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Abstract

We studied experimentally the behavior of the half integer
resonance in HIMAC synchrotron at NIRS(National Insti-
tute of Radiological Sciences). The experimental results
were analyzed with a multi-particle simulation.

1 INTRODUCTION

In a high intensity synchrotron, emittance growth or beam
loss due to space charge effectsis a serious problem. How-
ever, the detailed mechanism is not clear. In particular, the
presence of space charge (incoherent) tune spread makesiit
difficult to understand in terms of resonance conditions. In
1968, Sacherer proposed a coherent model of the half inte-
ger resonance, based on the envel ope equation with smooth
approximation on external field and linear approximation
on space charge field[1]. One of hisresults isthat, if beam
size growth is negligible, the condition of half integer reso-
nance is represented with quadrupole mode coherent tune.
If the beam size growth is considered, the resonance there
arises a detuning effect to decrease space charge effect.

Based on the analytical prediction by Sacherer, we per-
formed the experimental study of space charge effects and
investigated beam size growth and detailed mechanism of
beam loss, especially in the vicinity of a half integer res-
onance. The experiment was carried out in HIMAC syn-
chrotron with He?>*+ coasting beam.

2 EXPERIMENT AT HIMAC

Table 1: The parameters of HIMAC synchrotron at injec-
tion energy.

parameter vaue

circumference 27 R =129.6m

beam energy Kinj= 6.0MeV/u (y=1.06,5=0.113)
repetition time  3.3sec

acceptance (2647,26.47)mm-mrad

Table 1 shows the parameters of HIMAC synchrotorn
at injection energy. The quadrupole mode coherent tune
was measured with a quadrupole beam monitor consist
of four electrodes. Fig. 1 shows the intensity depen-
dence of the quadrupole mode tune. That coefficients were
Av,/2 =0.0028/10'"ppp. Assuming that the horizontal
emittance satisfies full acceptance, the vertical rms emit-
tance were calculated to be 3.13mmm-mrad.
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Figure 1: Tune shift of quadrupole mode oscillation.

2.1 Resonance cross experiment

Table 2: The operation parameters in resonance crossing,
downward(left) and upward(right).

experiment
initial value v/, (0) 3.567 3.458
derivative dvy, /dt —0.030/sec | 4+0.030/sec
simulation
initial tune v0(0) 3.5157 3.4951
derivative dvg /dt -0.29/sec +0.29/sec
incoherent tune shift Av | 0.0067 0.0078
stopband width v 0.01 0.01

We controled the current of defocusing magnet to bring
the vertical tune to the 3.5 half integer, and observed
the circulating current falling. A pair of qudrupole mag-
nets (QDS) was also excited with -10~10A to control the
strength of gradient error. Table 2 shows the conditions of
resonance crossing downward and upward, where v, isthe
vertical betatron tune in zero-current limit. Horizontal tune
was approximately constant at 3.36. For the comparison,
we also took same datawith low intensity beams.

We show typical beam loss wave-forms in Fig. 2. The
figure shows that the qualitative behaviors of beam loss de-
pend on the direction of resonance crossing. In the case
that resonance was crossed downward, the beam loss oc-
cured gradualy, while it occured rapidly in the other case.
Those characteristic was independent of QDS current. The
gradual loss behavior in downward case can be explained
by the detuning effect with beam intensity decrease.

Fig. 2 aso shows that the time of beam loss depends
on the strength of QDS. We define critical tunes v, by the
unperturbed bare tune corresponding to the time at which
beam loss began. Fig. 3 plotsthe critical tunes as functions
of QDS current. The ambiguity of reading beam loss time
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Figure 2: Typical beam loss wave-forms when resonance
line is crossed (A)(B)downward or (C)(D)upward. In
(B)(D), the beam current was decreased at an injection line.
The QDS current is —4A or OA.
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Figure 3: Critical tunes of ahalf integer resonance as func-
tions of QDS current.

gives systematic errorson v, in the order of 0.001 in down-
ward crossing case. The slope |dvy./dIqs| Was consistent
with the expected value of stopband width of the half in-
teger resonance caused by QDS current. The intensity de-
pendence of critical tune shows the space charge effect on
resonant beam loss.

3 MULTI-PARTICLE SIMULATION

We developed a multi-particle simulation in vertical di-
mension. The dispersion effect, choromatic effect, and the
thickness of qudrupole magnetsare neglected. The strength
of error magnets and beam intensity were chosen taking af-
ter those of experiments at 1, ,qq,=—4A. However, initial
tune is nearer to 3.5 and their derivatives are faster than
experimentsin order to save the calculation time. The sim-
ulation parameters are listed in Table 2.

Fig. 4,5 show the simulation result for a uniformly and
a parabolically charged beam, respectively. It isshown in
(A) that the beam loss occured gradually in the case of de-
creasing tune, and rapidly in the other case, as oberved in
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the experiments. According to Figs. 4(B),5(B)), the growth
of beam sizes before starting beam loss was also gradual
and rapid in the cases of decreasing and increasing tune.

The rms beam size agreed with the matched solu-
tion of the envelope equation with fixed externa field
strength there(broken line), in each charge distribution.
Fig. 4(D),5(D) shows the 99%, 90% and 75% beam sizes
devided rms beam size, which are indices of beam distri-
bution. In both distribution, they are almost constant until
beam loss starts, so that the change in distribution is ex-
pected very small.

Here we compare the simulation results with experimen-
tal ones, quantatively. Since the aperture limit is a little
larger than that of HIMAC synchrotron, We calculated the
maximum of full beam size about by

~ o (0
Ymax = Yo y99%( ) (1)
Yrms (0)

where Y,, is the maximum value of matched beam size
with respect to s and (yg9%(0),y:ms(0)) are the 99% and
rms beam size observed at s=0. The critical tune in sim-
ulation was defined by the time at which y,,., exceeds
8.15, which corresponds to the aperture of HIMAC. The
results are 3.512 ~ 3.515 in the case of downward ap-
proach, depending on distribution, and 3.499 in ohe other
case. The former is consistent with the experimental value
3.513, however the latter is significantly nearer than exper-
iment 3.496.

We observed the tunes of randomly picked up five par-
ticles and qudrupole mode coherent tune (Fig. 4(C),5(C))).
In the uniformly charged beam, theincoherent tunes agreed
with the tune cal cul ated with the matched solution gy (s) of
rms envlelope equation, by

1 ds
T e @

where 3(s) = /y(s)F is betatron amplitude and s is the
longitudinal coordinate. In the case of downward approach,
the decreasein tuneswere decel erated, and they never cross
the half integer.

4 DISCUSSION

Both experimental and simulation result showed that the
beam loss occurs gradually when the tune approaches a half
integer in the decreasing direction, and rapidly in the other
direction. In addition, the growth of the beam size wasalso
occured gradually when the tune approaches a half inte-
ger in decreasing direction, and rapidly when it approaches
in increasing direction. Those qualitative characteristics
agreed with Sacherer’'sanalysis.

The rms beam size before beam loss began agreed
with the matched solution of envelope equation of with-
out changing focusing strengths with time. The condition
of beam loss relates not to the rms beam size but the full
size, so that the criteria depends on distribution. However,
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Figure 4: Simulation resultsfor auniformly charged beam.
Horizontal axis corresponds to turn number. (A)Beam loss
wave-form. (B)The rms size of simulated beam(waving
line) together with the matched solutions of envel ope equa-
tion(the other). (C)Observed tunes; black circle shows the
half of quadrupole mode coherent tune and white charac-
ters show the tunes of single particles. The dashed lineis
unperturbed tune, which isidentical with 1. (D)The 99%,
90% and 75% beam sizes devided by rms beam size.

the simulation results tells that the full beam size growsin
proportional to thermssize. Therefore, we can estimate the
threshold of beam loss with finding the matched solution of
envel ope equation.

As to our experiments, the threshold of beam loss was
consistent with that of simulation, in the case of decreasing
tune. However in the other case, it was lower than simula-
tion. This may mean that the charge distribution is much
more wide than simulation because of the injection just be-
low the excited half integer tune. Other possible reasons
of that disagreement are the tune spread due to chromatic
effect (~0.04), due to nonlinear external field, and effects
of higher order resonance on charge distribution.

In the process of resonant beam size growth, both inco-
herent tunes and a half of quadrupole mode coherent tune
did not necessarily reach the half integer value, as the par-
ticular case of uniform beam shows. Therefore, Therefore,
the condition of half integer resonance in the presence of
space charge effect can not be represented simply in terms
of tune.

In summary, we investigated the behavior of a beam ex-
perimentally near ahalf integer tune, with the help of multi-
particle simulation. Both experimental and ssimulation re-
sult showed:
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Figure 5: Simulation results for a parabolically charged
beam.

1. Analysis of a half integer resonance using rms enve-
lope equations gives fairly good explanation to an ac-
tual beam in a synchrotron, where the external field
employs AG focusing scheme unlike uniform focus-
ing which the analysisis based on.

2. The resonant behavior of rms beam size is indepen-
dent of detailed charge distribution. However, the
beam loss criteria depends directly on the distribution
of large amplitude particles.

3. The beam loss due to a half integer resonance occur
when the betatron tunes are near a half integer. How-
ever, simple measures such as coherent and incoherent
tune are not sufficient to describe the resonant beam
growth quantatively.
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