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ABSTRACT. Status of several projects under development in BudkeriNP GEM-based detec-
tors for synchrotron radiation imaging and particle trackis reviewed. These are namely: the
detector for imaging of explosions(DIMEX) at SR beam, théed®r for WAXS studies at SR
beam (OD4), the triple-GEM detectors for the tagging systétd{EDR experiment at VEPP-4M
collider and the triple-GEM detectors for the tagging systaf Deuteron experiment at VEPP-3
storage ring.
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1 Introduction

Gas Electron Multiplier (GEM)1] combines high granularity of the amplifying elements @)l
with very attractive mechanical properties. Cascaded GEfdalors can provide high spatial reso-
lution together with high rate capability. Combination bése features is often necessary in X-ray
detectors for the experiments with synchrotron radiat®R)(as well as for the applications in par-
ticle physics when tracking detectors are located closeadéam. In the present review the status
of several projects that are under development in the Budistitute of Nuclear Physics, Novosi-
birsk with single or cascaded GEM detectors are describéidoréjects are aimed at developing
devices or systems that combine high spatial resolution gh rate capability.

The detector for imaging of explosions (DIMEX) is develoged imaging of synchrotron
radiation from separate bunches in the storage ring andatfass viewing an evolution of very
fast processes. GEM serves as a screening mesh (Frisghagfticadjustable transparency in this
detector. Last results with reduced GEM transparency willlemonstrated that allowed improve-
ment of dynamic range of the detector by a factor of 2.

The OD-4 is arc-shaped detector with 350 mm focus distansedban GEM cascade. Read-
out PCB has 2048 30 mm long radial strips at a pitch of 0.2 mrheatriner side. The detector is
planed for operation in counting mode with single discriator threshold. The first full-size proto-
type partly equipped with electronics demonstrated goadiagesolution of 0.5 mm (FWHM) as
well as high rate capability of 150 kHz/channel with 8 keV fuhs and Ar-25%C0O2 gas mixture
at 1 atm.After these measurements the detector conceptigraicantly reconsidered and new
electronics is now being developed.

The tagging system of KEDR detector is a two-shoulder magsetectrometer that was de-
signed to measure precisely the momenta of electron anttrgoshat lost their energy through
two-photon interaction. 8 triple-GEM detectors with srraatigle stereo readout are operating in
this system. The first experience after operation duringéason 2010-2011 will be reported.



Drift electrode Radiation protection

Be window .
Readout electronics

: I / \
SR beam /4’ ‘
GEM PCB I Metal frame
Strip structure Al body

Figure 1. Schematic view of the DIMEX.

The tagging system of Deuteron experiment is a new projettstiarted last year. This will be
also a magnetic spectrometer that will measure preciselyribmentum of electrons or positrons
in the range of 0.1-1 GeV. The detectors should contain asalmeunt of material as possible in
order to reduce multiple scattering.

2 Thedetector for imaging of explosions at synchrotron radiation beam

The DIMEX is developed for the studies of fast proceses athayiron radiation beam by viewing
the time evolution of X-ray projection image of an explodsgmple or the small angle scattering
pattern (SAXS) of an exploding sampl2-p]. The DIMEX allows collection of the signal from
individual electron bunch in a SR source without mixing itlwthe signal from neighbouring
bunches. Thus the time resolution of the method is deteidrigehe bunch length but not the time
resolution of the detector. In the VEPP-3 storage ring thatsed presently for the experiments
with the DIMEX the bunch length is about 30 cm and the time gefvben bunches is equal to
250 ns in single-bunch mode.

The DIMEX is a high-pressure ionization chamber with mattip readout structure (figudg.
Collimated SR beam enters the gas volume filled with mixtdidéesCO, (75-25%) through beryl-
lium window. X-ray photons with average energy20 keV are absorbed in the gap between the
high voltage drift electrode and the GEM. Primary electrdrt through the GEM that shields
multi-strip readout structure from positive ions. The GEbkd not amplify primary electrons, but
absorbs part of ionization and thus operates as attenizoh strip of the readout structure is con-
nected to an input of the integrator chip APC188 [Each of 128 channels of this chip contains
a low noise integrator and 32-cells analogue pipe-line that be read out through an analogue
multiplexer.

Complete description of the DIMEX performance was presteteewhere (seel[5]). The
detector demonstrates spatial resolutior~®.2 mm (FWHM), maximal signal-to-noise ratio of
~100 and time resolution better than 50 ns. Maximal frame i® MHz, frame size is 512
channels and one experiment contains 32 frames. In thenineséew we describe the last results
of the optimization of the detector parameters.



One of the critical parameters of the DIMEX is maximal phoflux that can be measured.
This value determines the best precision of signal measmethat can be achieved. DIMEX
is integrating detector and maximum value of the signal temeined by the saturation limit of
APC128 integrators. In order to increase the maximal phbitorthat can be measured, the signal
from one photon has to be reduced. The signal from indivighaton can be modified by the help
of the GEM. According to general dependances establishgd ihe resistive divider that supplies
high voltages to the detector electrodes was modified toceethie GEM transparency. The drift
field was increased, while the induction field and the field BMGholes were reduced. In the
optimal fields configuration the drift field was about twicglinér than in the initial configuration,
the field in the GEM holes and the induction field were twicedowhan in the initial configura-
tion. The relative trasparency, that was measured as tioeofasignal with the optimized divider
and with the initial divider at fixed conditions of irradiati, was reduced by a factor of 5 in the
optimized case.

As a criterion for comparison of the performance with optied electric fields we chose the
registered photon flux, calculated assuming that the imageris related only to quantum noise.
This value is called in literature "noise equivalent quarda NEQ [8]. For the comparison of
optimized performance with the initial one, the two detesteere used. They are called below
as DIMEX1 and DIMEX3. The DIMEX1 detector is the first versiohthe DIMEX that was
used by the users for a long time and comparison of its pedoom with the new detector is quite
important. The DIMEX1 has the resistive divider inside gakiine and thus it can not be changed.
The DIMEX3 is the last version of the detector that has thistige divider outside the gas volume
and thus allows for its modification. All main parameters luéde versions of the DIMEX are
similar except of some design features. NEQ as a functioigoféin two different detectors and
in one detector with two different resistive dividers is wimoin figure 2. In the case of reduced
GEM transparency the DIMEX3 detector allows foB times higher registered photon flux at the
same value of signal. Thus similar increase in maximal teggdl photon flux can be expected.
DIMEX1 and DIMEXS are similar, and DIMEX1 had the initial ig8ve divider. However the
drift and the induction gaps in the DIMEX1 could be slighti§ferent from the DIMEXS3 that can
explain the difference in performance with the same resistivider.

In figure 3 the results of the measurements of spatial resolution asepted for the detector
with reduced GEM transparency. The measurements wererperfowith the beam positioned
below the GEM into the induction gap and above the GEM (nowaak). This test was performed
because of the suspicion that reduced transparency mighe ckegradation of the resolution. The
results demonstrate that the spatial resolution is predesithin statistical accuracy.

DIMEX with improved dynamic range was successfuly used & eéRperiments during the
season 2010-2011. As an example figdrdemonstrates the density distribution obtained after
processing of the result of the experiment where a cylimdirixploding sample was positioned
perpendicular to the SR beamq]). In this experiment the cylindrical charge of TATB expices
was fastened such that its axis was perpendicular to thewdiat beam of SR. The diameter of
the charge was 2 cm, the length was about 7 cm, the height @Rheeam was 0.5 mm and the
width of the SR beam was close to 2 cm. The detonator was atlachthe charge at one end of
the cylinder. After the initiation of the detonator, the aletion wave runs along the cylindrical
charge. At the same time the DIMEX stores one dimentionalggsaof the SR beam passing
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Figure 3. Spatial resolution of the DIMEX (line spread function). titmntal scale is in channels. Each
channelis equal to 0.1 mm. Comparison of irradiation aboz&@nd below GEM.

through the exploding sample every 500 ns synchronouslly thié bunches in the storage ring.
When the detonation wave reaches the layer where the SR bessegthe sample, the material
of the sample at the layer becomes denser and the beam intestered by the DIMEX drops.
After the detonation wave the sample starts to decay andehm lintensity after the sample starts
to grow. As the velocity of the detonation wave is constam can recalculate the time after
passage of the wave into the distance from the detonatioe.wEhis distance corresponds to the
horizontal axis of the plots in figue Assuming that the sample is symmetrical we can recalculate
the beam intensity measured by the DIMEX into density of tlaemal as a function of radius in
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Figure 4. The distribution of density (left) and the value of densitgng the axis (right) in an exploding
cylindrical sample of TATB explosive with initial densityf .85 g/cc. The image is obtained with the
DIMEX with improved dynamic range.

the sample. This density map is shown at the left plot of figurEhe detonation wave is at Z=-2.5
cm and to the right from the detonation wave the density gibiyldrops. Particular shape of this
density map helps to understand the basic laws of matefiw@vi@ in the conditions of very high
densities and temperatures.

3 OD-4, thedetector for WAXS

The detector for wide angle X-ray scattering (WAXS) stud®4, based on GEM cascade is
under development in the Budker INPOF12]. The OD4 has arc-shaped GEM cascade read out
with multi-strip structure with the strips directed to theattering source. Schematic view of the
OD4 is shown in figuré.

X-rays from the scattering source get into the detector hoouigh beryllium window and are
absorbed in the gap between the drift electrode and the td@. ®Emary electrons drift towards
the GEM cascade, amplified in it and induce signal on thesstrithe distance between the top
GEM and the drift electrode is 5mm, the distance between Gigle triple-GEM cascade is 1.5
mm and the distance between the bottom GEM and the strip$ isi&. The inner radius of the
multi-strip structure is 350 mm, the strip length is 30 mne #rip pitch is equal to 0.2 mm at the
inner side and the number of strips is 2048. Thus the angplkatture of the first detector is about
67 degrees.

The OD4 will be equipped with custom made electronics thde&gned to work in counting
mode with one discriminator threshold. Each channel coatareamplifier, discriminator and
scaler. If a photon produces the signal higher than theidigtator threshold, it is counted by the
scaler and photon position is associated to a strip number.

The OD4 is designed to work with low energy photons with epdirgm 5 keV to 15 keV and
is filled with Ar-CO, (75-25%) gas mixture at 1 atm.

The final electronics for full size detector are not yet reaaiy for the testing of main parame-
ters only 32 channels in the central part were equipped Wétttrenics. The detector was installed
at the SR line at the VEPP-3 storage ring. For all the measam&syimonochromatic beam of 8.3
keV photons was used.
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Figure5. Schematic view of the OD4 design.

In figure 6 the relative counting rate as a function of the voltage oistigs divider and single
GEM is presented for different discriminator thresholdbe Telative counting rate was determined
for each curve as a ratio of actual counting rate to the aeeraig on the plateau. The irradiation
was performed with narrow 20m wide beam aligned at the center of one channel. At the points
where the relative rate is equal to 0.5, the signal produgeal $ingle photon is equal to the value
of the discriminator threshold. Using the data from elautrccalibration we can calculate the
corresponding gain values that are shown in fighr®gether with the extrapolation curve for
higher GEM voltages.

For characterization of spatial resolution of the OD4 tharttel response curve was measured.
The detector was scanned with 2th wide X-ray beam and counting rate of several channels was
measured. During this measurement the high voltage at GEMdh&e discriminator threshold
were kept at the values that provided 90% detection effigiefitie channel response curves for
three neighbouring channels are shown in figsirerhe channel aperture(FWHM of the channel
response curve) is equal to about 0.5 mm. It is wider than kaamel pitch (0.2 mm) due to
photoelectrons range and transverse diffusion of elestoortheir path to the strip plane. However
the value of channel aperture of 0.5 mm is enough to achieventin objective of the OD4: to
distinguish the points at an angular distance of 0.1 degree.

One of the advantages of GEM-based detectors is their higlcegability. This parameter is
important for application for WAXS because it determines éxposure time and thus affects time
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resolution of the dynamic studies. The result of the measeant of OD4 rate capability is shown in
figure9. Details of the conditions of this measurement can be fonffitil]. There is no degradation
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of efficiency observed till the maximum rate in the measuranoé~ 2+ 10°counts'(channels).
The study of main parameters of the OD4 demonstrted thatdetelstor is feasible. At present
the full size detector fully equipped with electronics islenconstruction.

4 Triple-GEM detectorsfor the tagging system of the KEDR experiment

The KEDR detector on the VEPP-4M electron-positron cotlifiE3-15] contains a unique tagging
system (TS) that is intended for study of two-photon intdoas [16, 17]. The TS uses the



Figure 10. Schematic view of the KEDR tagging system.

accelerator magnets as part of the spectrometer as showguie fi0. The dipole magnets allow
registering electrons and positrons leaving the intevagtioint at zero angle after loosing part of
their energy in photon-photon interaction. For simpligtych particles will be called as "scattered
electrons” (SE) below. The lower energy SE is taken away fiteerequilibrium orbit with the help
of vertical magnetic field and then detected in one of the fagging system stations TSTS,.
The quadrupoles focus SEs in such a way that their transeexselinates in the detector planes
almost do not depend on their initial angle. Thus measuhegbordinate one can unambiguously
determine the particle energy.

Initially the tagging system included 8 stations based dit tibes which allowed measuring
the SE track coordinate in the beam orbit plane with an aeeragolution o~300 um [16, 17].
For the purpose of improving the spatial resolution and ragidive possibility of rejection of the
single Bremsstrahlung (SBS) background,the upgrade afytsiem was performed$-20]. Each
TS station was supplemented with a high resolution two-dioate detector based on cascaded
GEM) in front of it.

Each detector for the TS upgrade contains a cascade of 3 GHiM®wpacing of 1.5 mm.
Each GEM has a hexagonal structure of holes ofi@0in diameter with a pitch of 140im. The
GEM thickness is 5um. The distance between the bottom GEM and the readout graiteuit
board(PCB) is 2mm and the distance between the top GEM ardtithelectrode is 3mm.

The PCB contains 2 layers that are shown schematically imefighi The top layer(straight
strips) contains strips 6@m wide. The bottom layer(stereo strips) consists of stri@am wide
that are divided into straight sections and bridges coimgecteighboring sections so that a stereo
strip is on an average inclined at a certain angle relatiibecstraight strips. Such configuration
of the bottom layer provides uniform charge induction thagéginot depend on the position along
a strip.Straight sections of the stereo strips have diftelength depending on the position in the
detector. In the central area, up to 1cm from the centraleptdrihe detector the straight sections
are 1mm long that provides the angle between stereo andtdtsiiips to be equal to 300utside
this area the straight sections are 5 mm long and the angleebetstereo and straight strips is
close to 11.Such layout provides better spatial resolution in theis@rdirection in the central
area which corresponds to the region around the orbit plahe. GEMs and PCBs were produced
by the CERN workshop.

Two types of detectors were designed. Stations TS4 are pepliwith detectors of a 256x100
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Figure11. Schematic view of the PCB with small angle stereo readauwidght strips marked as light grey,
stereo strips marked as black. Straight sections of thestrips have different length, depending on the
position in the detector. This is marked as 1 mm and 5 mm puwjrat the straight section.

mnY sensitive area. Stations TS1-TS3 contain detectors wit8a1D0 mm sensitive area. Each
large detector has 1024 channels (512 in the straight lay®642 in the stereo one). Each small
detector has 512 channels (256 in the straight layer andr28&istereo one). 4 spare detectors
were also assembled (1 large and 3 small ones) and have beérioudests in the cosmic-ray
set-up.

A study of main parameters of the GEM detectors was perforwidta series of tests with
cosmic particles. Detailed description of the set-up asdlte of these tests can be found 9
20]. Three detectors were fixed one over another at a distanabaaft 3 cm with plastic scintilla-
tion counters on the top and the bottom of the stack. Thedrigmgnal was formed on coincidence
of signals from the scintillation counters. The detectgrerated with an Ar-25%C§£gas mixture.
The efficiency was determined as the ratio of events withkgrdbat caused signals in both the
straight and inclined strips of the central detector to adirgs with tracks that produced signals in
the top and bottom detectors.The dependence of the effic@ngas amplification in the detector
is shown in figurel2. The gas gain here was determined via measuring the avaragefsignals
from the straight and the inclined strips and correctingiihvihe coefficient defined by electronic
calibration.

From the figure we can see that the efficiency plateau staatgainh of~25000 and the plateau
level is around 98%. The measurements of spatial resoluiere performed at a gain e$30000.
The result of the measurement of spatial resolution in thectdon perpendicular to the straight
strips is shown in figur&3. The figure demonstrates the distribution of residualsthedifference
between the calculated coordinate of the point where a tamdses the detector and the measured
position of this track. The track position was determineamhfrsignals in the detector channels by
the Center of Gravity (COG) method.

The fitted standard deviation of the distribution in the faegigr89um. Since the detectors were
expected to be similar, the resolution can be calculateah fitus figure asoget = Omeas \/ﬁ
where gget IS the resolution of the detector amgheasis the measured standard deviation. The
resolution of the detector is equal+a/3 um.

—10 -
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Figure 13. Distribution of residuals of the TS triple-GEM detectorthre direction perpendicular to the
straight strips. The derived intrinsic resolution of théed¢or is equal te-73 um

Installation of all triple-GEM detectors in the TS was cogtpl in the beginning of 2009.
During the season of 2009-2010, operation of the GEM DAQ wvedimed and the system was
being started. At the beginning of the season 2010-2011&Mber 2010), the GEM system was
included in the KEDR DAQ. Detailed description of the detealectronics and data acquisition
system can be found ir2(].

High quality tracks from the TS stations were selected faliays of the operation of the
GEM detectors together with drift tubes hodoscopes. Thern3BM detectors were scanned for
charge clusters in both the straight and inclined layers @eréain position corridor around the
reconstructed tracks. The GEM detector is considered efii¢i charge clusters are found in both

—-11 -
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the straight and inclined layers.

The results on the main detectors parameters such as gadicatiph and efficiency are
shown in figuresl4, 15. Figure 14 presents the dependence of the TS-GEM detector gain on
the resistive divider voltage. The gain value is obtaineinfthe sum of signals in both layers by
multiplying the calibration constant obtained by elecicocalibration. All the detectors demon-
strate exponential gain-voltage characteristics. Detelcand detector 5 show a gain substantially
different from that of the other 6 detectors due to deviatiorthe resistive divider parameters. The
maximum gain of 40000-50000 is not limited by a discharge,the measurement was stopped
at these points because a substantial fraction of signadiméed by the dynamic range of the
front-end amplifiers.

Figure 15 shows the dependence of the efficiency on the gain of the tdetefor all the 8
GEM detectors. All the detectors except detector 2 and t@té&cshow a very similar behavior
with efficiency close to 90% at a gain value of 20000 and efficjeplateau level between 95% and
98%. This is rather close to the result of the measuremeiit @asmic particles (see figue?).
The GEM detectors work in a rather noisy environment vergelm the beam. Detectors 1,2,5,6
are disposed 25 mm from the beam, and detectors 3, 4, 7 and3® anen from the beam. The
high level of pick-up noise often causes some excess pédiestaiations which are crucial for
selection of charge clusters. The higher pedestal noiseimbst probable reason for the smaller
efficiency plateau in the case of detectors 2 and 5 in figdreNevertheless, both the detectors
have efficiency close to 93% at a gain~e80000.

Stability of the GEM detectors during the beginning of 2@0%1 run is demonstrated in
figures16, 17.During the first month of operation, the high voltage on tetedtors was tuned for
reaching a gain higher than 20000 in all the detectors, ev@mmvatmospheric pressure is getting
to its highest values. As we can see in figli the gain exhibits synchronous changes in all the
detectors following the atmospheric pressure. After sucing, the efficiency in all the detectors
is kept higher than 95%.

—12 —



Figure 15. Efficiency as a function of gain for the 8 detectors of theGBM system.
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Figure 16. Gain as a function of time for the 8 GEM detectors during tret fnonths of operation.
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5 Thetagging system of the Deuteron experiment

The method of an internal target in a charged particle seoragy was proposed and first used in
nuclear-physics experiments in the late 1960s at the umstaf Nuclear Physics (INP), Siberian
Branch of the Russian Academy of Sciences, Novosibizgk 25]. The internal gas target of the
storage ring26] consists of polarized deuterium atoms injected in the fofiajet with an intensity

of 8*10'6 at s 1 into a thin-walled T-shaped storage cell with open edgesinBimg from the cell
walls, the atoms can multiply cross the electron beam ctmd through it, thereby increasing
the target thickness. Almost all advantages of the inteiarglet technique have been realized at
INP over the succeeding period. For example, a number ofrempets were conducted at the
VEPP-2 electron storage ring to study the properties ot ligltlei with coincidence detection of
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Figure 17. Efficiency as a function of time for the 8 GEM detectors dgitine first months of operation.

the scattered electron and nuclear decay products, imgutlie slow particles. Experiments with
a tensor-polarized deuterium gas target have also beemcteudhere for the first time.

Further progress of the experiments is associated witmtheduction of an almost-real pho-
ton tagging system (PTS) at VEPP-3%)]). It will allow a series of measurements of the polarized
observables with photon energies up to 1.5 GeV to be madeiougreactions with photon absorp-
tion. For example, the deuteron photodisintegration eérpant, where, according to unpolarized
measurements, the transition to a quark-gluon descrijtidine reaction is observed already at an
energy~1GeV [27], is expected to be continued.

PTS is located inside the experimental straight-line eacéind does not disrupt the storage
ring beam optics (figuré8). PTS has three "warm” dipole magnets (D1,D2,D3) with maigrieeld
integrals of 0.248, 0.562, and 0.314Tm. The internal taf8€&) lies between the first and second
magnets. The electrons that lost their energy through &pkat reaction on the target and that re-
tained the direction of their motion close to the initial are deflected from the storage ring beam
trajectory by the strong field of the second magnet and arellexpthrough a window from the
vacuum chamber of the storage ring. The system of positositve detectors based on cascaded
GEMs determines the flight coordinates of these electrotrggger sandwich scintillator is located
after the position-sensitive detectors. Anticoincidenegth the sandwich scintillator (S1,S2) al-
lows most of the events from the bremsstrahlung of electoorigrget nuclei to be rejected.

Three triple-GEM detectors are planned to be installed @RA'S. In general the detector
design will be very similar to that of the detectors for the D TS. The detector sensitive area
will be 150*40 mn. The readout board will contain two layers: the inclined trestraight strips.
The inclination angle will be 30 degrees. Multiple scattgrin the detector material will affect the
track position resolution in the PTS unlike the KEDR TS, wéhenly one high resolution detector
is installed just after the outlet window in each station.otder to minimize multiple scattering
the detector elements will have reduced thickness of cogpen to 1-2um at each GEM side.
Such approach was investigated 28] and it was found that the reduction of copper layers does
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Figure 18. Schematic view of the almost-real photon tagging system\{itew). D1, D2, D3 — three dipole
magnets in the tagging system; QL1, QL2 quadrupole lenged P- target polarization controlmagnet;
S1, S2 — trigger sandwich scintillators; ABS — polarizednaito beam source; SC — target storage cell;
BRP — Breit-Rabi polarimeter for ABS jet atoms; CP1, CP2, OBB — cryogenic and getter pumps; V1,
V2 — gate valves of the experimental section.

not affect the detector performance. Triple-GEM detectidh weduced copper layers will have
material budjet of~0.15%Xy that will decrease the influence of multiple scattering angpatial
resolution of the detectors in the PTS below 6

6 Conclusions

Micro-pattern gas technology is actively used at Budker. [Nf#s review describes four projects
where GEMs are applied in X-ray detectors and particle tracketectors. In all cases the use of
GEM is dictated by high particle rate and high spatial redmfuneeded in each application. Two
projects are almost completed, these are: DIMEX — the datdot imaging of explosions at SR
beam, and the triple-GEM detectors for the tagging systetheoKEDR detector at the VEPP-4M
collider. The final version of the DIMEX is currently used hetstation "VZRYV” at the VEPP-3
storage ring, and another station with the DIMEX is understauttion at the SR line of the VEPP-
4M storage ring. The tagging system of the KEDR detectoress&fally worked during the season
2010-2011 with all triple-GEM detectors in operation witte tefficiency above 95%. The detector
for WAXS studies (OD4) with arc-shaped cascaded GEM as thdifien is under construction
now. The final version of the electronic board that will irddualso the readout strip structure of
the detector is being designed. The Photon tagging syst@if)(&f the Deuteron experiment at
the VEPP-3 storage ring is new project that was proposedyé&est The system is planned for
installation at the storage ring in two years from now.
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