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1 Summary

Two alternative SIS100 proton scenario are discussed presently, with γt = 18.3 in the ramp

beginning and with γt = 45.5 afterward, and with the transition crossing at γt = 8.9.

The initial longitudinal bunch area Az = πǫz is given by the injection of the four bunches

from SIS18, each provided by the full SIS18 circumference with the momentum spread

δmax = ±0.001 from the p-linac at the energy of EK = 70MeV,

Az = 4 × p0C2δmax = 4 × 0.53 eV-s = 2.13 eV-s, (1)

the corresponding total emittance is ǫz = 0.68 eV-s. We try to find the largest possible

emittance increase in order to mitigate the intensity effects. As a restrictions we assume the

momentum acceptance δmax = ∆pmax/p = ±0.005, the reference rf voltage is V0 = 300 kV.

First we discuss the cycle with the shifted γt which has no transition. One bunch is

accelerated with h = 5 from the initial full bunch length tb = 250 ns and reaches the design

length tb = 50 ns at the extraction energy, see Fig. 5 and the corresponding discussion.

The momentum spread excesses the acceptance at the ramp beginning, but a proper rf

ramp may help. A more challenging problem can be due to the microwave instability. The

Boussard criterion Eq. (7) predicts that the stability boundary decreases below 10Ω due

to the very small η close to the end of the ramp, see Fig. 6. At the CERN PS, which

can be taken as a similar synchrotron, the inductive broad-band impedance Z‖/n ≈ i20 Ω

has been repeatedly measured [2]. The space-charge impedance Z‖/n = iZ0g0/(2βγ2) is

inductive below the transition but it decreases rapidly along the ramp, see Fig. 6, left.

Once outside the Landau damped region, the bunch can be strongly unstable, see Fig. 6,

right.
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For the proton cycle with the transition crossing we consider two scenario of the lon-

gitudinal emittance and we always compare the h = 5 one-bunch acceleration with the

h = 10 four-bunch acceleration. The longitudinal emittance conservation, which we use

for the calculations in the present report, is not valid for the nonadiabatic region near

transition. The beam dynamics near transition is beyond the scope of this report, thus we

indicate where appropriate the nonadiabatic region, given by the nonadiabatic time. This

can be calculated by [1]

Tc =

(

β2
t γ

4
t

2ω0h

| tanφs|
γ̇2

)1/3

. (2)

For the SIS100 ramp it provides Tc = 3.6ms for h = 10 and Tc = 4.53ms for h = 5. Thus

we indicate the nonadiabatic region in the plots of the bunch parameters near transition.

The effect of the chromatic nonlinearity is due to the large momentum particles reaching

the transition η = η0+η1δmax = 0 while the synchronous particle is still below the transition.

This time difference is called the nonlinear time and can be calculated by

Tnl =
γtα1δmax

2γ̇
, (3)

where α1 = η1γ
2
t . Assuming α1 = 2 it provides Tnl = 0.4ms for h = 10 and Tnl = 0.7ms

for h = 5. Since the nonlinear time is smaller than the nonadiabaticity time the related

emittance growth can be estimated as [3]

∆ǫz

ǫz
≈ 0.76

Tnl

Tc
, (4)

which is equal to 0.09 for h = 10 and 0.12 for h = 5.

The effect of the space-charge mismatch at the transition is due to the different sign

of the longitudinal space-charge force below and above the transition. The corresponding

space-charge parameter is the ratio of the space-charge force to the rf force and can be

calculated by [1]
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9Γ3(1
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. (5)

The space-charge parameter ηsc = 2 is quite strong, it causes the bunch length oscillations

with the amplitude above the double of the initial bunch length [1].

The first scenario with transition assumes a matched bunch at the extraction, with

a longitudinal emittance increase to ǫz = 0.85 eV-s (Az = 2.67 eV-s), see Figs. 7–9. The

bunches are very short near transition, tb = 41ns for the h = 5 one-bunch acceleration and
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tb = 17ns for the h = 10 four-bunch acceleration. The bunches can then be unstable not

only near transition, but also during the rest of the ramp after transition, see Fig. 9. The

mismatch space-charge parameters are very large, ηsc = 3.3 for one-bunch and ηsc = 6.7

for four-bunch.

The second scenario with transition supposes a larger longitudinal emittance increase,

up to ǫz = 2.22 eV-s (Az = 6.97 eV-s), with a necessary bunch compression before extrac-

tion. The momentum spread for the h = 5 one-bunch acceleration excesses the momentum

acceptance before and shortly after the transition, see Fig. 11. If this problem can be han-

dled by the choice of the rf ramp, the h = 5 one-bunch acceleration might be preferential

because the h = 10 four bunches can be unstable near and after the transition until the end

of the ramp, see Fig. 12. Also, the mismatch space-charge parameter is moderate for the

one-bunch acceleration, ηsc = 0.8 and can be easier treated by the longitudinal feedback.

2 The Ramp in the SIS100 Proton Cycles

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 0  50  100  150  200  250  300  350

B
 (

T
)

Time (ms)

 0

 5

 10

 15

 20

 25

 30

 0  50  100  150  200  250  300  350

E
K
 (

G
eV

)

Time (ms)

Figure 1: The bending magnetic field (left-hand side) and the proton kinetic energy (right-

hand side) during the acceleration.
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Figure 2: The relativistic Lorentz factor (left-hand side plot) and the slip factor η =

1/γ2
t − 1/γ2 (right-hand side plot) during the acceleration. The right-hand side plot: the

full line is for γt = 8.9, the dashed line shows the case with γt = 18.3 until Ramp Time

150ms and with γt = 45.5 afterward.
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Figure 3: The synchrotron frequency (left-hand side plot) and the synchrotron tune (right-

hand side plot) during the acceleration, V0 = 300 kV. The black (h = 5) and the blue

(h = 10) lines are for γt = 8.9. The red line is for γt = 18.3 until Ramp Time 150ms and

for γt = 45.5 afterward, both with h = 5.
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Figure 4: The synchrotron frequency near transition for h = 5 (the solid line) and for

h = 10 (the dashed line) from Fig. 3, left. The vertical lines indicate the corresponding

nonadiabaticity regions.

3 Proton Cycle with the Shifted γt = 45.5

The largest bunch area is given by the momentum acceptance δmax = ±0.005 and by the

full bunch length tb = 50ns at the extraction energy EK = 29GeV,

Az = πp0

tbβc

2
δmax = 11.75 eV-s, (6)

the corresponding emittance is ǫz = 3.74 eV-s. This means an increase by a factor of

5.5 with regards to the initial bunch area Az = 2.13 eV-s. A matched bunch with this

parameters for φs = 0 can be achieved by a smaller rf voltage, V0 = 249 kV instead of

V0 = 300 kV. For the rest of the ramp we always assume V0 = 300 kV, h = 5. In the

beginning of the ramp the momentum deviation is larger then 0.005, see Fig. 5. This

should still be manageable because the cycle with the shifted γt has a larger acceptance

than the transition cycle, and it can be improved by the proper rf ramp. the acceptance

δmax = ±0.005, see Fig, 5,

Figure 6, left, shows the maximum longitudinal impedance for the stability of the mi-

crowave instability as given by the Boussard criterion [1],

∣
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max

=
2π|η|γmβ2c2

qIpeak

δ2
rms , (7)

while Fig. 6, right, presents the growth time of this instability assuming fr = 2.8GHz (the

cutoff frequency) and Z‖/n = i10 Ω.
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Figure 5: The full bunch length (left) and the half momentum spread (right) for the cycle

with γt = 18.3 until Ramp Time 150ms and with γt = 45.5 afterward. The longitudinal

bunch area is Az = 11.75 eV-s.
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Figure 6: Left-hand side plot: stability boundary of the Boussard criterion (the full line)

for the longitudinal microwave instability for the cycle with γt = 18.3 until Ramp Time

150ms and with γt = 45.5 afterward; the chain line shows the longitudinal space-charge

impedance. The longitudinal bunch area is Az = 11.75 eV-s. Right-hand side plot: the

growth time of the microwave instability.
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4 Matched Bunch at the Extraction for the Cycle

with γt = 8.9

For a matched bunch at the extraction energy the final bunch length tb = 50ns gives a

constraint on the final momentum spread and on the corresponding maximum emittance

ǫz = 0.85 eV-s (Az = 2.67 eV-s, an increase by a factor 1.25) which provides

one bunch four bunches

h = 5 h = 10

ǫz = 0.85 eV-s ǫz = 0.21 eV-s

ηsc = 3.3 ηsc = 6.7

tb = 50ns (at extr) tb = 21ns (at extr)

δmax = 1.1 × 10−3 (at extr) δmax = 0.68 × 10−3 (at extr)
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Figure 7: The full bunch length for the acceleration with one bunch, h = 5 (solid lines),

and with four bunches, h = 10 (dashed lines). The total emittance is ǫz = 0.85 eV-s. The

vertical lines in the right-hand side plot indicate the corresponding nonadiabaticity regions.
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Figure 8: The half momentum spread for the acceleration with one bunch, h = 5 (solid

lines), and with four bunches, h = 10 (dashed lines). The total emittance is ǫz = 0.85 eV-s.

The vertical lines in the right-hand side plot indicate the corresponding nonadiabaticity

regions.
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Figure 9: Stability boundary of the Boussard criterion for the longitudinal microwave

instability for the acceleration with one bunch, h = 5 (solid lines), and with four bunches,

h = 10 (dashed lines). The total emittance is ǫz = 0.85 eV-s. The vertical lines in the

right-hand side plot indicate the corresponding nonadiabaticity regions.
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5 Maximum Emittance for a Bunch Rotation at the

Extraction for the Cycle with γt = 8.9

A non-matched bunch at the extraction energy with a bunch rotation before reaching

the final bunch length tb = 50ns allows for a larger longitudinal emittance during the

transition and rf manipulations. The largest emittance is then given by the momentum

acceptance δmax = ±0.005 and by the full bunch length tb = 50ns at the extraction energy

EK = 29GeV, ǫz = 3.74 eV-s. However, this emittance produces δmax = 0.011 for the

one-bunch acceleration and δmax = 0.0065 for the four-bunch acceleration near transition.

This is above the momentum acceptance δacc = 0.005. The upper limit of the longitudinal

emittance for this scenario is thus given by the momentum spread near transition, and the

resulting emittance is ǫz = 2.22 eV-s (Az = 6.97 eV-s, an increase by a factor 3.3),

one bunch four bunches

h = 5 h = 10

ǫz = 2.2 eV-s ǫz = 0.56 eV-s

ηsc = 0.8 ηsc = 1.6
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Figure 10: The full bunch length for the acceleration with one bunch, h = 5 (solid lines),

and with four bunches, h = 10 (dashed lines). The total emittance is ǫz = 2.22 eV-s. The

vertical lines in the right-hand side plot indicate the corresponding nonadiabaticity regions.
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Figure 11: The half momentum spread for the acceleration with one bunch, h = 5 (solid

lines), and with four bunches, h = 10 (dashed lines). The total emittance is ǫz = 2.22 eV-s.

The vertical lines in the right-hand side plot indicate the corresponding nonadiabaticity

regions.
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Figure 12: Stability boundary of the Boussard criterion for the longitudinal microwave

instability for the acceleration with one bunch, h = 5 (solid lines), and with four bunches,

h = 10 (dashed lines). The total emittance is ǫz = 2.22 eV-s. The vertical lines in the

right-hand side plot indicate the corresponding nonadiabaticity regions.
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