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ISIS H- Penning ion source



ISIS surface plasma Penning ion source



ISIS surface plasma Penning ion source

55 mA of H- current with a 1.5 % duty factor at 50 Hz (300 s pulses)



ISIS surface plasma Penning ion source
The discharge is sustained by electron emission
from the cathodes and ionisation of Cs and H2 by
the “primary electrons”.

H- ions are surface produced on the cathode,
accelerated by the cathode sheath, and then
undergo resonant charge exchange with neutral H
atoms.

𝐻𝑓𝑎𝑠𝑡
− + 𝐻(1𝑠)𝑠𝑙𝑜𝑤 → 𝐻(1𝑠)𝑓𝑎𝑠𝑡 + 𝐻𝑠𝑙𝑜𝑤

−

The slow H- ions are then extracted through a slit.
The extracted H- current depends on the surface
production yield.



ISIS surface plasma Penning ion source
The discharge power of 2 – 4 kW (pulsed) is distributed across the
2 x 49 mm2 surface area

Hot surfaces and significant temperature fluctuation and erosion
of the cathode surface

Yet the conditions for producing the H- beam are constant through
the (up to) 1 ms discharge pulse



Motivation for developing 

the Cs balance model for 

long pulse operation



Front End Test Stand (FETS) at RAL

The Front End Test Stand (FETS) goal is
60 mA / 2 ms H- beam pulses at 50 Hz

https://www.ppd.stfc.ac.uk/Pages/FETS.aspx

62 mA at 50 Hz, 1 ms pulses

60 mA at 25 Hz, 2 ms pulses



Neutrino super beam upgrade of the ESS facility

Baseline design: 70 mA, 3 ms H- pulses
at 14 Hz repetition rate

The ISIS Penning SPS is a contender

https://arxiv.org/pdf/2206.01208.pdf



Can the ISIS Penning source make 

70 mA, 3 ms H- pulses at 14 Hz?



Extending the pulse length of the ISIS Penning source



Extending the pulse length of the ISIS Penning source

1.65 ms, 100 mA H- beam pulse at 25 Hz 
with 1.2 mm x 10 mm extraction slit

The pulse length is limited by the 110 mC
charge capacity of the discharge power supply



Extending the pulse length of the ISIS Penning source

A feasible “brute force” method to reach 3 ms pulses would be to upgrade the discharge
power supply to 300 mC by doubling the number of insulated-gate bipolar transistors (IGBTs)
from 6 to 12 and converting the power supply cooling from forced air to water.

Alternatively we could seek to understand the root cause of the beam current droop and
somehow compensate for it…



The caesium balance 

model – from short to 

long pulses



Surface ionization yield
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Original figure by R.F. Welton, ICIS’07 tutorial

The resonant surface ionisation yield Y

where
S is the electron affinity of hydrogen (0.754 eV)
a is semi-empirical constant (2-5 x 10-5 eVs/m)
v|| is the negative ion escape velocity
AND () is the surface work function



Caesiated surface work function

m is the fractional monolayer Cs coverage corresponding to minimum work function (0.5-0-7)

m  -1.24[0-0.5(IA+EA)] is the maximum change of the work function from clean metal.

With Cs IA of 3.89 eV and EA of 0.47 eV we obtain m = -2.59 eV for Molybdenum



Caesium adsorption and desorption fluxes

The caesium adsorption flux from kinetic gas theory 

Semi-empirical expression for the caesium desorption flux from refractory metals



Caesium pressure of the ISIS ion source?

145 – 195 C oven temperature implies
1-10 Pa caesium pressure

5 g caesium ampoule is consumed in approx. 
50 days, which equates to 1.2 µg/s escaping 
through the 0.6 mm x 10 mm extraction slit.

Using 

results in 0.115 Pa caesium pressure, which is 
supported by quartz microbalance 
measurements suggesting 0.1 – 1 Pa.

0.1 – 10 Pa used for the model



Cathode temperature of the ISIS ion source?

Conclusions: The bulk temperature depends on the average power
The transient temperature depends on the instantaneous power
Allows extrapolating to “arbitrary” pulse lengths and duty factors



Caesium balance of the cathode surface

We can model the cathode surface caesium balance by calculating the change of the caesium
coverage in time step dt using the dynamic cathode surface temperature together with
desorption and adsorption fluxes at certain caesium pressure. The free parameter is the caesium
coverage in the beginning of the discharge pulse.

But it does not matter…



Caesium balance of the cathode surface

What does matter though…

Most of the caesium is on the surfaces and a significant amount of it is released during the
discharge pulse, especially in the beginning. At 10 Pa initial pressure in short pulse (760 s) the
effect is estimated 40% i.e. the true minimum Cs pressure is 4 Pa.



Caesium balance of the cathode surface

Most of the caesium is on the surfaces and a significant amount of it is released during the
discharge pulse, especially in the beginning. At 10 Pa initial pressure in short pulse (760 s) the
effect is estimated 40% i.e. the true minimum Cs pressure is 4 Pa.

The implication is that modelling long pulses
requires amending the short pulse model so that

pCs=pCs(t) and a= a(t)



The thermal simulations assume a constant discharge power and heat load during the
plasma pulse. This is not the case as evidenced by breakdown oscillations and discharge
voltage droop.

The model does not account for the cathode erosion by Cs+ bombardment.

Surface ionisation of Cs at temperatures approaching 1000 C, could affect the Cs balance of
the cathode.

Model limitations



Long pulse results



FETS: Model predictions



FETS: Comparison to experiment

20-30% beam current droop in a
wide range of (initial) Cs pressures.

Good match with the experiment.

Conclusion: increasing the Cs oven
temperature is not an effective
measure to combat the droop.



FETS: Improved cathode cooling - prediction

400 C decrease of the cathode
average temperature is predicted to
eliminate the beam current droop



ESSSB: Model predictions



ESSSB: Improved cathode cooling - prediction

200 C decrease of the cathode
average temperature is predicted to
eliminate the beam current droop



Reduced cathode temperature – 2X source

100 mA beam, 2 ms pulses at 50 Hz

Beam transport unknown, emittance
could be acceptable for the ESSSB

3 ms pulses???



Conclusions



The Penning ion source Cs balance model, first developed for short pulse operation, can
reproduce long pulse results when Cs recirculation is taken into account.

Improved thermal management of the ion source is favoured over increasing the Cs pressure
as it is more effective in combating beam current droop, and prevents excessive leakage of
Cs into the extraction.



Caesium balance is important for other ion sources as well, for example heavy ion SNICS

Presentation by Akbar Hossain on Friday


