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Abstract dynamic aperture. Those proceduremiost cases do not
include space chargeffects. One tries tdind larger
The JapanHadron Facility (JHF) synchrotrons are resonance free area the tunespaceand enlargedynamic
expected to store and accelerate ten times larger numbeigérture in agiven latticedesign byplaying with phase
protons than that of the machinasderoperation (2x18  advance of a unit cell, position of sextupole magnets, and
protons in the 50GeV main ring and 5%1protons in the so on. If it does not satisfy somerequirements, one
3GeV booster). A stable operation withvary small modifies the lattice or designs it from the scratch.
beam loss is essentiaBeamdynamicsnot only of the It is plausible that the optimized lattiedthe best
beamcorebut of the tailandhalo should beconsidered. operating point withouspace charge effecshould give
More specifically, transverse space charge effects have rgasonably stable operation even with strspgcecharge
be taken into account from the design stage of the latticgffects in reality. If necessary, further finening can be
In that sense, a conventional way of the latticgone when the machine is constructed commissioning
optimization, such as maximizindynamic aperture and is started. It is one of the reasons to leaveimber of
minimizing smear, may not be applicable. \Wave knobs available and makes the flexible lattice for the
started tosimulate commissioning of a high intensitypeam commissioning.
machine. As a first attempt, the tune survey velace Recent progress of the beam trackiteghnique,
charge effects issimulated. Beam loss and emittance however, makes it possible to simulate some of the
growth are examined irthe wide range oftune space. commissioning procedures in a very realistic manner. Let
Those results are compared with dynamic apemitieout  ys say teryearsago, most of thenhave beerthought

space charge effects. unrealistic even though not impossibldNowadays, so
called “dry run” of the machine has beerried
1 INTRODUCTION extensitively everywhere a new machine is designed.

The synchrotrons of the Japan Hadron Facility (JHF) ~We study a possible way to visualize the
are expected to delivanigh energy and high intensity commissioning of the JHF 5GeV main ring and to
beams [1]. To obtain the average current ofi®0in the incorporate the space charge effects ftbe design stage.
50 GeV main ring and 200A in the 3GeV booster, the We survery tune spacand examine“dynamic aperture”,
total number of particles in the rings becomes 2kafd emittance growth, and beam loss with space chefifgets
5x10%, respectively. That is more than ten tinégher included. Comparison of those results with conventional
intensity than that of now available. dynamic aperturesurvey withoutspace charge effects is

The total number of particles in a protonmade.
synchrotron is normaly limited by transverggacecharge
effects at the injection energy. Where the incoherent tune 2 JHF 50 GEV SYNCHROTRON
shift makes the tune afidividual particlespreadout in The main ring of the JHF is a 8BeV synchrotron.
the large area of the tune space. The maxinallowable |n order to nnimize beam loss, the lattice h&en
tune spread is aroune0.2 to -0.7 depending on other designedwith imaginary transition energy. When we
machine parameters. For example, a slow cyclinked the injectionenergy of 3 GeVand the extraction
synchrotron such as the main ring, whose repeti® energy of 50GeV, transitionenergycrossingduring a
is 0.3 Hz, forces the beams to stay at the injectiogrgy ramping is inevitable unless the dispersion function is
for considerable time, say 1 s, and the allowable tune shifiodulated and the momentum compaction factdorised
seems smaller than that of a fast cycling synchradtah  to be farfrom the nominal value. In our design, two
as the booster, whose repetition rate is 25 Hz. missing bendmagnetsevery three=FODO cellsintroduce

Although one knows thatpace charge effecteave dispersion wave. The beta functiorfis)( anddispersion
to be taken into account to design a high intensity protnction ) of one quarter of the ringre depicted irFig.
synchrotron, it is notlearhow to incorporatethe effects 1. The whole ring makes four-fold symmetry.
in designing a synchrotron. The best @@ do is to The tune of the whole ring isadjusted in the
calculate tune shift. A latticandits operating point are following way. First, the arc of auperperiod is tuned to
determined almost independently of the effects. obtain a negative momentum compaction factor. Its

Instead, one usually examine lineand nonlinear  nominal value is -0.001 and 31.6i in term of therentz
resonancestructure in the tune spacend calculate factor atthe transition. At the same time, tiphase
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advance of the arc is fixed to ba 8mes][(total tune)/4-1] A test shows that simulation resultkes not change
for the horizontal planand 2t times|(total tune)/4-0.5] much if we takem up to 2 (quadrupole ode). Another
for the vertical. Secondly, the long straight insertion nexest shows that simulation resutteesnot change much
to the arc is adjusted to conn@st its derivativens andn  if we take more than f@nacro particles.

smoothly with the fixed phase advance of & for Finally, space charge force is applied as a lkioéry
horizontal and 1t for vertical. In that way, lattice 10 ns in the actual time scale. clirresponds to several
functions in the arc are not be altered by the long straigkicks per a quadrupole focusing unit.

insertion. The momentum compactifector is simply

scaled with a ratio of the path length with and without the 4 DYNAMIC APERTURE

Insertion. Before simulating tune survey wittspacecharge
effects, we measure dynamic aperture in the same range of
1319101 Menax B5-ny-97 the transversgune spacewithout space charge effects.
There is nomisalignmenterrors or fabrication errors.
Only nonlinearity comes from the chromaticigrrection
sextupoles. These sextupola®e excited tomake the
chromaticity zero in both planes. Twenty two circles in
Fig. 2indicatethe tune points we easurethe dynamic
aperture. The fractional part of the tune is eith& or
0.8 for the horizontal tunand0.4 or 0.9 for thevertical
one. All the circles together make a triangtea where
the momentum compaction factor becomes negatitie
./ \n‘,/ VJ \?J L/ W reasonablgd maximum,around 35 m. Higher tunes in
15 B S both horizontal and vertical can be obtainedpaperwith
reasonabldattice functions. They are, however, not
practical because dhe strongquadrupolestrength, more

Figure 1: Lattice functions of onguarter ofthe 50 GeV than 20 T/m, which is out of our specifications of the
main ring. Solid line on the top is the horizonketa Magnet.
function and dashed line is the vertical one.
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3 SPACE CHARGE MODELLING \

Multi-particle trackingcode has been employed to d o 0|0 o 2y=36
include space charge effeslf-consistently. Based on olo o "**ad,
the 3-D tracking code “Simpsons” [2], the algorism of the 60
space chargecalculation is simplified to gain the % q ° °\
computational speed. It can be summarized as follows. \ d of o

First, only 2-Dtransverse space charge effects are 2vy=32
included. Beamsare modelled as eylindrical tube. The 9 °
line density isfixed to the peak density of thactual N ° "**2%5
bunched beam. The bunching factor is 0.3. 4 ¢

Secondly, in order to calculate teéctric force, the ¢k > BN ¢k Y
particle distributionn and the electric potential ¢ are éll_" M& & NJ% "**a,y\\ K

decomposed in the azimuthal direction [3],

n= z n_exp(imé) Figure 2: Tunespacewith the possible operating point
e m of the 50 GeV main ring. Twenty two circles indicate the
— ; tune points wemeasurehe dynamic apertur@nd survey
= exp(imd _ : :
¢ ; B P ) emittance growth, beam loss, and “dynamic aperture” with

space charge effects. Some systematic resonance lines are

where m is the mode number. The solutiorcan be drawn with its order and harmonics.

obtained from the equation, ) ) ) )
Dynamic aperture is defined asthe maximum

19, g m2 amplitude of tracking particles survived ftrO00 turns.
——(r—/) - — @ = -4m,, Table 1 lists it in the unit of a beam size whose emittance
ror or r is 54tmmmrad. Less than 1 means the dynaapierture

is smaller than the physical acceptance.
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It is noticeable that the operating points along byhe transverse particle distribution is gaussian. With the
the sextupole couplingresonance,vx+2vy=56, have nominal intensity of 6.9 Aandthe initial rmsemittance
small dynamic aperture, even smaller than the physicalf 13.2 mmmrad, the rms tune shift becomek17.
acceptance. On averadbe dynamic aperture ahe tune Table 2and 3show the survivaltate in %and the final
above the sextupole coupling resonance is larger than thiats emittance immmmrad, respectively. Weonsider a
below the resonance. particle islost whenits amplitude is more than 0.1 m.

The final emittance is either horizontal wertical
Table 1: Dynamicaperture athe tune pointsindicated whichever the larger one.
in Fig. 2. The unit is a beam size whose emittance is 54 Both tables show that, in principleyhere the

Tmmmrad. dynamic aperture is small, beam loss occurs. The loss is
21.30 21.80 22.30 22.80 23.30 23.@Mr.) accompanied by the emittance growth at ploénts above

1790 40 31 35 36 31 37 the sextupole coupling resonance, but that is notake
below theresonance. In addition, becausetioé space

17.44 03 18 40 38 37 chargetune shift, an operating point witarge dynamic

16.9( 1.2 06 04 39 aperture such as (22.80, 16.90) also suffers.

16.4( 1.9 1.7 14 . . . .
Table 4: Survival rate (%) when the intensity is

15.9( 20 20 doubled.

1549 29 21 21.30 21.80 22.30 22.80 23.30 23.@Mr.)

(ver.) 17.9¢0 100. 100. 100. 100. 100. 100.

17.4( 89. 70. 100. 99. 100.
16.90 100. 96. 94. 60.
16.4¢ 100. 100. 100.

5 TUNE SURVEY WITH SPACE CHARGE

We track10,000 macro-particles for 64urns at the
injection energy ofthe 50 GeV main ring at thesame 15.9¢ 100. 100.
operating points above. 15.4¢ 100. 100.
. . . (ver.)
Table 2:  Survivalrate (%) at eachoperating point.

Beam intensity is 6.9 A. . ) . o
21.30 21.80 22.30 22.80 23.30 23.80r.) Table 5: Final emittance when the intensity is doubled.

21.30 21.80 22.30 22.80 23.30 23.gwr.)
1790 20.8 16.0 16.2 14.0 17.8 152
17.40 15.0 51.0 18,5 19.2 18.9

16.90 17.5 16.7 15.2 43.9

16.4¢0 16.8 13.8 15.8

1590 16.1 16.1

15.4¢0 15.7 14.0

(ver.)

17.90 100. 100. 100. 100. 100. 100.
17.4( 1. 99. 98. 100. 100.
16.90 95. 100. 2. 92

16.40 100. 100. 94.

15.9¢0 100. 100.

15.4¢0 100. 100.

(ver.)

Table 3: Final rms emittance atchoperatingpoint. ) o
Beam intensity is 6.9 A. Now the intensity isdoubled andTable 4 and 5

21.30 21.80 22.30 22.80 23.30 23.@wr) Show the resultsBecause ofthe tunespread,the beam

loss is smothed out. The emittance growticcurs at
17.9¢ 14.0 14.2 133 13.9 13.9 145 almost all the points. Agar asthe table shows, the
17.40 N/A 24.7 13.1 155 13.8 operating point with the minimumemittance growth
16.90 13.2 159 295 28.6 (21.80, 16.40)doesnot necessarily corresponds to the

point with large dynamic aperture.
16.40 13.4 14.0 125
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