.

In this paper, we review a principle of fast betatron tune
controller and report a result of its bean test at HIMAC
synchrotron.

2 PRINCIPL E OF FAST BETATRON TUNE
CONTROLLER

When RFQ €eledric field is applied to the bean in a syn-
chrotron an equation of motion is reduced to Mathieu's
Equation as given by:
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;G is a field gadient; ! isan RFQ eledrode length; . isa
circumference of the ring; and v, is a betatron tune which
depends on betafunction 3;.

Taking conjugate momentump = ﬁy’, we transformy
and p into r and # in Mathieu’s equation as given by:

y=rcos(Qz— )
{ p=—rsin(Qz — 0), (2)

where (@ isaresultant frequency of oscill ation.

Negleding rapidly oscill ating comporentswhich are av-
eraged to zero, an approximate solutionwhich givesarea-
tion between paramders ¢,a and () in stable region is ob-
tained as given by:
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An expresson in unstable region is also obtained. Fig.1
shows comparison between numericd solution [3] and an-
ayticd one. In stableregion, the analyti cd expresdon cor-
responds to the dotted lines of constant value of v, where
@ = 2 — v. Inunstable region, it corresponds to the lines
of S = ™™ =constant.

From the eq.(3), a variation of i—q for a fixed a corre-
sponds to a variation of ), where the parameer Za—q ispro-
portioral to the amplitude of RFQ eledric field: and the
parameter « is related with frequency of RFQ and that of
revolution as given by:
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(From 8. J. Zaroodny, An elementary roview of the Mathieu-FIill equation of real varlablo based on numerical sotu-
tions, Ballistic Research Laboratory Memo. Rept. 878, Aberdeen Proving Ground, Bd., 1955, svith permission )

s=e¥r=constant; in unstable regions
— — = — y=constant; in stable regions
—.—~.~ Lines of constant values of —q.

Figure 1: Comparison between numericd solution and an-
alyticd one. Bold lines correspord to the lines of constant
values of v.

The eq.(4) isderived from the relation between parameters
in the eg.(1). As aresult, the origina tunew, is shifted to

the resultant tune —=vq by tuning of both amplitude and
a
frequency of rf voltage.

3 BEAM TEST AT HIM AC SYNCHROTRON
3.1 RRFQ fast tune controller

The fast betatron tune controller was constructed in coop-
eration of RCNP and NIRS, and it was designed to ma-
nipulate a verticd tune shift caused by RFQ dedric field
becaise a space charge effed islarger at verticd diredion
rather than horizontal one. Table 1 shows an example of
tune shift expeded for verticd tune, where the experiment
is assumed to be performed a HIM AC syrchrotron(. =
130[m]). The parameers of the fag tune controller is al'so
shownin Table 1.

Figure 2. Fast tune controller installed at HIMAC syn-
chrotron

Fig. 2 shows the phtogiaph of the fast betatron tune con-

troller installed at HIMAC.

Table 1: An example of tune shift for verticd tune at HI-
MAC synchrotron

origina tune vy = 3.15
resultant tune 21/0 = 3.141
Va
value of tune shift Av = —0.009

ratio between f,r, and frco Jrsa = 2.265

rev

energy par nucleon 6[Me V/
3 function Bo =1 Bi[m]
bore radius 65[mm]

length of eledrode 0.6[m]

field gradient 426[kV/m?]
RF Power 1.0[kW]

3.2 Method of experiment

In this experiment, we utilize transverse Schottky signals
to measure a betatron tune value [4]. Asauming a single
particle with a constant revolution frequency f,.., which
performs a betatron oscill ation z, = aj cos(Qzwt + @)
around the ided orbitx = 0, a position sensitive pick-up
recrdsashort pulse modulated in amplitude by the oscill &
tion at ead traversd. The signals from a position monitor
are changed to the frequency spedrum by spedrum ana
lyzer, which contains spedral lines at the two sideband fre-
quencies (n + Q) fr.» of ead revolution harmonic n frcy .
The difference between the revolution harmonic frequency
and its sideband frequencies gives a betatron tune value.
Table 2 shows the experimenta condition of HIMAC syn-

Table 2: Experimenta condition

beam ‘He?t
energy 6.1MeV/u
beam intensity 700: A

(4.4 x 101 ppp)
flat-base frequency | f,=1.0456MHz

revolution frequency | fr.,=0.2614MHz




chrotron carried out at an injection energy.

0.010

x -1kW

3.3 Experimental results and discussion o -600W
.. . . o -400W
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a realtime spectrum analyzer at several frequencies in t
range off, s,/ frev = 2.0 ~ 2.5. The dependence on rf
voltage was also measured at each frequency by varying
rf power up to 1kW.
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Figure 4: Comparison of tune shift between analytical ex-
pression(solid lines) and experimental data(plots) corrected
B by the dependence of tune value on the beam intensity
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0010 2’ B S 25 controller has been installed at HIMAC synchrotron, and
trequency ratio friq/frev the performance test is being carried out to control a ver-
tical tune value at injection energy. Since the observation
shows a tune shift which is comparable to that of the ana-
lytical solution, RFQ is applicable to suppress a tune shift
Figure 3: Comparison of tune shift between analytical exc@used by a space charge effect and it will contribute the
pression(solid lines) and experimental raw data(plots) ~ advanced study of beam physics and any other sciences.
A further investigation, however, is required because the
Fig. 3 shows the comparison of values of tune shifénexpected beam loss still occurs in most cases when the
between analytical expression and experimental raw dafdFQ is turned-on. In near future, authors plan to apply this
All the experimental raw data have the same tendency thg¥stem to slow beam extraction which utilizes the behavior
vertical tune value increases from the original tune. Wef unstable region.
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4 CONCLUSION

An analytical solution of Mathieu’s equation, which de-
scribes a motion of circulating beam perturbed by RFQ,
was obtained. From this solution, a fast tune control is
expected by rapid tuning of both amplitude and frequency
of rf voltage. This process could be applied to compen-
sate a tune shift caused by a space charge effect of a high-
intensity beam. The performance in unstable region would
be applied to the slow beam extraction. An RFQ fast tune



