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Abstract 
We propose to recharge an electrostatic injection or ex-

traction septum in a high-power cyclotron fast enough to 
omit the need for switching off the beam at a high voltage 
breakdown. 

INTRODUCTION 
In the Ring cyclotron, a proton beam of up to 2.4 mA is 

injected and extracted with the help of electrostatic 
septa [1]. Depending on tuning status, conditioning, actual 
problems and actual beam current, 5 to 300 short beam 
trips occur per day, from which ~1/10 include high voltage 
(HV) breakdowns in these septa. However, we do not know 
whether the breakdown is the reason or a consequence of 
beam switch off and related interlocks of loss monitors in-
dicating errant beam. Anyhow, then the beam is switched 
off and ramped up again in about half a minute. This al-
ready amounts to a large fraction of the unscheduled down-
time of the accelerator [2]. Some 5% of the experiments at 
the subsequent spallation source SINQ, as 2D or 3D imag-
ing of processes, suffer from information loss due to these 
interruptions [3]. Also, the frequent beam switch-off and 
corresponding thermal cycling may accelerate the ageing 
of the SINQ target [4]. As a remedy for that fraction of 
beam trips, which are caused by a septum, we propose a 
recharging of the septum within 1 ms, which would allow 
to keep the beam running, being lost only for this short 
time. The amount of uncontrolled beam loss and the needed 
reaction times for surveillance is comparable to the switch-
ing of the full beam between beam lines routinely per-
formed for the operation of the ultra-cold neutron source 

UCN [5]. Furthermore, for interlocks caused by other tran-
sients, detected, e.g., by loss monitors, a fast recharge of 
the septa may also allow to keep the beam running, if the 
causes decay correspondingly fast. The required fast sur-
veillance will be eased by the new generation of loss mon-
itor read-out electronic under preparation [6]. 

ACTUAL SETUP 
The electrical (Fig. 1) and mechanical (Fig. 2) setup is 

discussed in the context of the injection septum EIC. The 
HV supply located outside the vault is connected to the sep-
tum via a long HV cable, a CERN type [7] external isola-
tion resistor, a vacuum feedthrough, an in-vacuum damp-
ing resistor and a flexible connection to the cathode, which 
allows the mechanical adjustment of the septum during op-
eration. A breakdown nearly fully discharges septum and 
short cable to isolation resistor, but not the long cable, since 
the discharge cannot be maintained with a low current. The 
exchange of charge already stored in the long cable and the 
power supply takes ~8 ms and recharges the cathode al-
ready to ~93% of the nominal 134 kV. Then the power sup-
ply delivers a charging current, typically limited to 100 µA, 
for ~0.6 s. With most breakdowns, a standard load curve is 
precisely reproduced (Fig. 3). During loading, the beam is 
already switched off due to beam losses or the low-voltage 
indication of the HV supply. Occasionally, multiple break-
downs occur (Fig. 4), or deeper breakdowns, which are also 
likely to be “assembled” by consecutive, but not resolved 
sparks. We also see switch off due to low-voltage indica-
tion resulting from overly increased dark current induced 
by operation of the nearby radial probe RRL [8]. 

 
Figure 1: Present electrical circuit. Rs chosen to approximate calculated curves in Fig. 5 by V6. Its value corresponds to 
arc resistance at passing 75 kV. C4b, C5, C6 estimated from geometry. Simulation results are given for variants as well. 
 ___________________________________________  
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Figure 2: Mechanical setup of injection septum EIC of the Ring cyclotron. Shielded HV cables of type 2134 [9]. 

 
Figure 3: HV supply load curves for a “standard” spark. 
Current and voltage readings from HV supply analogue 
outputs at a scope. In addition, the data logged by the con-
trol system and the results from the LTspice simulation 
from Fig. 1 are depicted. 

The initial current peak is probably caused by a non-
ideal current regulation. In the LTspice simulation [10], this 
is roughly reproduced by adding C1, R6. The initial voltage 

peak, as well as the final slow current drop, result from 
polarisation currents in the dielectrics of the isolators. This 
is represented in the simulation by C3a, C3b, R7, C4a. 
However, the final current drop could not be reproduced 
exactly. Also, the result is still reasonable with R7 much 
lower, even 0 Ohm. In any case, cable capacitance is 
significantly increased above the specified value. 

 
Figure 4: Triple breakdown. 
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For the long cable, this, e.g., corresponds to an increase 
of the diameter of the inner conductor from 5.6 mm 
(4.8 nF) to 8.5 mm (7.2 nF), thereby decreasing the isola-
tion distance from 6.9 mm to 5.4 mm. Possibly, this is an 
indication of degradation of the cable isolator. It will be in-
teresting to see if this could help to identify critically aged 
cables. 

PROPOSED SETUP 
In an improved setup, the external isolation resistor close 

to the vacuum chamber would be smaller, e.g., 350 k, as 
used for the CERN PSR septa [11], leading to a much faster 
initial redistribution of charge. 124 kV would be reached 
after the critical loss duration of 1 ms. Tests with deac-
tivated beam centring demonstrated, that a static beam of 
1730 µA or less is transported within a window of cathode 
voltage of ~120 kV to 140 kV. With a delayed switch-off, 
the shortly interrupted beam should be transported as well. 

However, at higher beam currents, the voltage window 
will decrease. (Actually, for other reasons, operation is lim-
ited to about 1900 µA.) Here, in addition, a 1 M isolation 
resistor can be placed much closer to the septum in vacuum 
(Fig. 1 R5, Fig. 2 bottom right), thereby reducing the 
charge consumed by the breakdown. With this, the cathode 
voltage deficit after 1 ms would decrease to 1 kV. We as-
sume that in vacuum a resistor of 100 mm length will hold 
the full voltage which is applied for ~40 µs, although com-
mercially available items are specified for much lower 
voltages for long-term operation in air. However, this has 
to be proven experimentally. If needed, the resistor may be 
prolonged to 180 mm. 

In 2001, a similar proposal intended to speed up the 
charge exchange from the long cable by a lower-ohm 
external isolation resistor, eventually augmented by 
switching an additional charge from a dedicated storage 
capacitor [12]. With doubts that the isolation resistor would 
be able to prevent the charge from the long cable to be 
consumed in the breakdown, coupled with small value 
attached to the envisaged benefit, it was not pursued. 

BREAKDOWN MECHANISM 
A common approach to describe a sparkover in vacuum 

is that it starts with a point on the cathode, where plasma is 
generated, and the plasma is expanding towards the anode 
with a velocity of about 20 km/s (see, e.g., [13, 14]). In [15] 
a formula is derived to describe the time dependent voltage 
at a spark gap, which discharges a capacitance parallel to 
it. The ratio of voltage U to start voltage U0 is described as 𝑢 ൌ 𝑈 𝑈଴⁄ ൌ ሾ1 ൅ 𝐵𝑧 2⁄ ሿିଶ with time dependence  𝑧 ൌ  ఛమଶ ൅ 0.244 ቄሺଵିఛሻమଶ െ 1.5 ൅ 3𝜏 ൅ 3 lnሺ1 െ 𝜏ሻ ൅ ଵଵିఛቅ  
and = vt/d the time relative to the time the plasma needs 
to cross the gap width d at a plasma velocity v , 𝐵 ൌ ஺ඥ௎బௗ௩஼  
with  constant A = 3∙10-5A/V1.5, and C the capacitance to be 
discharged. The formula is valid for times  < 1, i.e. until 
the plasma has bridged the gap, and not too large 
capacitances, so that B > 1. Despite the complexity of the 
analytical formula, the results must be considered as a 

crude estimate. De facto, the plasma has heavy fluctuations 
and limited reproducibility. 

In case the plasma has bridged the gap, the current is 
limited only by external components (e.g., cable induc-
tance), and the gap voltage is given by the vacuum arc 
burning voltage of around 50 V. For continuous plasma 
generation, a current flow of a few Amperes is needed, 
otherwise the plasma would dissipate to the walls, and after 
a few µs the gap would be isolating again [16]. Hence, with 
an isolation resistor of 350 k, a feeding of the discharge 
by the charge from the long cable is not likely, even in the 
case of reflections at not well-terminated ends of the 
transmission lines formed by the setup. 

We evaluate the formula for 410 pF, 70 pF and 40 pF, 
which are assumed as discharged capacitances behind the 
isolation resistor in the variants of the LTspice simulation 
listed in Fig. 1, using v = 20 km/s as the plasma velocity, 
d = 17 mm as the gap distance and a starting voltage of 
U0 = 134 kV. The time until the plasma has crossed the gap 
( = 1) is, in our case, t = d/v = 17 mm/20mm/µs = 850 ns. 
Using 𝐵 ൌ 3∙10-5A/V1.5  √134000V   0.017m20000m s⁄    C , we find that for 
C = 410 pF, B = 22.8, for C = 70 pF, B = 133, and for 
C = 40 pF, B = 233. 

The corresponding voltage decay curves are depicted in 
Fig. 5, together with the current I = C∙dU/dt. In all cases 
the capacitance is discharged before the spark plasma 
bridges the gap. However, whereas for the 410 pF capaci-
tance the decay to 10% of original voltage takes nearly 
500 ns, it needs only 220 ns with 70 pF and only 160 ns 
with 40 pF. Currents are decayed to a few Amperes a little 
later, and hence we expect that the cathode is close to fully 
discharged when the gap gets isolated again. This 
corresponds well with the observed occurrence of a 
standard load curve. 

 
Figure 5: Voltage and current during sparkover. 

OTHER ASPECTS 
At the larger extraction septum EEC, capacitance and ac-

tual and improved recharge time are nearly doubled. How-
ever, the effect on damage caused by the beam will be 
counteracted by the initially lower stopping power and 
scattering of the lost higher energy protons. Also, for EEC, 
the total width of the usable septum voltage window al-
ready shrinks from 26 kV to 11 kV when the beam current 
is increased from 1330 µA to 1730 µA. This can be studied 
in detail, when the higher beam current is available again. 
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At a breakdown, the beam interlocks triggered by loss-
monitors and low-voltage indication must be suppressed 
for about a ms. But in case of a repeated breakdown, the 
beam should be switched off to prevent damage. 

In case of a breakdown, the feedback control of the 
amplifiers of the acceleration cavities could cope with the 
sudden drop of beam current. However, the regulation of 
the actual flat-top cavity amplifier, which is already at its 
limits, would not [17]. An upgrade of the cavity, which is 
under discussion for other reasons, would be required. 

CONCLUSION 
Based on the developed understanding, we assume that 

the proposed changes would allow keeping the beam 
running over individual discharges of the injection and 
extraction septa of the Ring cyclotron. 
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