PHASE-SPACE PAINTING OF CHARGE-EXCHANGE INJECTION
IN THE KEK BOOSTER

|. Sakaj A. Takagi, K. Kitagawa, K. Shinto, K. Koba, M. Yoshii, S. Machida, T. Adachi,
Y. Arakida, Y. Irie, Y. Mori, E. Takasaki
KEK, 1-1 Oho, Tsukubashi, Ibaraki, 305-0801, Japan

Abstract On the other handhe design value of the horizontal
acceptance athe booster is 294 mm mrad.The actual
Protons are injected into the KEK booster by means ghlue of the horizontahcceptance is 276 mm  mrad
charge-exchange injection. Phase-space paintiebasbe- which is measured bystudying the orbit-shift multi-turn
exchangenjection in the horizontal plain haseentried injection for positive ions, whichequiresusing the full
using two fast orbit bump magnets, whiafe placed at aperture of the ring in the horizontal plane. The horizontal
the upstreanandthe downstreanpositions, respectively. emittance of the circulating beanisjected by charge-
At eachposition, the phase of the betatron oscillatioxchangenjection is 47t mm mradwhich is only 1%
leads and lags b2 from the injection pointBeams are of the measured acceptan(275m mm mrad). Toextend
gradually injectedrom the center of phase space to thehe horizontal beam emittance, there is sufficipece in
outside by a shift of thelosedorbit, which iscontrolled the horizontal p|ane_ Thespace_charge“mit of the
by these two orbit bump magnets. Thaveform of the pooster, which is calculated under the assumption that the
magnet isadjusted tothe optimumgradient to realize a envelope of the circulating beam is fulixtended to the
uniform density inreal spaceusing amixed-waveform acceptance was calculated to bex3®? ppp[2].
power supply. The particle distributions of the proton The beam emittancand the distribution ofcharged
beams in the phasgpace were measured éxamine the particles in real space can be controlled fiiyase-space

effects of the painting method. painting during the injection process, which vifitrease
the circulating beam intensity. Thipaper dealswith
1 INTRODUCTION phase-spacepainting using fast orbit bump magnets

In the KEK-PS Booster, whickaccelerates 40 MeV Which shift the closed orbit during the injection process.

proton beam of up to 500 MeV with a repetiticate of
20 Hz, the injection scheme wasnvertedfrom orbit- 2 PHASE-SPACE PAINTING BY

shift multi-turn injection to Hinjection from 1987. H DISPLACING THE CLOSED ORBIT

injection makes it possible to inject a beam atdieter  The distribution ofchargedparticles in phase space is
of phase spacalready occupied by previouslyinjected controllable by changing the injection pointsowever a
beam. Therefore, anintense proton beamcan be change of the injection points is not realisbecause the
accumulatednto the ring without largely increasing theposition of stripping foilarenot easily bechangeable at
beam emittance. Beam intensities of the KEKB®ster high speedsActually, changing the injection points for
have been obtained up to 21" ppp. phase-space painting is available by changingtsition
As the beam intensity wamcreasedthe emittance of the closedorbit or injection angle. In thease of the
blow up was alsoobserved. The vertical emittanceKEK Booster, weadoptthe method of changing the
through the accelerating processinder various beam position of the closed orbit, because the KEK Booster was
intensities were measuredusing pulsed orbit bump designed to use conventional orbit-shift multi-turn
magnetsand amovablescrapersystem[1]. Theemittance injection andhas arather wide aperture ithe horizontal
growth of theextractedbeams was alsmeasuredising  plane.
the beam profilesand transfermatrix of the 500 MeV Here, we note that from the point of view of thgace-
beam-transport line.  Intensity-dependent emmitancecharge effecthat the mostfavorabledistribution in the
growth has actually been observedich might indicate transverse direction is a uniform distribution. femlize a

the existence of a space-charge effect. uniform distribution in one-dimensional case, the orbit
The design value of the verticacceptance of the shift equation is given as[3][4],

booster is 48 mm mrad. In thecase of ebeamintensity % (1)2
of _2.2><1012 ppp, the absolute value of theertical x=a(1— T—(T) ) (1)
emittance grows to 4dmm mradwhich is close to the

aperturelimit of the booster. It haseenthought that \yhere x is the shift in thelosedorbit from thecenter of

blow-up of the vertical emittance is one of the keyhe closedorbit, a is theradius ofthe beamand T is the
reasons which restrict the beam intensity. injection time.
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circuit[5].

3 PAINTING DEVICE The steep inclination at the beginning point of the
injection is formed by a half sine, and the gentle
3.1 Magnets system inclination at the latter part of injection iformed by

exponential descent of the excitation current. The
waveform can beasily modulated by threeomponents,
which are charging the voltage of C, resistancan@ the
timing of conversion of the LC harmonic circuit to the
LR exponential decay circuit.

In Fig.2, the actual waveform ahe orbit shift bump
g1agnet, approximated to Eq. (1), is shoam compared
\With the ideal waveform of Eq.(1).

The injection scheme of the KEK Boostersisown in
Fig.1. The injection system consist of foatosed-orbit
bump magnets forcharge-exchangenjection and two
orbit-shift bump magnets fophase-spacgainting. The
position and angle of the injection point foccharge-
exchangeinjection are fixed by the closed-orbitbump
magnets, and the center of the closed orbit at the injecti
point can be shifted bytwo orbit bump magnetsvhich

are placed athe upstreanandthe downstreanpositions. 4 SIMULATIONS OF THE PARTICLE

At the eachposition of orbit shift bump magnets, the
phase of betatron oscillatideads andags by /2 from DlSTR_IB.UﬂON _
the injection point. Beamare injected graduallfrom the In the case of the excitation current given by Eq.(1), the

center of phase space to the outside bghit of the particle density in real space becomes unifoafter
closedorbit, which iscontrolled bythe decaypattern of injection is completed, which has beenerified

the magnetic field of these two bump magnets. analytically for a beaninjectedwith a small emittance.
As for the actual waveform oFig.2 approximated to

Eq.(1) and for a certaiamount of emittance, simulations
were practiced in order texamine theaccuracy of the
approximated waveform under the premises of adisam
injection in the KEK Booster.
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B — ‘—E;\;— e o The assumptions of the simulatiomsere asfollows.
‘ g o ~ Stipping fol The horizontaland vertical emittance(2s) of thmjected
ol e W reane s e beams are I8nm mrad and 1# mm mrad, respectively.

In the horizontal plane, since the half width of thiected
beam is8mm, and the half aperture ofthe machine is
30mm (physicalaperture),the maximum orbit shift for
injection painting is assumed to be 20mm .
The simulation results of the particle distribution in the
phase spacandthe real space isshown in Fig.3. The
The magneticfield of the orbit shift bumpmagnet density in thereal space islmost uniform in themiddle
expressed by Eq1), whichrealize auniform density of area.
charged particles in real space, is the equation of an elli o o we
in a t-x coordinate Actually, thewaveform ofthe orbit- I
shift bump magnets must lapproximated tahe Eq.(1). I NM ]
This wave formcan be approximated ke composition . " ]

Figure 1: Charge-exchangénjection system forphase
space painting

3.2 Approximate wave form of orbit shift bump
magnet
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, Approximated orbit shift | Figure 3: Simulation results of the particle distribution
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5 EXPERIMENTAL RESULTS OF
] THE PARTICLE DISTRIBUTION

\ ] During charge exchangmjection the beam ipainted
S ] on the horizontal phase space. As showrFig.4, by
] changing thedecaycurrent oforbit shift bump magnets,

10 |-

Orbit shift (mm)

NN the circulating beam orbit during amjection period was
5 0 5 1 ( us)15 20 2 moderately shifted for stacing in desired distribution.
Figure 2: Actualwaveform ofthe orbit shift bump To exsmme .tr;ee:;f_ectlst,) O.f the_ ork;galshlft bump
magnet approximated to Equation (1) magnet, the particle distributions in t spacenere
measuredusing the multi-wire profile-monitors in the
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extractedbeam line. The output signals of thpofile
monitor areshown in Fig.5. Solid trianglemdicate the
normal injectionoverlapped orthe central orbit. Open
circles indicatethe off-centerinjection by 15mmparallel
shift of injection line, which shows hollowbeam
distribution. Solidsquares indicatthe painting injection
using the orbit shift bump magnet, which show fret
distribution in the middle area.

As shown in Fig.6,
transverse phase space whigpendsupon thewaveform
of the orbit bump magnetsere estimatedusing a multi-
wire profile-monitors in the extractedoeam line[6]. The
markersare same agrig.5. The density distribution in
phase space moved to the outsidepanting, and the
difference betweenthe off-center injectedhollow beams

the particle distribution in

—a- - center
o- - off-center 7
—m— painting

200 [

Density (Arbitraly)
w
o
o
I
|

.100:”‘H‘\H‘\H‘\H‘\H‘:
0 40 80 120 160 200

40MeV Emittance estimated BY ~ (mm mrad)

240

and the painted uniform density beamsare clearly rigyre 6: Particle density in the horizontal phatane

observed.

estimated from the transvers profiles.

6 SUMMARY

The emittance growth of thextractedbeams having an
intensity dependencevas observed inthe KEK Booster,
which seems to be thgpace-chargeffect. The particle
distribution of theacceleratedbeams in the horizontal
plane is controllable using the orbit-shift bump magnets
located atthe Tesection. The uniform density afharged
particles in real space, which is most suitablereduce
the space charge effects, can be realizable by phzeee
painting using the orbit-shift bump magnets. #e now
trying to improve the beam intensity of the KEK PS.

Figure 4: The Booster injection by phase space painting.

(a) Orbit shift bump magnets (3.5mm / div)
(b) linac beam current (5mA / div)
(c) booster beam curref@.1A / div); 9.4x10"ppp
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Figure 5: Particle distributions in the horizontedal

plane measured by multi-wire profile monitor on the 500

MeV extracted beam line.
40MeV absolute emittance @) estimated byy:
Center (non paint); 7®mm mrsd,
Off center (hollow); 288 mm mrad
Painting (uniform); 224p mm mrad
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