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A new gamma-ray spectrometer with MHz capabilities has been developed to measure the bremsstrahlung
emission spectrum in the gamma-ray energy band from MeV range runaway electrons in disruption ex-

periments at ASDEX Upgrade.

Properties of the runaway electrons are inferred from the measured

bremsstrahlung spectrum by a deconvolution technique, particularly with regard to their maximum energy.
Changes induced to the runaway electron velocity space are unambiguously observed both in massive gas
injection and resonant magnetic perturbation experiments with the detector.

I. INTRODUCTION

Understanding and controlling runaway electrons (RE)
is among the grand challenges that must be faced to en-
sure safe operations at ITER. In this device, up to 70% of
the plasma current in a disruption may be converted to
a RE beam which, if left untamed, could cause a major
damage to the machine first wall’>2. In order to limit the
risks for ITER operations, different mitigation techniques
have been developed and experiments are presently on-
going to study their impact on the REs. Since 2015,
an experimental scenario to generate REs in a repro-
ducible way has been developed also at the ASDEX Up-
grade tokamak and studies of RE mitigation by means of
massive gas injection (MGI)? or resonant magnetic per-
turbations (RMP)?* are being conducted. An important
goal of these experiments is to validate theoretical mod-
els with data from existing machines in order to increase
the confidence on their predictions for ITER. A crucial
parameter for model validation is the RE distribution
function, which can be probed by measurements of the
bremsstrahlung emission spectrum in the gamma-ray en-
ergy band (also called hard X-ray, HXR) induced by MeV
range electrons®. Recently, measurements of this type
have been demonstrated at the DIII-D tokamak in flat
top experiments®, but their application to disruptions is
significantly more challenging. There is here need to ac-
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cumulate enough statistics in the spectrum within a frac-
tion of the short (say, some 10 ms) duration of the current
quench, which requires to reliably operate the detector
at counting rates often exceeding 1 MHz. By combining
recent developments for MHz counting rate gamma-ray
spectroscopy of fusion plasmas”™®, mostly in the field of
fast ion measurements at the JET tokamak®, with proof
of principle results obtained at the FT-2 tokamak!®!!
we have developed a gamma-ray spectrometer with MHz
capabilities for RE studies at ASDEX Upgrade. In this
paper we present the main features of the detector, a
technique adopted to retrieve the RE distribution func-
tion from the measured HXR spectrum and an example of
results from experiments on RE mitigation during disrup-
tions. Limitations of the present system and prospects
for improvements are finally addressed.

Il.  INSTRUMENTATION

The detector developed for ASDEX Upgrade is made
of a 25 mm x 17 mm (diameter x height) cylindrical
LaBrs crystal coupled to a RS6231 Hamamatsu photo-
multiplier tube (PMT) and is placed inside a soft iron
shielding which minimises possible drifts of the PMT
gain due to the tokamak magnetic field down to a level
of < 1%. The system is located on a shelf in the ASDEX
Upgrade Bragg bunker, about 1 meter behind the Bragg
spectrometer and at a distance of approximately 6 m
from the machine first wall. It views the plasma along
a radial line of sight which makes an angle of 98° with
respect to the toroidal magnetic field in the plasma
core (see figure 1). The collimation of soft X-rays with
energies up to about 100 keV is provided by the set of
pipelines of the Bragg spectrometer. A few blocks of
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FIG. 1. (color online) Arrangement of the gamma-ray spec-
trometer developed at ASDEX Upgrade. The instrument
(HXR) is placed in vicinity of a wall (blue color) in the AS-
DEX Upgrade Bragg bunker and observes the plasma through
the collimator of the Bragg spectrometer (red and pink) with
a radial view. A wall made of polyethylene bricks (PE) pro-
vides some additional collimation.

polyethylene with a thickness of about 1 m and a 20 cm
concrete wall provide further collimation of the line of
sight to gamma-rays of higher energy, even though with
some limitations (see section V). Additional blocks of
lead with a thickness of 10 cm are then placed around
the detector to shield it from the background radiation
coming from the wall at the back of the detector.

The PMT is operated at a voltage of 650 V, which
corresponds to a gamma-ray energy dynamic range up
to about 20 MeV. Correspondingly, the energy resolution
(full width at half maximum divided by peak position)
is 4% at the 662 keV '37Cs line. A fast data acquisition
system (400 MHz, 14 bit) based on the Advanced
Telecommunication Computing Architecture (ATCA)'?
framework is used to acquire data from the detector
in the so called ”segmented” mode. A free running
digitizer stores a segment of data whenever the input
signal exceeds a predefined threshold. FEach segment
consists of 128 consecutive points and a time stamp
that indicates when the threshold has been exceeded
for time resolved analysis of the data. A similar data
acquisition mode has been used earlier for gamma-ray
measurements at the JET tokamak at MHz counting
rates”8.

I1l. DATA PROCESSING

The HXR energy spectrum, as well as the counting rate
as function of time, is reconstructed off-line by the pulse
fitting algorithm described in reference®. As pile up is of
relevance particularly when the counting rate exceeds 1
MHz, we have further implemented a pile up recognition
algorithm'3, whereby superimposed pulses are separated
and individually fitted in order to avoid the distortion of
the pulse height spectrum at higher energies.

The RE distribution function f(Egg) is related to the
reconstructed gamma-ray energy spectrum s(E,) by the
equation

S(E,) = / W(E,. Erp) f (Erg)dEre +n(E,) (1)

Here Frp and FE, are the RE and gamma-ray ener-
gies, respectively; n(E,) indicates the Poisson noise and

h(E,, Erg) is the overall response function. When the
equation is discretized, h(E,, Erg) becomes a matrix
which is in turn given by the product of the detector re-
sponse function d(E.,) and the HXR generation function,
g(Erg). In our application, we have used the MCNP14
code to calculate both d(E,) and g(Egrg), with the re-
sults shown in figure 2 for REs and gamma-rays at a few
selected energies.

If f(Erg) were known, equation 1 would provide a way
to calculate the corresponding, synthetic HXR spectrum
for a direct comparison with measurements. Practically,
due to the fast (a few ms) time scales involved in a disrup-
tion, where the background parameters change by orders
of magnitude, simulations of the plasma dynamics are
particularly challenging and a calculation of f(Egrg) is
not available most of the times. In this case, we can still
attempt to retrieve f(Egrg) by direct inversion of equa-
tion 1. In this work, we have implemented the recipe pre-
viously adopted for similar measurements at the JET'
and FT-2 tokamaks'®!!, where the Richardson-Lucy %17
algorithm has been used to infer f(Egg) from the mea-
sured s(E,). This gives the average distribution func-
tion in the observed plasma volume, which can be used
to determine especially the evolution of the maximum
RE energy and current in different time windows of the
discharge.

IV. EXPERIMENTAL RESULTS

The gamma-ray spectrometer developed for ASDEX
Upgrade has been used to measure the HXR spectrum
from REs in experiments on mitigation both by MGI3
and by the application of RMPs*. Here we do not present
a complete summary of these experiments, but we rather
limit ourselves to show an example of results for discharge
#34084 on RE mitigation by MGI with single Argon in-
jection.

Figure 3 shows an overview of the plasma parameters in
the discharge. The disruption is triggered by Argon injec-
tion and occurs at 1 s. Correspondingly, we observe the
current quench followed by the runaway plateau. Over-
all, the plasma current decays from 0.8 MA down to 0 in
about 400 ms and the loop voltage experiences a sudden
rise from 2 V up to about 100 V in less than 50 ms. The
production of REs is indicated by the HXR counting rate
as a function of time. As the loop voltage increases, the
counting rate ramps up to about 3 MHz, a high value
but still within the capabilities of the detector. The drop
of the plasma current is associated with a decay of the
HXR counting rate with three distinctive slopes: about
27 MHz/s between 1 s and 1.15 s, an almost constant
counting rate of ~ 400 kHz up to 1.29 s and a further
drop down to 0 within the following 100 ms.

Figure 4 (top) shows the measured HXR energy spectrum
in two time windows, 1 s to 1.13 s and 1.13 to 1.45 s, cor-
responding to the first two phases of the counting rate
evolution. Besides a difference in terms of the number
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FIG. 2. (color online) (left) HXR bremsstrahlung spectrum ¢g(Erg) generated by monoergetic runaway electrons at energies
Erg =1, 5 and 10 MeV. (right) Response function of the LaBrs detector used at ASDEX Upgrade d(E,) to monoenergetic

gamma-rays at energies £, =1, 5 and 10 MeV
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FIG. 3. Plasma parameters for discharge #34084 with massive gas injection. From top left to bottom right in clockwise order:
plasma current, loop voltage, core electron density and counting rate measured by the gamma-ray spectrometer

of events, which is about twice at t=1-1.13 s compared
with t=1.13-1.45 s, there is clear change of the shape of
the two spectra, with an overall steeper slope for data at
t=1.13-1.45 s. The Richardson-Lucy deconvolution al-
gorithm has been applied to reflect this difference back
to the RE velocity space, with the results shown in the
bottom panel of figure 3. We find a change of the max-
imum RE electron energy, which is reduced from about
Erg =24 MeV at t=1-1.13 s down to about Erg =17
MeV at t=1.13-1.45 s. The inferred distribution func-
tion also shows an oscillatory pattern, with an amplitude
that exceeds the error bars derived from the statistical
uncertainty of the input data. However, whether this ac-

tually points to the development of local maxima in the
RE distribution function or is simply an artifact of the
deconvolution process is still under investigation (see also
the discussion below). Still, the observed change of the
maximum energy of the RE on the order of a few MeV
seems unambiguous.

Besides MGI experiments, HXR measurements have been
performed also in experiments on the use of RMPs as a
mitigation technique®!®. As for the MGI case, we have
observed changes of the maximum RE energy, particu-
larly when the RMP had the largest effect on the RE
beam. An additional difficulty in these type of experi-
ments was due to the pronounced counting rate which, in
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FIG. 4. (color online) (top) Hard x-ray bremsstrahlung spec-
trum measured for discharge #34084 with MGI in the time
windows t=1.0-1.13 s and t=1.13-1.45 s. (bottom) Runaway
electron distribution functions obtained by the deconvolution
of the data shown in the top figure. The dashed lines indicate
the statistical uncertainty level.

some cases, approached 10 MHz, at the limit of the gain
stability of the instrument. A study of the correlation
between the phasing of the RMP and the corresponding
change of the RE end point energy is presently ongoing
and will be presented in a forthcoming paper.

V. DISCUSSION AND OUTLOOK

The principal value of the gamma-ray spectrometer de-
veloped for ASDEX Upgrade consists in making it possi-
ble to track the effect of different mitigation techniques
on the RE velocity space in disruption experiments, as
shown in figure 4 with reference to a MGI experiment.
There are however also some drawbacks in the present
setup. A first limitation comes from the imperfect colli-
mation to the background radiation at high energies (say,
E, >5 MeV) due to the limited attenuation offered by
the polyethylene shielding of the ASDEX Upgrade Bragg
bunker. An ideal collimation should provide no signal at
the detector when this is placed out of the line of sight
(off-LOS). By repeating the same discharge and perform-
ing HXR measurements with the detector in and off-LOS,
we have observed instead that there is still a counting
rate at the 30% level in the off-LOS position compared
to in-LOS. When this is analyzed spectrally, we find that
the attenuation of the background radiation is poor for
E, >5 MeV, pointing to an insufficient collimation of the

polyethylene wall at high energies. While the measured
signal in the off-LOS position can be used for subtrac-
tion during RE experiments, we have estimated that this
may imply an uncertainty of a factor 2-3 in the ratio
between Erp <5 MeV and Erg >5 MeV REs of the
reconstructed distribution function, while no effect has
been observed on the maximum energy of the distribu-
tion, which remains a robust parameter. A further lim-
itation is then intrinsic to the Richardson-Lucy method
itself, particularly with regard to establishing whether
the oscillations that are often found in the solution are
physical or not'%15,

In order to improve the reliability of the overall inferred
RE distribution function, we are presently developing a
new detector that observes the plasma through a hole
drilled in a 2 meter thick concrete wall, which is expected
to provide sufficient shielding from the background radia-
tion (i.e. virtually no signal in the off-L.LOS position), and
to be placed at a different toroidal location. Concerning
the need to establish whether the oscillations in the RE
distribution function are real, in the absence of a model a
possibility is here to invert the measurements by a differ-
ent method and compare the results with those presented
in figure 4. Recently, first order Tikhonov regularization
has been successfully employed to infer the fast ion distri-
bution function from neutron and gamma-ray measure-
ments at the Joint European Torus by the development
of the so called “velocity space tomography” method!?,
which makes use of weight functions?’22 in the velocity
space to connect actual measurements with the energy
distribution of the energetic ions. A similar approach
might also be tested to invert HXR measurements from
RE experiments and is presently under study.

VI. CONCLUSIONS

A new gamma-ray detector has been developed for RE
experiments at ASDEX Upgrade. The instrument has
MHz capabilities and measures the HXR bremsstrahlung
spectrum in the MeV range as a way to infer information
on the RE energy distribution during disruptions and its
changes in experiments on mitigation by massive gas in-
jection or resonant magnetic perturbations. The exper-
imental results unambiguously indicate a change of the
shape of the bremsstrahlung spectrum in both types of
experiment. The energy distribution of the REs can be
inferred from the HXR data, albeit with some limitations.
We find that the main difference is a modification of the
maximum RE energy, which is reduced by a few MeVs.
Correspondingly, the slope of the gamma-ray spectrum
is observed to become steeper. Future applications of
the diagnostics concern the possibility to systematically
study the impact of different mitigation techniques on
the RE distribution function at ASDEX Upgrade, as a
way to complement more conventional measurements on
the post disruption plasma current dynamics and to pro-
vide an additional parameter for a stringent validation



of first principle modeling (when available) by means of
synthetic diagnostics and data inversion.
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