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In the present article a new diagnostic device in the soft x-ray range, for magnetic fusion plasmas,
is proposed based on a gas electron multiplier detector witi2%cm active area, equipped with

a true two-dimensional readout system. The readout printed circuit board, designed for these
experiments, has 128 pads. Each pad is 2 mm square and covers a roughly circular area. The
operational conditions of the detector are settled to work in the x-ray range 3—15 keV at very high
counting rates, with a linear response up to 2 MHz/pixel. This limitation is due to the electronic dead
time. Images of a wrench and two pinholes were done at rates of 2.5 MHz/pixel with a powerful
x-ray laboratory source showing an excellent imaging capability. Finally preliminary measurements
of x-ray emission from a magnetic fusion plasma were performed on the Frascati tokamak upgrade
experiment. The system was able to image the plasma with a wide dynamic (range than a

factor of 100, with a sampling frequency of 20 kHz and with counting rates up to 4 MHz/pixel,
following the changes of the x-ray plasma emissivity due to additional radio frequency heating. The
spatial resolution and imaging properties of this detector have been studied in this work for
conditions of high counting rates and high gain, with the detector fully illuminated by very intense
x-ray sourceglaboratory tube and tokamak plasma®© 2001 American Institute of Physics.

[DOI: 10.1063/1.1340026

I. INTRODUCTION Il. GAS ELECTRON MULTIPLIER DETECTOR
. . . L A. General features

In the present article a new diagnostic device in the soft _ _ _ o
X-ray range, for magnetic fusion p|asmasy is proposed based Microelectronics and advanced prll'?ted circuit technol-
on a gas electron multiplilGEM) detector equipped with a 09y opened the way to a new generation of gas detectors.
true two-dimensional readout system. By means of a pinhol&Xa@mples of these new devices are micro-strip gas chambers
camera configuration, the plasma has been imaged on tfd micro-gap chambers based on microelectronic tech-
detector with a very high sampling ratéens of kHa. A niques(thin film photolithography and gas electron multi-

readout board with 128 pixels has been designed for thigliers (GEM), well detectors, and groove detectors based on

purpose and coupled to a GEM detector with>2%55 cm advanced prm.te.d cwcwt_ boal@CB) technlque§_. _
; . The submillimeter dimensions of the amplification cells
active area. The system has been set up in our laboratory arg)({j

then successfully tested with the plasma of the Frascati T%i t:: esSZt?zvrlgzcs)lSt?(;r:I;rtlr;ehrinilréc())lfnet::“orgi characteristics:
kamak UpgradéFTU). gn sp 9 9 '

The GEM device, with a selectable sensitivity in the soft The GEM have been developed at CERN by Saaid

their principle of operation is shown in Fig(a.® The detec-

X ray, can be used to image plasmas at very high frequenc¥0r consists of a “drift’ and a “transfer” gas volume, sepa-

to study spatial distribution of x-ray emission, during many otad by a composite mesh acting as an amplifigem
plasma processes, such as instabilities, effects of additiongl;» ). The drift region is defined by the cathode and the
heating, turbulence and so on. upper face of the gem foil, while the transfer region between
The features of the GEM detectors will be briefly sum-iis |ower face and the readout PCB. The gem foil is a thin
marized in Sec. II; electronics, acquisition system and labopolymer foil, metal clad on both sides and pierced by a high
ratory tests will be discussed in Sec. Ill. The general layouiensity of narrow holegtypically 70 um at 140um pitch).
of the proposed diagnostic will be shown in Sec. IV, togethetPotential differences applied between the cathode and the
with estimations of the plasma emissivity in the range ofreadout PCB and to the gem foil generate the field structure
interest. Finally, in Sec. V the preliminary results on the FTUas shown in Fig. (b). Primary electrons, produced by the
tokamak will be presented. photoelectron following the absorption of the x-ray photon in
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FIG. 2. One fourth(fourth quadrantof the printed circuit board with the
GEM foil central readout of the GEM detector with the pixé32 of 128 and their
relative connections.

optimized ratio between the electric field of the drift gap and
of the GEM foil. The squeezing of these two electric fields
inside the hole produces a field of the order of YWocm [see

Fig. 1(a@)]. If the field in the transfer region is greater than 6
kV/cm, most of the exiting electrons are collected on the
readout plane and generate a short current p@8eg that

can be detected by a fast electronics. Each pixel is connected
to a fast charge preamplifigt ABEN 5231), an amplifier
(LABEN 5185, a low threshold discriminatoLeCroy

46080 and a latched scaler CAMAQ.eCroy 8590. Elec-

the upper part of the chamber, drift into the holes where th?r nic boards with char ensitive preamolifiers are direct
multiplication occurs. Electrons are then collected on the onic bo ge sensitive preampiiie € directly

lower printed boardPCB). These detectors have an impor- mounted on the detector case to minimize the parasitic ca-

tant feature: electron multiplication and readout functions aréaa_cnance and reduce the sources of naise. The fast, low

separated. Consequently, the readout board can be design%%‘se electronics coupled to t.he discriminat.ors_and asyncro-
with any geometry and optimized or adapted for the specifi@us scalers ensure high quality data resulting in only statis-

purposes of allowing for a flexible readout, high countingt'C"j“_l_r\]/\cl)'Si'r ; have been d in the laborator
rate, large gain range and good spatial resolution. 0 Xx-fay Sources have been use € laboratory

The spatial resolution and imaging properties of this de—teStS: a weak radioactive source ofF@bout 10 mGi emit-

tector have been studied in this work for conditions of high;[.Ing 'I?\tlv5i%;gv ?]nd a ?ovxt/erft_(ll(t) EW) X.:[La{ soutrce(Phtlﬁl- d
counting rates and high gain, with the detector fully illumi- IpS » Whose electronic tube, with tungsten cathode,

. ) _operates in the range 20—60 kV voltage range with 5-60 mA
E::ﬁgkbglgsghmtense x-ray sourcésboratory tube and to of current. Tests on the GEM detector have been carried out

at 20 kV with 5—30 mA of current. The x-ray tube source is
spatially uniform with area 081 cm, and emits a con-
tinuum spectrum from 2 to 20 keV. In the laboratory tests the
In our detector, the gem structure is a kapton foilg@  x-ray tube source was placed 55 cm from the GEM detector
thick, with a 4um-thick copper coating on each side. A and, because of the air transmission, the minimum energy of
chemical etching proce$gproduces holes with a double- the x-ray photons arriving to the detector was about 5 keV.
conical shape, which are wider in the metal layers than inthe The gas mixture of the GEM detector used in this ex-
kapton. The diameter in the copper surfaces isuffd The  perimentis Ar 66% and DiMethilEther 33%. The operational
holes have a triangular pattern with a distance between theoltages of the chamber are determined by two requirements:
centers of 9Qum to maximize the number of openings of the high gain to detect photons in the 3—15 keV range and very
GEM surface. The cathode is an aluminized mylar foil. Thehigh counting rates. Consequently, the electron signal corre-
drift region is 4 mm high and the transfer region 1.3 mm.sponding to each converted photon has to be as low as pos-
The collection plane is a printed circuit board with 128 sible to minimize the charge produced in the detector but
square pads. Each pad is 2 mm square and covers a roughiigher than the detector noise threshold.
circular areaFig. 2). The efficiency of collection of the pri- Since the electronic noise due to preamplifier and ampli-
mary electrons into the holegem transparengyis maxi-  fier is very low (4—7 mV rmg, we used a discriminator
mized with the geometric pattern above described and ththreshold of 30 mV. The gain of the GEM, in the interval

Read-out PCB

(b)

FIG. 1. Principle of working of the GEM detectdr) Planes, electrodes and
polarizationsb) cross section of the electric field structure.

B. Detector and readout
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1000-2500, is fixed to have the peak oPF&.9 ke\) at 75 700
mV for lower gain or at 200 mV for higher gain. This de- 600
pended on the kind of sourdg-ray tube, radioactive source

or plasma and the purpose of the measureme(Tisunting "
mode or spectral analysisDrift and transfer electric fields §400 ~
are quite high to have a good match between large gains andS 300
high transparency of the GEME@=5.5 kV/cm) and a fast
electron transfer to the readoukE;&7.5 kVicm). These 200
fields are obtained with the readout board grounded and three 100 |-

high voltage power supplies, with negative polarity, for the I P B A B . = Y
two faces of the GEM and the cathoffég. 1). The resulting 0 20 40 60 80 100 120 140 160 130 200
potential differences are, in absolute valug¥, =900 V for Discriminator threshold (mV)

the transfer gapAVgem= 480 V for the gem foil andAVy FIG. 3. Counts as function of the discriminator threshold witR°Beurce

:. 1620 V for th? drift gap. With .these parameters, eleCtronand with x-ray electronic tube. An arrow indicates the correspondence be-
signals on the pixels with P2are in the range 30—130 mV, tween thresholdin mV) and x-ray energy.

with a time duration of 50 ns full width at half maximum.

Since the electronic front enghreamplifiers and amplifiers ) ,
is linear, the pulse amplitude of the final signal is propor-M¢ans of the spectrum of Fe The curve obtained with the

tional to the total number of electrons collected on the pixel.rad'oaCt'Ve source doe snot show the counting plateau be-

This factor has been measured and it is approximately fause of t_he “escape peak” of the Asee spectrum in Fig.
uV/e. Since the photons at 6 keV (B produce about 200 13(b)], falling at 2.8 keV, comparable to the threshold. In the

primary electrons, the gain of the GEM has been easily esticase with the x-ray tube, since most of-the photons. have
mated. higher energy than F& the escape peak is almost entirely

beyond the threshold and the plateau is approached.
As a third step, the linearity of the GEM response has
lll. LABORATORY TESTS been tested at extremely high flux rates. The current in the
A. Detector response at high fluxes upper face of the GEMwhere part of the ions produced in

The whole system, detector and 128 independent eleé[-he avalanche in the hole are collegtethd the counts per

. . ixel are plotted in Figs. (@) and 4b) for different values of
tronic channels has been tested in the laboratory to study t Beo x-ray tpube currentg Tr(1e) souré(e )has been screened by a foil
imaging properties at very high counting réte to 6 MHz/ '

. of Al 200 um thick to limit the x-ray flux onto the detector
pixel). . . [Fig. 4@)]. These curves show an excellent linearity up to 2
To obtain an x-ray image, absolute counts of 128 chanz v’ “~° _.

Hz/pixel. Since the current measured on the upper face of

nels have to be compared. Therefore, the counting rate ; :
each pixel has to be insensitive to fine adjustment of thz € GEM (gew) is proportional to the detected photons, we

discrimination threshold or small differences in electronic2" conclude that the response is lingigs. 4a) and 4b)]
. " . . . over all the measured range. On the contrary, the number of
gain (condition of counting plateau Since the detector is e :
S : . . photons counted by the electrons is linear up to 2 MHz/pixel
working in a proportional regime, the amplitude of each

pulse is proportional to the energy of the absorbed photon. I%F'g' 4@] and saturates at higher valugisig. 4(b)]. This

" ack of linearity is due to the dead time of the electronics.
our condition, the peak of P2 (5.9 ke\) corresponds to a Experimental points are indeed well fittétbntinuous curve
pulse height of 75 mV. Since the threshd®D mV corre- b P

sponding to 2.4 keYis much lower than the minimum en- with a dead time of about 170 ns. It can be concluded that in

e ; our experiment setup the limit is given by the electronics,
ergy of the photor_1_s arrving to_the deteci . out 4 ke\% . being higher than the limit of the chamber. The maximum
the required condition of counting plateau is satisfied. This : . ) o

" . number of counted photons in this configuration is 4 MHz/
condition also prevents the systematic error due to the base

line shift of the amplifiers at very high counting rates, asp.'xeI (correspondmg o fOph/s mif). Since the t'me dura-
observed on the oscilloscope at rates of the order of a fe\}\}on O.f the electronic s_lgnals can be r_educed, in the next
) . . .~ experiments, the counting rates will be increased.
Mhz per pixel which produces an increase of the base line:
Since the signals are negative, this corresponds to a raising
of the absolute value of the effective threshold. Since th
change can be up to 30%, the threshold is low enough th
the minimum energy of the photons and counting is not af-  Once the parameters of the detector have been set up to
fected. The same condition is matched on the tokamak FT@llow the highest counting rates, measurements were per-
where the continuum spectrum emitted by the plasma is filformed in the laboratory to study the imaging properties in
tered, at low energy, by two windowBe 100um and mylar  these conditionge.g., spatial resolution, cross talk of adja-
50 um) and 10 cm of air. In Fig. 3 the counts of the GEM cent pixels, dynamic of the pattern, sharpness of the edge
detector as a function of the discriminator threshold are plotbetween light and shadow, etc.
ted using both the x-ray tub@0 kV, 5 mA) and the F& In the preliminary test, the uniformity of the detector
source as x-ray generators. The relation between the pulsesponse has been checked, since the x-ray source is very
amplitude and the photon energy has been obtained byniform. The statistical distribution of the pixel counts is

ZE}. Imaging properties at high fluxes
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) . | . The background is less than 20 counts/ms.
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FIG. 4. Current measured on the top face of the Gé&ight ordinate and
counting rategleft ordinatg on 1 pixel for different x-ray tube intensities.
(a) With 200 um of aluminum as a filter(b) without any absorber. Con-

adjacent pixels at the edge is about 20.
These tests have revealed excellent imaging properties
of this detector at very high raté2.6 MHz/pixe). The shape

tinuous line for the counts is a fit taking care of the electronic dead timeOf the wrench is recognizable, even with a restricted number

(170 ng.

of pixels.

Gaussian like with a standard deviation of about 5% of thdV. LAYOUT OF THE IMAGING SYSTEM AT FTU

mean value.
The first measurement has been done with a lead shield

5 FTU is a compact, high field tokamakwith major ra-

cm from the detector and the x-ray source 55 cm distant. Thgius R=0.935 m, minor radius=0.3 m, toroidal fieldB,

shield had two pinholes of diameter, respectively, 1 and 1.

3<8 T and plasma current,<1.6 MA, with the ability to

mm. The image is plotted in Fig. 5. The smallest pinhole is

quite well centered on a pixel, whose counts are 75% of the
total with only one pixel significantly illuminated. On the
contrary, the largest pinhole illuminates four adjacent pixels. 20
The total counts of the two pinholes are proportional to their
respective area. The background counts in the rest of the g . B =5
chamber are less than 2% of the peak of the pinholes and &5 TR EEREEE
result from fluorescence of the lead shield.
. _. | I N | . i = = = =

In the second measurement, the smallest pinhole has
been shifted 1 mm in a few steps. In the intermediate posi- 10 Hn .-. | ICEEEE R
tions the interchange of the two close pixels is observed. r-.. .. ® = = =
Total counts in all the steps vary by less than 5%. Within a -. .... A = = = =
few percent, each photon is counted only ofice multiple s .-. 5
events and no cross talk is observed, as expected because
the dimensions of the pixels are greater than the transverse L . S =
spread of the electrons. ol EREsEpm

The third measurement is a shadowgraph of a wrench 0 5 10

(Fig. 6), placed close to the detector. Also in this case the
x-ray detected flux is of the order of 2 MHz/pixel. In the

FIG. 6. Image of a stainless steel wrench placed closed to the detector, at

represgntation the area of the square related to eaf:h pixel\}gry high counting rateG@bout 2 MHz/pixel. In the representation the area
proportional to the counts. The edge between light anaf the square related to each pixel is proportional to the counts.
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FIG. 7. Schematic view of plasma cross section, port, pinhole and GEM  FIG. 8. X-ray spectrum for an ohmic plasma of FTU tokamak.
detector for the FTU tokamak.

(R), for a typical ohmic plasmécentral electron temperature
operate over a wide range of densities (0.3-310°°m ).  of about 2 keV and density #bcm™3). The spectral distri-
The plasma discharges last about 1.6 s with a current flattopution is due to a continuum contribution, well fitted by an

of 1.2 s. exponential decay exp(E/kT), and by line emissiongua-
The total number of photons emitted by the plasmasicontinuum of recombination is negligible in this rangie
reaching the detector is particular, there are stronglL-shell emissions of
molybdenun (transition energy 2—3 keVand theK-shell
N:f e(x,y,2)AQdx dy dz emissions of Ni, Fe, Cf4—7 ke\). Since the x-ray range
v measured at the FTU with this GEM detector is 4—-15 keV

wheree is the emissivity as a function of the spatial coordi- (0-8-3 A, we can estimate, from the spectrum of Fig. 8, the
nates and\() is the solid angle of the detector viewed by a averaged emissivity= 10" (ph/s cnisn in this range. Since
point in the plasm&Fig. 7). Due to the tokamak axisym- the volume of the plasma seen by the detector through the
metry and the perpendicular observation of the plasma, onilit is roughly 16 cn?®, the total number of photons arriving
one-dimensional images can be done as a function of that the chamber is about 16™*.

minor radius. Taking into account the conversion efficiency ~ Taking into account the absorption efficiency of the gas
a(E) of the detecto(window transmission and gas absorp- (Ar) of the GEM chamber, we can estimate a detected pho-
tion) as function of the photon enerdy we can estimate the ton flux of 1 MHz/pixel equivalent to 2§10° ph/s mnf.

number of detected photoi: in each pad,j (pixel) of the ~ Since the counting rate limit is much higher, as shown in
readout board, with energy greater or equal tBan Sec. lll, the detector can also measure more intense x-ray
emitting plasmas, as in the case of additional heating with

NE(iyj):J AQ(i,j)dx dy dzfdeaEeE(x,y,z,E), radio frequency power. In the configuration previously de-

i E scribed, we can select two different sampling frequencies of
e scalers: one lower at 1 kHz and one higher at 20 kHz. In

where the spatial integration is performed over the plasméqh. - . "
is second case it is necessary to work in conditions of very

volumeV;; whose image is formed on the pagd. . : .
The preliminary measurements, discussed in the foIIow—,["gi'l?Ofrl]u)(O:c‘ﬂj,l{thees(>ai1 'VII.;'Z/ pl\'/lxsrlzeéogreqtu.ce ;he'ETgt;Etlcezlt?;he
ing, have been performed with a rectangular slit 20 mm wideatons sampiing. VEr, IS poss! S

. . . minimum energy of the detected photon, adjusting the low
(b;) horizontal and 2 mm higkwvertical) (b,) placed on the N . .
equatorial port at roughly 200 cm from the center of theth.res.hOId Of. the d|scr|m|nator§. Using douple thrgshold dis-
plasma. criminators it should be possible to have image in a preset

Since the FTU tokamak has ports far from the plasmarange of energy.
(L>a), the expression for solid angle can be approximated

as a constant and moved out of the integral
V. PRELIMINARY RESULTS ON THE FTU TOKAMAK

b.b
AQ=~ % N~Aﬂfvedx dydz Since a tokamak is a harsh environment, both for elec-

trical noise and for radiatiofneutrons, gamma raysa pre-
The optical resolution of the image due to the slit, 2 mmliminary check of the noise on the system was performed. In
high, is comparable with the spatial resolution of the deteca standard plasma discharge, with the detector not illumi-

tor. nated, the rate increased to 300—400 Hz in the plasma
With a rotating crystal spectrometerrightness(line  start-up phase and was around 100 Hz in the steady state.
integrated emissivity along a central line of sight was When the GEM detector is exposed to the plasma, the

measure® and shown in Fig. 11, expressed in wavelengthcounting rate for central lines of sight can vary from 100 kHz
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FIG. 9. Signals from 4 pixels of the GEM detector with a central line of
sight and for an ohmic plasma. 1

to 6 MHz, depending on the plasma conditions, as shown in
the following. The signal to noise ratio is therefore in the 0 L L L
range 16— 10°. 025 -020 -0.15 -0.10 -005 0 005

The new diagnostic system was mounted on the FTU in Radial distance (m)
a te_mporary and not optimized arrangement just to have thIQIG. 11. Electron temperature radial profiles from Thomson scattering for
preliminary tests on plasma and to check the performancge shot of Fig. 13. The lines of sight of the pixels of Fig. 13 are shown.
and potentiality of the GEM detectors as diagnostic system.
The optical view of the detector is limited to roughly one density due toD,

third of the minor radius. To view the x-ray emissions as :
rates vary from Iflattop) to 3 (start-up phaseMHz/pixels.
functions of the radius, the device was tilted off axis. y X P ( P phase P

. o . o The system has been tilted to investigate the intermedi-
Time histories of 4 pixels are shown in Fig. 9 for shot

. S te radial positio8<r<16 cm where the largest gradients
18 608. Since the GEM detector is aligned along the centraiccur_ In this position the signals of the pixéth 3,4 of Fig.

line of sight, the pixels show just small differences with thelo) that view the outer region are very low in the ohmic

spatial position(in the start-up phase the difference is a bit phase and grow when plasma is heated by lower hyh#it
higher because the soft x-emissivity radial profile is VerYand electron cyclotron heatingECRH).%1° The radial posi-

peaked at the centerThe signals follow the line evolutions tions of the plasma viewed by the pixels ch 1,2,G54. 10

(fotge E(gtgx—ragt_eTgsions. For szmplz,dthe_ dropst at ?re indicated in Fig. 11 together with the electron tempera-
=0.8,t=0.9, andt=1.0 s are caused by sudden increases of, o r4jg| profile¥! at three different timegohmic, LH, LH

+ECRH), measured by means of Thomson scattering. Sig-

multiple pellet injections. The counting

5000 nals with higher sampling raté20 kH2) are shown in Fig.
[ Lower hybrid 12. The spectral distribution of the photons emitted by the
™ e plasma and detected by the chamber is shown in Fig. 13 for
= ectron

cyclotron
4000 |-
g . :,,,1160
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FIG. 10. Signals from 4 pixels of the GEM detector aligned off axis for a
plasma heated with radio frequency powieH and ECRH from ch 1 more FIG. 12. Examples of fast acquisition with 20 kHz of sampling frequency
central to ch 4 at half radius. for two ohmic shots.
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