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Abstract
A fast neutral lithium beam has been used at JET for more than 30 years to measure profiles of
electron density in the pedestal and scrape off layer. The diagnostic was not designed for tritium
operation. In this paper, we describe the modifications which were required to allow operation
in tritium (T) and deuterium–tritium (D-T) fuelled pulses at JET in 2021 and 2023. Methods to
allow remote startup and remote control of the beam were implemented. The vacuum pump and
exhaust system had to be made tritium compatible. Radiation vulnerable electronics had to be
removed from the torus hall. The observation system relied on regular in vessel mirror
exchange. An in-vessel protection shield was installed close to the observation mirror to protect
the mirror surface. Operation in T and D-T discharges, maintenance post tritium exposure,
commissioning and the calibration of the diagnostic are discussed.
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1. Introduction

Fast lithium beams have been used for plasma edge electron
density diagnostics in tokamak fusion experiments for several

4 See the author list of JET machine operations in tritium&D-T by D BKing
et al, to be published in Nuclear Fusion Special Issue: Overview and Summary
Papers from the 29th Fusion Energy Conference (London, UK, 16–21October
2023).
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decades [1–7]. A lithium beam diagnostic was installed at
JET more than 30 years ago [2, 3] and has been continuously
upgraded and improved. Due to port restrictions on the JET
tokamak, the beam source is located on top of JET, the lith-
ium beam is injected vertically from the top into the boundary
plasma (figure 1 in [2]). A periscope with an in-vessel mirror
was installed in close vicinity, the measured beam emission
profiles allow a reconstruction of the electron density profile
in the scrape off layer and pedestal region [2–7]. Depending
on the plasma shape, the location of the last closed flux sur-
face along the Li beam can change by about 30 cm. The angle
of the periscope mirror can be adjusted to match the desired
observation range. Adjusting the mirror, monitoring and fine
tuning of the beam properties requires an operator to supervise
the diagnostic operation.

1 © 2024 Crown copyright, UKAEA.
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The observation system has in-vessel actuators and was
designed to be tritium compatible. The JET lithium ion gun
was not designed for tritium operation. An early exposure of
the ion gun and neutralisation cell to tritiumwould have caused
contamination on a level which would have mademaintenance
very hard if not impossible.

When JET was approaching the final years of operation,
we investigated how we could use the diagnostic in the tritium
experiments. One crucial requirement for tritium compatibil-
ity is a double-wall vacuum boundary for systems which con-
nect to the torus vacuum. The ion gun and neutralisation cell
are built from single wall vacuum components. However, the
double wall rule is fulfilled because the torus isolation valve
in the lithium beam line (see figure 1) can be considered as a
first wall and the single wall of the vacuum components behind
the torus isolation valve as the second vacuum boundary. We
could therefore use the lithium beam in tritium experiments
with a reasonable amount of modifications. The main modi-
fications were:

- making the operation remote-controlled
- replacing the existing turbo pump (TP) with a tritium com-
patible turbo molecular pump

- connecting the TP exhaust to a tritium compatible exhaust
- removing radiation sensitive electronics from the torus hall.

2. Remote operation of the diagnostic

Diagnostic operation required frequent access to the JET dia-
gnostic hall, where the diagnostic control cubicles are located.
During T or deuterium–tritium (D-T) operation, access to the
diagnostic hall was restricted hence we had to make the con-
trols remote controllable.

We replaced in 2013 the thermionic heating element
(Heatwave) with a SiC based emitter heating system (check
ion source section in [8]). The new heating element offered
longer lifetime of the heating element and better beam per-
formance. The non-linear heating characteristics of the heat-
ing element required computer-controlled heating, which was
implemented with a Siemens S7 programmable logic con-
troller (PLC). The PLC controlled not only the heating of
the emitter but also the heating of the sodium neutralisation
cell. Furthermore, the control of the vacuum components was
implemented on the PLC. The touch panel of this system was
easily connected via the Siemens smart client software to a
diagnostic PC, which could be reached via ethernet connec-
tions from the JET control room. A weekly timer program was
included in the PLC control software to pre-program the heat-
ing waveforms. To reduce thermal stress, we ramped the emit-
ter heating currents slowly within 30–60 min from standby or
cold conditions to operation conditions (and vice versa).

The high voltage power supply settings and the voltages for
the deflection plates are remote controlled via the JET control
software and CAMAC modules.

Source performance and beam alignment are monitored
with a beam profile monitor BPM. Details on the BPM setup

Figure 1. Schematic of the lithium beam source at JET with the ion
gun, ion optics and deflection plates, the neutralisation cell with the
heated sodium reservoir and heated tube, beam profile monitor BPM
and torus isolation valve TIV, the tritium compatible exhaust with
turbo pump and connection to the diagnostic vacuum crown DVC.
Local extraction ventilation LEV has been used on the venting valve
during ion gun exchange after exposure to tritium.

and measurements can be found in [9] (National Electrostatics
Cooperation NEC BPM92). The BPM detector is located just
above the torus isolation valve in the torus hall, a current amp-
lifier is installed in close vicinity and the signals are relayed
to the BPM control unit in the diagnostic hall. The BPM
data can be displayed with an oscilloscope in the diagnostic
hall. For remote access, we installed a USB oscilloscope (type
Picoscope 2205 MSO) and connected it to a diagnostic PC,
which could be reached via ethernet from the JET control
room. Hence, ion gun operation, monitoring and optimisation
could be performed from the JET control room.

3. Tritium compatible vacuum system

The vacuum system of the lithium beam diagnostic is pumped
by a TP. During normal operation the pressure in the system
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was typically below 10−6 mbar. Note that it is crucial that the
pressure inside the system is below 10−2 mbar when the gun is
heated to standby or operation conditions. Exposure to higher
pressures in heated condition can destroy the ion source coat-
ing, it can create insulating coatings on the ion optics, which
can impact lithium extraction, beam focussing and beam geo-
metry. Maintenance and cleaning of contaminated compon-
ents requires dismantling components, which is very restricted
following exposure to tritium.

Pre tritium operation, the TP was connected to an oil sealed
rotatory pump and connected to a vacuum crown, an exhaust
system operating just below atmospheric pressures. For tritium
operation, we had to install a tritium compatible TP (Agilent
Varian TV 551 Navigator with modified control electronics for
120 m long cables between pump and control electronics and
metal seal on the exhaust flange).

The TP exhaust needed to be connected to the tritium repro-
cessing facilities via the diagnostic vacuum crown DVC. The
DVC was shared with other vacuum diagnostics, the DVC
pressure was usually below 10−2 mbar, but can rise in planned
scenarios (for maintenance) and unplanned situations (vacuum
incidents) above these values. In these situations, in particular
when the DVC pressure exceeds several mbar, pressure rises
can occur in the high vacuum part of the lithium beam vacuum
chamber—and can compromise a heated ion gun. The control
software of the DVC monitored the heating status of the Li
ion source and prevented disconnection of the lithium beam
vacuum system from the DVC whilst the ion gun was heated.
In case of a pressure surge in the torus or DVC beyond certain
threshold values, the torus isolation valve and the DVC valve
were automatically closed.

During the four years of operation with the DVC we
observed several incidents where the DVC pressure exceeded
pressures above several mbar. Fortunately, the gun was always
cold during these events. To extend the lifetime of the ther-
mionic emitter, it would have been advantageous to keep
it always heated either at operation conditions or in non-
operation hours at standby conditions (at less than half of
the operation heating power). However, to avoid exposure to
unplanned pressure surges the diagnostic was turned off when
operation was not required for more than a day. A backup
pumping system in case of a DVC failure would have been
highly desirable for protection of the ion gun.

4. In vessel mirror

Figure 2 shows the in-vessel periscope head and observation
mirror. These components are protected by limiters during
normal plasma operation, nevertheless the mirror coating gets
damaged [10, 11] and the mirror requires regular replacement.
We reported in [11] the installation of a new periscope head.
The improved design offered mainly two advantages: the drive
mechanism is optimised to reduce mechanical vibration of the
mirror and the mirror holder was designed to allow a replace-
ment of the mirror via in vessel remote handling. A mirror
exchange with the old periscope head required dismantling the

Figure 2. Periscope head with gold coated mirror and crane rail
boss (on the left) in 2015 after plasma operation. The bottom right
area of the gold coated mirror is grey, the coating is eroded. The top
left part is undamaged, indicating that the crane rail boss created a
protective shadow.

whole periscope, a major effort which required isolators for
beryllium and tritium protection and the removal of the inter-
ferometer tower. With the new periscope head, we exchanged
the mirror with less effort whenever we had remote access for
in vessel work.

A closer look at the mirror in figure 2 suggested that a crane
rail boss protected a part of the gold coating. We designed a
clamp to increase the protected area on the mirror and installed
this protection clamp by remote handling on the crane rail boss
in 2015 (figure 3). After one year of plasma operation, the gold
coating did not show any damage. This is a huge improve-
ment, in particular, because there were no more opportunities
to replace the mirror via remote handling after 2018. The pic-
tures in figures 2 and 3 were taken by remote handling with
a high-resolution camera. We hope we can inspect the mirror
later this year via remote handling.

5. Removal of radiation sensitive electronics from
the torus hall

The lithium beam emission is transferred via optical fibres
to the diagnostic hall [2, 6, 7]. The signal is shared by a
spectrometer observation system and a fast detector [7, 12].
The fast camera is based on an APD diode sensor array
(Hamamatsu 4 × 8 element silicon diode array S8550, details
are in [12], chapter IV). To improve the signal to noise level of
the measurements, we replaced in 2019 the sensor array by a
Multi Pixel Photo Counter MPPC array detector (Hamamatsu
S13361-2050).

The fastmeasurement relies on fastmodulation of the active
beam emission signal to distinguish between beam emission
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Figure 3. Mirror protection clamp installed on the crane rail boss
(top left), the gold coated periscope mirror is undamaged after a
year of plasma operation (picture was taken in February 2017).

and background light. The beam can be deflected out of the
observation volume by changing the voltage on the deflection
plates. To achieve fast modulation, a modulation box was
installed in 2012 next to the ion gun in the torus hall. The box
switches between typical values of 100 V in aligned and 800 V
in deflection state at frequencies up to 100 kHz. The solid state
fast high voltage switch (Behlke) and the control electronics
were not expected to survive the radiation during D-T experi-
ments. Therefore, prior to D-T operation, the modulation box
had to be removed from the torus hall.

The old modulation box could not provide enough current
to drive the capacity of the 120 m long BNC cables from
the diagnostic hall towards the ion gun in the torus hall. A
new modulation setup used stronger power supplies provid-
ing 120 mA current whereas the old modulation box used
10 mA power supplies. Furthermore, the new box modu-
lated the voltages of both deflection plates whereas the old
switch acted only one plate. Still, the maximum modulation
frequency of the new setup with the long cables was restricted
to 10 kHz. The design principle of the fast switch electronics
was discussed in [13].

During D-T operation we kept the BPM current amplifier in
the torus hall. The current amplifier had to remain close to the
rotating wire detector because the raw signals are too weak for
direct transfer to the diagnostic hall. Fortunately, the current
amplifier survived the D-T experiments, and the BPM could
be used until the end of the JET experiments in December
2023. Modelling of the neutron flux at the current amplifier

location with the radiation transport code MCNP [14] were
performed. They indicate that the total neutron fluence during
the DTE2 and DTE3 experiments is comparable to the num-
bers during the non D-T experiments since 2008 (when the
BPM was installed).

6. Ion gun replacement post tritium

Whereas the ion gun was usually replaced every 3–6 month
during operation periods, the ion optics, deflection plates and
the sodium neutralisation cell required less frequent mainten-
ance/cleaning. During the T and D-T experiments, the ion gun
and neutralisation cell were operated conservatively at lower
temperatures to allow a maximum of operation time without
maintenance. We extracted typically 1 mA ion current and
achieved about 0.7 mA of neutral current.

The lithium beam diagnostic was managed as a scarce
resource to assure availability for all high priority experiments.
We ran the diagnostic in both, the DTE2 experiments in 2021
and in the 2023 DTE3 experiments. Post DTE2, the ion gun
performance had significantly deteriorated, hence we needed
to find a safe procedure for an exchange of a tritium contam-
inated ion gun. Several months after the DTE2 experiments,
radiation levels in the torus hall close to the ion gun were not
posing any restrictions for the work, but once the diagnostic
vacuum was breached, we could be exposed to tritium con-
taminated components and would expect a release of tritium
to ambient air.

The ion gun is mounted on a small CF63 flange. With
optimised planning and preparation, the vacuum breach to air
did not have to last longer than a few minutes. To reduce
the exposure of staff to tritium to a minimum, we pumped
air through the ion gun flange into the diagnostic cham-
ber via the venting flange, which is located close to the TP
intake (figure 1). This procedure was successful. A significant
amount of tritium was recorded on the exhaust system during
the breach to air, but no tritium was found in the operator’s
breathing zone (as monitored with a real time Overhoff tri-
tium monitor). A total of 3.5 GBq was detected on the extrac-
tion system which relates to 10% of the daily allowance on
this exhaust system (1 GBq is the maximum annual allowance
for a radiation worker at JET). The ion gun exchange was suc-
cessful, but also demonstrated that a longer breach to air for
cleaning of ion optics surfaces or replenishing the neutralisa-
tion cell with sodium would not be possible because we would
have released much more tritium.

7. Commissioning the new ion gun

We are now describing pump down and commissioning
following the ion gun exchange. The ion gun flange was
tightened, and the system was pumped down with a leak
detector through the turbopump. Leak tests were performed,
no leaks were found and the turbopump exhaust was recon-
nected to the DVC. The TP was started, the pressure dropped
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within several hours below 10−6 mbar. On the next day,
we started baking of the ion gun and the neutralisation
cell, adjusting heating currents slowly avoiding pressure rises
above several 10−4 mbar. Then we started high voltage com-
missioning by testing first the HV stability of the setup with
a cold ion gun (not exceeding extraction voltages of 5.5 kV
and acceleration voltages of 45 kV). The HV tests were
repeated with the heated ion gun, starting at lower voltages,
then increasing the extraction and acceleration voltages until
we extracted an ion current of about 1 mA. The ratio of extrac-
tion to acceleration voltage was adjusted to provide a narrow
beam profile on the BPM, the alignment on the observation
volume was done by adjusting the voltages on two pairs of
deflection capacitor plates (oriented in radial and toroidal dir-
ection). With a bending magnet in the beam line below the
neutralisation cell (compare with [9]), we confirmed a neut-
ralisation efficiency of about 70%.

Both ion guns were heated to operation conditions for about
500 h. Whereas the first gun reached the end of its useful life-
time post DTE2, the second ion gun was not yet exhausted at
the end of the DTE3 experiments, so operation could continue
until the end of JET operations in December 2023.

8. Intensity calibration of the observation system
and restrictions of lithium beam operations

The spatial calibration of the observation system is calculated
from the measured Doppler shift of the beam emission [6].
Fortunately, the electron density profile reconstruction does
not require an absolute calibration of the system, only a relat-
ive channel to channel intensity is required [4, 5]. The relative
intensity calibration can change for many reasons:

- The mirror can take damage as shown in figure 2.
- the transmission of the fibres can change because of neutron
damage.

- the alignment of beam and observation system can change
for mechanical reasons (e.g. the mirror position can change
during violent disruptions).

- the beam position can change. Thermal expansion of the ion
gun components can change the beam position (it takes up
to two hours to reach thermal equilibrium after starting heat-
ing); the extracted current and the resistance of the heating
element can change during an operation day (we control the
heating current only, the resistance of the heating elements
can change in particular at the end of the useful lifetime of
an ion gun).

It would be highly desirable to calibrate the system after each
pulse by injecting the beam into a well-defined gas target.
Collisions of the fast lithium beam atoms with the gas will

excite the beam, the resulting beam emission profile is provid-
ing the channel-to-channel intensity calibration for the obser-
vation system. Unfortunately, the JET plasma control and pro-
tection system prevented gas injection after pulse termination.
Fortunately, the outgassing wall can provide a useful gas target
after pulse termination [11]. Therefore, we injected the beam
a second time for calibration purposes at the pre-programmed
pulse termination time. If the pulse behaves as expected, good
calibration information was found. This method can fail for
several reasons:

- if the pulse is terminated too early, the torus pressure can be
too low at the time of the calibration measurement and the
beam emission signal will be too weak.

- rarely, the discharges were longer than the pre-programmed
time. Residual electron density will dominate beam excit-
ation and therefore void the beam into gas calibration
measurement.

- In cases of disruptions with disruption mitigation valve
DMV [15], the ion gun extraction voltage was turned off
within milliseconds after disruption detection by the real
time protection network. The plasma protection control
software re-enabled lithium beam extraction only several
minutes later. More importantly, the beam extraction can be
impacted by the massive gas puff, for a short period the Li
ion extraction was weakened, the ion gun usually recovered
within one minute to normal behaviour.

Depending on the complexity of the plasma scenario, we usu-
ally got reasonable calibration information on every operation
day. If this was not the case, we could perform beam into gas
dry-run pulses. These were pulses without plasmawhich injec-
ted gas for lithium beam calibration and triggered the lithium
beam injection and observation system. The disadvantage of
these pulses was that they usually required 20–30 min of JET
operation time, so they delayed the progress of the plasma
experiments.

We restricted lithium beam operation to experiments with
a reasonable chance of getting calibration information during
the session. Therefore, we rarely measured in disruption mit-
igation, density limit or shattered pellet injection experiments
SPI [16]. We always closed the observation mirror in runaway
electron experiments [17] to avoid damage of the observation
mirror.

9. Summary

The lithium beam diagnostic was modified to allow operation
in tritium and D-T experiments.Wemade diagnostic operation
remoted controllable, made the vacuum pump and exhaust tri-
tium compatible and removed radiation sensitive components
from the torus hall. We operated the diagnostic in tritium and
D-T fuelled discharges. Maintenance of ion gun and neutral-
isation cell was severely restricted post tritium exposure. We
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exchanged an ion gun after the first tritium operation phase
in 2021 and found, as expected, very high levels of tritium.
The commissioning of the new ion gun and the calibration in
tritium and D-T plasmas is discussed. The mirror of the in-
vessel observation periscope was successfully protected by an
in-vessel protection shield allowing years of operation without
exchange of the mirror. Results of the diagnostic are not repor-
ted here but in various scientific publications on the JET tri-
tium and D-T experiments [18].
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