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Introduction to X-ray Detectors for Synchrotron Radiation Applications
 Pablo FajardoInstrumentation Services and Development DivisionESRF, Grenoble
 EIROforum School on Instrumentation (ESI 2011)
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 Outline
 Some general considerations
 Families of SR experiments• Basic detection schemes
 X-ray detection principles• Intensity measurements• Energy dispersive detectors
 A few final comments
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 Detectors in SR applications
 Experiments built around the sample:- A “sample-centric” approach- Importance of sample environmentand manipulation
 Nearly always:- Probe is the X-ray beam - Measurement and data provide by the detection systems
 The SR beam is rarely used as sample excitation in storage rings (although this will happen more often with X-ray free electron lasers)
 Detector
 SR beam
 Sample
 Sample environment
 Temperature (oven, cryostat)Pressure (vacuum – Mbar)Magnetic fieldsMechanical stressChemical reactions...
 Mechanical setup
 AlignmentSample orientationScanning (translations, rotations)...
 Diagnostics
 Beam delivery
 SR source+
 X-ray optics

Page 4
                        

EIROforum School on Instrumentation – Grenoble – May 2011 P. Fajardo 4
 Examples of experimental stationsFlow reactor for catalysis studies
 Macromolecular crystallographySurface science
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 X-ray detectors used at SR experiments
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 Interactions measured by SR detectors
 • Photoelectron absorption dominates(this is not exactly true in case of Bragg diffraction)
 • However photoelectrons from core levels provide little useful information. Electron spectroscopies from higher orbitals require in general soft X-rays
 • Very few hard X-ray experiments rely on electron detection
 TransmissionSampleIncident
 X-ray beam
 Fluorescence
 Photoemission
 change in energy
 Elastic scatteringBragg diffractionInelastic scattering
 e-
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 Hard vs soft X-rays
 X-ray detection for SR applications focus on hard X-rays (> 2 keV)
 Soft X-ray detection is in general considered “less relevant” Scattering cross-sections are low with soft X-rays, absorption
 dominates No Bragg diffraction, main fluorescence lines are not excited X-ray imaging requires sufficient beam transmission (~ 30%)
 However some experiments need soft X-ray detectors: Certain resonant scattering techniques need X-rays tuned to L or M
 edges X-ray microscopy benefits from soft X-rays (thin samples, full-field
 optics) It is easier to produce coherent beams at long wavelengths
 Many soft X-ray beamlines are devoted to electron and absorption spectroscopy
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 X-ray SR beams: some typical numbers
 Beam at the sampleSize: - Unfocused beam: few mm to few cm (divergent sources)
 - Focused beam: few µm (can be pushed down to 100nm)
 Energy range: ~1 keV to >100keV
 Energy bandwidth (δE/E): 10-4 (few eV @ 20keV)
 Photon flux (@ δE/E = 10-4): 1013 - 1014 ph/sec
 Extremely variable flux at the detector
 From very low flux (~1 ph/s) to full beam (~1014 ph/sec)
 And X-ray doses ratesi.e. 1012 ph/s (10 keV) in 100µm×100µm = 50 Mrad/s
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 “Families” of X-ray SR experiments/detectors
 Simplified classification by application / type of interaction:
 • Elastic scattering and diffraction
 • Inelastic scattering
 • Absorption / fluorescence spectroscopy
 • Imaging
 • Beam diagnostics
 Transmission
 SampleIncidentbeam
 Fluorescence
 MicroscopyImaging
 Absorption spectroscopy
 electrons
 Elastic scatteringX-ray diffraction
 Inelasticscattering
 change in energy
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 Elastic scattering (diffraction, SAXS, …)
 • Scattered photons conserve the same energy than incident
 • Solid angle collection (0D (scanning), 1D or 2D)
 • Spatial resolution depend on detector-sample distance
 • Large dynamic range requirements (many orders of magnitude)
 • Type of detectors:- PMTs, APDs- Solid state (strip, hybrid pixels)- Image plates, flat panels- CCDs (mostly indirect detection)
 Detector
 Incident SR beam
 Sample
 scattered photons
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 Inelastic scattering• Require the measurement of the recoil energy transferred to the sample
 by the X-rays.
 • Very high energy resolution required: 1meV – 1eV (for hard X-rays)
 • Use of wavelength dispersive detection setups:High resolution crystal analyzers + photon detector
 • Needs highly monochromatic radiation
 • Very low photon fluxes (counting)
 • Position sensitivity detection helps to improve energy resolution
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 Absorption / fluorescence spectroscopy
 Absorption spectroscopy:- Sample absorption (as a function of energy)- Polarization dependence (dichroism)- Measure either:
 Transmitted intensity (I1/I0)or
 Fluorescence yield- Detectors:
 Intensity: ion chambers, photodiodesFluorescence: semiconductor detectors
 Fluorescence Detector
 (energy dispersive)
 Energy tunable incident X-ray beam
 Sample
 transmitted beam
 I1I0
 Intensity detectors
 Fluorescence analysis:• Measurement of fluorescence lines
 chemical analysis, mapping, ultra-dilute samples• Detection:
 Semiconductor detectors, (Si(Li), HPGe, SDDs)Wavelength dispersive setups (crystal analysers)
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 Imaging detectors
 • The detector sees an image of the sample(absorption or phase contrast)
 • Very high flux on the detector (~1014 ph/sec)
 • Small pixels (0.5 - 40 µm)
 • Indirect detection scheme:
 Detector
 Incident SR beam
 Sample
 transmitted beam
 Scintillating screen+
 Lens coupling+
 Visible light camera(CCD based)
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 On-line beam monitors and diagnostics
 ~6mm
 5.16 5.18 5.20 5.22 5.24 5.26 5.28 5.30 5.32 5.34
 -1.6
 -1.4
 -1.2
 -1.0
 -0.8
 -0.6
 -0.4
 -0.2
 0.0
 focussed X-beam 0.4 x 1.2 µm2 FWHM
 sig
 nal (
 nA)
 position (mm)
 bias -40V
 50%
 isolation gap between quadrants ~120um
 signal slope ~15% /micron
 Beam intensity and position monitors.
 Usually rely on weak interception of the photon flux: Block and measure unused portions of the beam:
 i.e. metallic electrodes or grids (photoemission currents)
 Semitransparent devices (low absorption, ideally few %): Gas: ionisation chambers Passive scattering of fluorescent foils: (i.e. kapton, thin metals) Thin semiconductor devices: silicon, diamond
 Example: Prototypes of a transmission segmented diamond X-ray beam position monitor (XBPM) for microbeams:
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 X-ray detection schemes
 Detection principles mostly used in SR detectors:
 Direct detection semiconductors (X-ray e/h pairs) gas (X-ray e/ion pairs)
 Less and less used
 X-ray light converter + optical sensors Mandatory for high spatial resolution (optical magnification) and high dose
 applications (i.e. microtomography) Convenient also for practical and economy reasons
 others (much less used in practice) photocathodes (X-ray photoelectrons) bolometers, TES (X-ray phonons) and even photographic film !!!
 X-ray
 High-resistivitysemiconductor
 Electricfield
 +++
 --
 -e/h pairs
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 Direct detection: charge conversion scheme
 Schemes mostly used in SR detectors:
 Id
 Current amplifier
 Vbias
 -+
 -+-+
 -+
 High photonfluxes
 Charge integration can be partially or totally built in the sensor (i.e. CCDs)
 Used for very high fluxes: i.e. beam monitors
 Vbias
 -+
 Low event rates
 Charge pre-amplifier
 Pulseshaper
 Id
 Id
 Charge integrator
 ∆t
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 Information provided by the detection system
 Intensity The measured intensity is usually integrated during a well defined time
 interval. Proportional to the number of incident X-ray photons (Nph)
 Intrinsic statistical noise: (Poisson statistics)
 Position (angle) Scanning point detectors (diffractometers) Area (1D, 2D) detectors
 Photon energy Wavelength dispersive optics (crystal spectrometers) Energy dispersive detectors
 Polarization Measurements based on rotating crystal analyzers (polarisation factor)
 phN Nph=σ
 X-ray
 2D Detector
 x
 y
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 Intensity measurements
 The measured intensity is integrated during the exposure time ∆t:
 Pulseshaper
 Charge integrator
 ∆t
 Digitalcounter
 Current amplifier
 ADC
 Pulse discriminator
 Voltageto
 FrequencyDigital
 counter
 GATE (∆t)
 DATA
 GATE (∆t)
 DATA
 GATE (∆t)
 DATA
 Correlated double sampling
 (CDS)
 Pulse discriminator: from simple level discrimination to complex pulse-height analysis (pileup rejection)
 CDS is most often built in the charge integration scheme
 Also signal sampling (ADC) + digital integration
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 Noise and detective quantum efficiency (DQE)
 The intrinsic incident signal-to-noise ratio (S/N) is degraded by the non-ideal performance of the detector :
 Measured dataDetection system
 Incident signal (Nph)
 DQE
 (≤ 1)
 In ideal detectors DQE = 1 If DQE < 1, there is loss of information
 ( ) phN
 ph
 incN
 NN
 Sph
 ==σ ( )
 measNS
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 Signal fluctuation and noise sources
 Main sources of ‘effective’ noise:
 Sensor absorption or quantum efficiency (QE) Fundamental limit for the DQE: DQE ≤ QE
 X-ray conversion (random) processes Direct detection: X-ray electrical charge Indirect detection: X-ray light + light propagation + light electrical charge
 Electronic noise (readout noise) Various sources depending on the readout electronic chain
 The total noise is the convolution of all the individual (uncorrelated) sources
 If there is no effective contribution from conversion and electronic noise (i.e. in some photon counting cases), then the DQE = QE

Page 21
                        

EIROforum School on Instrumentation – Grenoble – May 2011 P. Fajardo 21
 Dead time corrections in SR experiments
 Photon counting detectors suffer from pulse pile-up effects
 In SR applications: Count rates are usually high: dead time corrections are
 then mandatory. Corrections depend on the time structure of the X-ray
 beam (accelerator filling pattern of the storage ring)
 Si APD in linear mode
 SR ‘fine’ time structure
 0
 10
 20
 30
 40
 50
 60
 0 10 20 30 40 50 60
 Input rate (Mcps)
 Out
 put r
 ate
 (Mcp
 s)
 Ideal reponseUniform filling2/3 filling
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 X-ray photon energy
 Energy dispersive X-ray detectors (EDX): Photon by photon processing Evaluate the photon energy by measuring
 the charge generated in the sensor
 Modern EDX detectors rely on fast digital signal processing that implements rather sophisticated algorithms: Fast channel to identify photon events (hits) Slow channels to evaluate charge/energy content associated to each individual event
 Vbias
 -+
 X-ray
 Charge pre-amplifier
 ∆QDigital
 processingelectronics
 ADC
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 Charge generation (NQ) in the sensor
 pairs e/h 2800 produces photon a , :silicon In
 pair oleelectron/h an produce to requiredenergy average the isenergy ionisation the where
 :as estimated be canphoton,ray Xsingle aby carriers charge generated of number The
 keVeV
 EN
 N-
 i
 i
 i
 photonQ
 Q
 106.3
 ,
 =
 =
 ε
 ε
 ε i
 photonQ
 EN
 ε=
 ( )
 Ge) and Si for 0.11 ( factor Fano the is where
 as knownusually
 :by estimated be can conversion charge ray X to associated nfluctuatio RMS The
 ≈
 =
 =
 =
 →
 FF
 e""Fano noisEFNF
 -
 iphotonE
 NiE
 QN
 E
 Q
 Q
 εσσεσ
 σ
 σ
 iphotonE EF εσ =
 U. Fano, Phys. Rev. 72 (1947) 26
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 Some undesired effects
 Effects in the sensor (charge production and collection):
 Incomplete charge production Escape peaks (energy reemitted as a fluorescence photon) Looses by Compton scattering
 Incomplete charge collection Charge recombination close to contacts (not fully depleted regions)
 Thermal generation of charge carriers (dark, leakage currents) Cooling of Si and Ge EDX detectors is mandatory
 Ballistic deficit effects (slow signal development in large detectors)
 N
 M
 L
 K
 photoelectrone-
 escape X-ray(K shell fluorescence)
 incident X-ray
 N
 M
 L
 K
 Compton electrone-
 scattered X-ray(Compton process)
 incident X-ray
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 Energy resolution
 ( ) ( ) ( )222 noisereadoutnoisesensorFano ++=Resolution
 The resolution of the detector at a certain energy is usually defined as the full width at half-maximum (FWHM) of recorded spectra.
 The measured spectral resolution is the quadratic-sum of various noise sources present in the detector:
 1200
 1000
 800
 600
 400
 200
 00 1000 2000 3000 4000 5000 6000 7000
 Energy (eV)
 Cou
 nts FWHM: 191.2 eV
 Fe55 source
 Eσ35.2=FWHM
 Intrinsic resolution of Si and Ge detectors (Fano noise)Intrinsic resolution of Si and Ge detectors (Fano noise)
 Dominant terms Can be reduced by proper sensor design and cooling
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 Electronic noise
 Careful electronics design may reduce the noise contributions to the charge preamplifier noise as the main component.The electrical capacitance seen at the input node plays a fundamental role through the “equivalent input voltage noise” ⟨Vin⟩ of the amplifier:
 Probably the most effective strategy to reduce the electronic noise is to reduce the input node capacitance : By changes in sensor geometry (i.e. electrode surface) By minimizing wiring and parasitics (i.e. transistors built in the sensor)
 Vbias
 -+
 X-ray Charge pre-amplifier
 C = input capacitance (sensor + wiring + preamp)
 ( )
 ⟩⟨×= inVQnoise C
 :ENC noise charge to onContributi
 ⟩⟨ inV
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 Example: Silicon Drift Diode (SDD)
 The SDD is an excellent example of capacitance reduction techniques:
 Multielectrodes create a transverse drift field that drives the charge to a small anodeCharge is collected over large surface area (up to 1cm2) without increasing anode capacitance
 The first transistor (FET) of the preamplifier is built in the sensorNo parasitic wiring at the input node
 SDD are very popular in synchrotron applications. Are relatively thin (< 1mm) detectors Can operate with moderate cooling (Peltier cooling -10ºC…-70ºC) But limited to low energies (< 15keV)
 X ray
 X-rays
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 Multielement EDX detectors
 The use of multielement energy dispersive devices is the natural choice to increase simultaneously:
 The total count rate (trade-off between count rate and resolution)
 The active area or solid angle coverage
 Recent monolithic technologies provide higher number of elements and more dense packaging. They suffer however more from cross-talk effects.
 13-element Si(Li) detector head (e2v) 39-cell SDD layout (MPI-HLL)
 Discrete elements Monolithic devices
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 Detection efficiency in SR experiments
 Data collection efficiency is crucial to shorten the experiments:
 High cost of SR facilities (true for any large facility)
 Detector efficiency opens the door to shorter time scales (study of dynamic processes). Often the number of photons is not the limit.
 Radiation damage limits the duration of the experiments Samples may receive dose rates of ~Grad/sec with focused beams Detectors suffer also high irradiation doses
 Long experiments may be impossible due to beam or sample drifts.
 Ways of increasing overall efficiency:• Detection efficiency (DQE)• Area/solid angle (2D instead of point or 1D detectors)• Time (reduced deadtime, high duty cycles)
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 Summary
 X-ray detectors are key components of experimental stations that use synchrotron radiation beams to probe a diversity of samples. Detector specifications are strongly dependent on the experimental tecnique and on the specific application setup.
 SR detectors have to deal most often with hard X-rays (from few keV to >100keV). Compatibility with very high photon fluxes and radiation doses is a relatively frequent requirement.
 The majority of current SR detectors rely on direct detection in semiconductor devices or on the use of phosphor screens (X-ray to light converters)
 DQE is a fundamental parameter, mostly for non-dispersive detection (intensity measurements). Fast counting detectors require deadtime corrections that depend on the time structure of the beams (storage ring).
 Energy dispersive detectors (EDX) are based on silicon (Si(Li), SDD) or germanium (HPGe). The development of new monolithic multielement devices is improving count rate and solid angle coverage capabilities.
 In addition to other performance parameters, detection efficiency is particularly relevant in synchrotron experiments to open scientific opportunities (i.e. access to shorter time domains or reduced sample damage).
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