
the unirradiated state of the dosimeter (V tð0Þ):

DV tðDÞ ¼ V tðDÞ$V tð0Þ

2.1. Biasing during exposure

Considering the mechanism of charge buildup, it is clear that
the motion of the charges in the silica is greatly enhanced by the
application of an electrical field during exposure to radiation. This
is demonstrated in all studies of dependence of response on Vx,
the bias voltage during exposure. Not surprisingly, responses in
positive-bias mode (PB), say with Vx ¼ þ9 V on a 300 nm oxide
(field 30 V=mm), are 5–10 times larger than in zero-bias mode
(ZB) where the built-in fields are perhaps ten times smaller and
vary locally. ZB and PB responses are both non-linear but follow
very different functional forms. In each case, as the accumulated
charge becomes significant, the internal field opposes the applied
field so that the carriers move less freely. As a result, the response
saturates (‘‘rolls off’’) with dose. Naturally, rolloff occurs first with
ZB and scatter of results is likely to be worse. When the rolloff
reaches a certain point, the device is discarded. The mechanism of
the PB mode has been widely modeled; not so with the ZB mode.

Since only the latter mode is used in our installation so far, this
article later discusses the calibration of the RFT-300 RADFET at
Vx ¼ 0 for doses up to 10 kGy [5–8].

A large number of ZB responses was earlier analyzed for the
RADFET series RFT-500 by Holmes-Siedle et al. [5]. The slope of
the response curve steadily and regularly decreases. The mathe-
matical form is complex but the authors used a power law with
the power adjusted to fit a mean for a dose range. Using

DV t ¼ aDb ð1Þ

with D denoting the dose, b started at 0.95, reduced steadily over
several decades of dose and finished below 0.5 at kilogray dose
levels. Sharp and Pater [8] extended the measurement to a
megagray. The relative shapes of the ZB and PB response curves
are illustrated in [5,9], the functional form of the PB curve was
modelled by Mitchell [7]. The convenience of this curve shape is
that users can assume linearity over a certain range of dose and
the RADFET can then be designed to offer linearity in the right
dose range [9]. For a dosimeter which is fulfilling a known
purpose as regards dose value, the more important parameter is
the initial-response factor a. In the present application the
RADFETs might approach saturation too quickly with a high value
of a. This is why, initially, the ZB mode was selected for the
dosimetry system of FERMI@Elettra.

3. Accelerator and undulators

FERMI@Elettra is a seeded free-electron laser (FEL) based on a
1.3 GeV S-band electron linac [10]. It generates coherent extreme
ultraviolet light pulses in two separate beam lines with 7 and 10
permanent magnet undulators [11,12], respectively. The first of
these beam lines, FEL-1, is in operation since 2010 [13]. The
second, FEL-2, is under commissioning at the time of writing. The
linac design foresees the transport of electron bunches with a
maximum charge of 1 nC at a rate of 50 Hz so that the average
beam power is limited to about 65 W. Even at this moderate
power level, considerable amounts of radiation are released when
a part of the electron beam strikes the vacuum chamber or an
obstacle like a diagnostic screen.

To avoid damage, the accelerator is protected by an active
machine protection system that stops the beam when excessive
beam losses are detected [14,15]. The protection measures mainly
focus on the permanent magnets of the undulator structures.
These are very close to the beam axis and are susceptible to
the loss of magnetic field under irradiation (see, e.g. [16]). The
problem of magnet damage is of particular concern for free-
electron lasers, because the FEL process itself depends on the high
precision of the magnetic field.

The undulators used at FERMI@Elettra have a length of 2.4 m
(Apple-II type ‘‘radiators’’ with variable polarization) or 3.2 m
(‘‘modulators’’ with horizontal polarization). Their vertical gap
can be varied from 1 cm to about 30 cm. Each undulator is
equipped with four dosimeters to obtain an overview of the dose
distribution. At the upstream end of each structure, one RADFET is
mounted on the upper support and another one on the lower
support. The same is repeated at the downstream end. As
illustrated in Fig. 3, each dosimeter is plugged into a small printed
circuit board, the RADFET mount, via an edge connector. This
board itself is bolted onto the undulator structure so that, at
closed gap, the sensor is at the same height as the center of the
vacuum chamber. Its distance to the nominal beam axis is only
28 mm. Standard USB cables are used to connect the RADFET
mounts with the read-out units.

Fig. 1. Photo of two REM RFT-300 RADFET sensors with a typical surface-mount
socket.
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Fig. 2. Cross-section and schematic of a RADFET in read-out configuration.
Ionizing radiation causes electrons to be removed from the insulating layer
between the gate and the n-type silicon body. This leaves a sheet of positive
space charge, the field from which is responsible for a change of the threshold
voltage V t . The device now turns on at a higher voltage. The sensitive volume of
dosimetric material is the film of amorphous silicon dioxide under the gate.
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