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A brief description of accomplishments.
The ALS is the largest of the three BES User Facilities (ALS, NCEM, TMF) at LBNL. The goal of this detector R&D effort is to innovate soft X-ray detection solutions that maximize the scientific reach of the ALS, and to collaboratively improve the state of the art in X-ray detection at other light sources.
User needs determine the focus of our R&D efforts, and those needs are updated in yearly workshops at ALS User Meetings, other workshops[footnoteRef:1], and through frequent interactions with beamline scientists and external users. Techniques at light sources are quite varied, but a well-chosen selection of detector technology advances can improve a large number of experiments.  Speed, sensitivity and accessibility are perennial overarching user requests. [1:  Workshop on Detector Advances for Light Sources, 16th Pan-American Synchrotron Radiation Instrumentation Conference (SRI2010) – organized together with ANL, BNL, SLAC and Cornell.] 

[image: ]We continue to concentrate on direct detection in silicon, since conventional microelectronics silicon wafer thicknesses, up to several hundred microns, are ~100% efficient up to ~8 keV.  Figure 1 shows the efficiency of a fully depleted 300 m thick silicon detector with 100 nm of inert silicon representing an entrance window.  At higher energies, detector thickness limits efficiency as silicon becomes increasingly transparent, and at lower energies, the thickness of the inert (contact) layer sets a low energy cutoff.[bookmark: _Ref163443904]Figure 1 Detection efficiency in 300 m silicon with 100 nm of inactive entrance window

During the last period, we reported on
· Development of compact packaging for our 200 Megapixel/second FastCCD in order to support first experiments at the soft X-ray beamline at LCLS
· Designs of newer FastCCDs, in particular a 1k frame store device, together with designs optimized for scattering experiments
· Development of a fast, gated X-ray detector in silicon-on-insulator technology for use at ALS ultrafast Beamline 6.0 
· Initial attempts at low temperature, thin contacts for high quantum efficiency detectors below a few 100 eV
· Plans for an up to 10,000 Megapixel/second direct-detector CCD, and other new CCDs
For this period, we report on
· Implementation and deployment of the developments above
· Further performance enhancements
[bookmark: _GoBack]<executive summary>
Fast, direct-detection CCDs (200 Megapixels / second)
Dionisio Doering and …
Our direct X-ray detection, 200 Megapixel / second detector is based on a custom almost column-parallel, thick, fully depleted CCD detector combined with a custom 16-channel 0.25 µm CMOS readout integrated circuit (fCRIC). A thick, fully-depleted, sensor ensures very high quantum efficiency together with very narrow (5 µm) point spread function. Almost column-parallel readout enables a factor of 100 - 1,000 increase in readout speed without a penalty in performance, compatible with simple micro-electronic assembly techniques.  During this period, we have developed a new mechanical and cooling implementation, which we call compact FastCCD (cFCCD) in order to respond to user requests for a more compact format.
During this period, the cFCCD has been used as the area detector for the Resonant Soft X-ray Scattering (RSXS) chamber, constructed for use at LCLS Hutch 2 and ALS Beamline 8.0.  Samples for LCLS were pre-examined in the RSXS chamber at ALS BL8.0 over an energy range of ~800 - 1,200 eV in May 2010.  The chamber was then shipped to LCLS, in June and successfully integrated with the LCLS Data Acquisition system, and was used on the FEL July – August and October – November runs. The success of experiments during the first run was a key factor to be able to get time at the FEL line for the latter run.  Results from the summer resulted in two submissions to Nature [1][2].  The design of the RSXS chamber and the cFCCD are being published [3].
[image: cFCCD_CoolingMechanism_fv1.jpg]Figure 2 shows (a) Cross-section view of the cFCCD camera indicating the copper cooling block and water channels. (b) Bottom view of the cFCCD showing electronic and water connections. (c) Photographs of the actual cFCCD camera with the mechanical housing removed to reveal its internal construction.[bookmark: _Ref163543370]Figure 2 Compact FastCCD components

[image: Nickelate_stripes_fv1.jpg][bookmark: _Ref163544374]Figure 3 Diffraction patterns at ALS and LCLS


Figure 3 shows (a) a schematic of spin and charge orderings in 33% doped (La,Sr)2NiO4. The blue and red dashed rectangles represent the unit cell for charge (hole) and spin orderings respectively. (b) An illustration of the experimental layout at LCLS, (c) The spin ordering peak recorded at ALS. (The incident photon energy was set at Ni L3 edge, 854eV). (d) The spin ordering peak recorded at LCLS. <needs work>
In addition to LCLS, the cFCCD will enable a new coherent scattering detector for soft X-ray ptychography (the Nanosurveyor) At ALS Beamline 9.0.  Commissioning of the Nanosurveyor, and first experimental data, are expected this summer.
Performance enhancement: fCRIC2
Jean-Pierre Walder

The 16-channel 0.25 µm CMOS CCD readout integrated circuit (fCRIC) which we developed in 2006 was one of the most complex mixed-mode ICs developed at LBNL.  Despite working extremely well on the first iteration (uncommon for custom ICs) the chip displayed some non-linearity over the full dynamic range as well as poor power supply rejection ratio – leading to increased readout noise.  These have been corrected with an improved version, fCRIC2.

Capability enhancement: 1k Frame Store FastCCD
Peter Denes and…
We have extended the 0.5k x 0.5k FCCD prototype to a “1K Frame-Store” device (1kFS FCCD).
[image: ]As shown in Figure 4, the 1kFS FCCD is a 2k x 1k version of the FastCCD, and can be operated as a 2 Megapixel detector.  Additional clock lines, though, make it possible to operate the device as a 1 Megapixel detector with an electronic shutter.  In this mode, the central 1k x 1k is used as the imaging area.  On each side, two (X-ray shielded) 0.5k x 1k areas are used for storage.  After signal integration, the imaging area is very rapidly shifted into the storage area.  From there, the image is digitized as usual.[bookmark: _Ref163547765]Figure 4 1k Frame-Store FCCD mounted on readout circuit board


[bookmark: _Ref163613056]Figure 5 1k Frame-Store FastCCD

As shown in Figure 5, we use the same compact mechanical design for the 1kFS FCCD as before (Figure 2).

<pics showing the device works>












Emphasize results, their impact on the discipline, in particular, and in the field, in general.



Performance Enhancement: CCD Buffer custom Integrated Circuit
Bob Zheng, Jean-Pierre Walder
[image: ]The output stage of the FastCCD is illustrated in Figure 6.  In normal, Correlated Double Sampling (CDS) operation, charge is shifted out pixel-by-pixel.  The RESET transistor, M2, is used to force the floating diffusion to a known voltage – which is then digitized.  The signal charge is then deposited on the floating diffusion, and digitized again.  Subtracting the signal and reset levels reduces low frequency noise components.  Off-chip, source-follower M1 is biased by RL, and drives a capacitive load CL.  Transistors in our CCD process are of relatively poor quality, so that the time constant CL/gm sets an effective readout rate limit.  In our present FastCCD, in fact, we collect only about 2/3 of the total charge due to the slowness of the output transistor.[bookmark: _Ref163446348]Figure 6 CCD output stage

In order to increase speed, improve performance (collecting all of the charge will improve signal-to-noise by 50%) we have designed and fabricated a 16-channel chip in an 0.35 m High Voltage CMOS technology to buffer read-out data from the Fast CCD. This chip, placed close to the FCCD, provides the current bias for the FCCD and improves the signal-to-noise ratio (SNR) of the overall system while simultaneously decreasing the overall power consumption.  FastCCD outputs will be directly bonded to the buffer chip, shown in Figure 7, thus significantly reducing CL.  The chip has just been received, and laboratory testing is now starting.
[image: ]
[bookmark: _Ref163446672]Figure 7 Layout of the 16-channel CCD buffer chip



Very Fast CCDs (up to 10,000 Megapixels / second)
Carl Grace and …
The FastCCD described above uses an almost column parallel architecture (many more readout ports than a conventional CCD) to achieve higher aggregate speed (Megapixels/s) with minimal performance degradation (because the individual outputs are still operating at “low” speed).  One way to further increase speed, is simply to increase parallelism: the 1kFS FCCD has 192 outputs (hence, 192 digitizers = 6 x 16-channel fCRIC2 chips) sampling at 1 MHz.  A factor of 10 increase in speed would be possible if one could have 1,920 digitizers.  Even higher digitization speed is then attainable (up to the speed with which one can clock out the charge) with a faster digitizer.  To reach a goal of two orders of magnitude increase in speed thus requires a a new, higher density, higher speed digitizer, and a suitable CCD.
[image: ]The High-Speed Image Pre-Processor with Oversampling (HIPPO) is a prototype image sensor readout integrated circuit (IC) designed for both high performance and enhanced flexibility.  HIPPO’s initial target application is the instrumentation of bufferless, column-parallel, soft x-ray Charge-Coupled Device (CCD) image sensors operating at column rates up to 10 MHz.  This translates to a video rate of 10,000 frames-per-second (fps) for a 1 Mpixel square sensor.   HIPPO’s architecture is flexible and allows design tradeoffs between speed, accuracy, and area.  This architectural flexibility will enable the fast development of related image sensor readout ICs based on HIPPO technology.Figure 8 Simplified diagram of HIPPO.  4 input channels are shown here; the implemented IC comprises 16 channels

HIPPO is designed as a linear array of parallel channels as shown inError! Reference source not found..  The prototype IC is implemented in 65 nm CMOS.  In the prototype, 16 channels are implemented to allow a meaningful study of integration issues such as crosstalk and supply drop.  Eventually, it is envisioned that much larger HIPPO ICs will be designed to instrument larger imagers.  Each HIPPO channel comprises a charge amplifier, a dual-slope correlated double sampler, a sample-and-hold amplifier, a 12b, 80 MS/s pipelined ADC, and a 480 Mb/s output serializer.  Each ADC is multiplexed to serve four readout channels.  This was done to enable pitch matching between the readout channels and the CCD columns.  Besides its uniquely high performance (10,000 fps for a 1 Mpixel sensor at 35 e- noise), HIPPO is notable for its charge-domain input, its novel method of implementing low-noise uniform sampling of a non-uniform input, and its implementation of oversampling to allow the user to select a point on the power/performance curve based on [image: ]operational requirements.  The charge-domain input obviates the source follower amplifier used in most CCDs and enables the implementation of a fully column-parallel CCD architecture.  HIPPO was also specifically designed to be flexible in both the sequencing of its operations and in its ability to accommodate input rates potentially varying over an order of magnitude.[bookmark: _Ref163624555]Figure 9 HIPPO column parallel CCD

A corresponding, fully column-parallel CCD for HIPO is shown in Figure 9.  CCD pixels are 50 x 30 µm2, to match the 4-channel 200 µm pitch of a HIPPO ADC channel.
HIPPO APS
5 um pitch SpectroCCD
Silicon-on-Insulator
Devis Contarato and …
Introduction
[image: ]The SOI-Imager-2 prototype, designed at LBNL in 2009 and manufactured in the OKI 0.20 µm SOI-CMOS process, was received back from fabrication in early summer 2010. The pixel matrix has 256×256 pixels of 13.75 µm pitch. The chip design explores several pixel layouts aimed at counter-acting the effect of the electrostatic field, resulting from the depletion of the substrate, on the CMOS electronics integrated on top of the sensor (the so-called “back-gating” effect). As shown in Figure 10, eight pixel sub-sectors implement different combinations of guard-rings and a shallow, lightly doped p+ implant that has been shown to be very effective in overcoming the back-gating effect [4].[bookmark: _Ref163624982]Figure 10 SOImager2


With respect to earlier prototypes, which had shown back-gating to be a limitation for depletion above a few 10s of V, the pixels implementing the buried p-well implant could indeed be properly operated up to 90-100 V, corresponding to the depletion of a 140-150 µm substrate thickness [2][3]. 
[image: ]A number of SOI-Imager-2 prototypes have been thinned to 50 µm thickness, and their back-plane successfully processed with the “cold implantation” technique developed at LBNL (see section ??). In this process, phosphorus implantation at 33 keV is followed by annealing at ~500°C, resulting in a contact that is 2000-3000 Å thick and is expected to be sensitive to X-rays energies down to ~1 keV. These processed sensors are being tested at the ALS BL 5.3.1, using fluorescence X-rays from various metal foils. Figure 11 shows the experimental arrangement inside the dedicated vacuum chamber, mounted downstream from the beamline monochromator chamber. A series of metal foils is mounted on a holder at a 45° angle on the 10 keV primary beam, and can be moved perpendicularly to the beam direction by means of translation stages operated remotely. The SOI sensor is mounted in a back-illumination configuration at about 5” from the samples, while an Amptek X-123SDD spectrometer is used as a reference detector for normalizing the X-ray rates measured on the sensor under test.[bookmark: _Ref163625148]Figure 11 Test setup at ALS Beamline 5.3.1

Figure 3 shows the first preliminary results obtained from this characterization, performed with Au, Ag, Ti, Fe, Ni, Cu, Zn foils, yielding intense emission lines in the range 2-9 keV. The left plot shows the excellent linearity of the SOI sensor pulse height as a function of the X-ray energy. The right plot shows the measured energy-dependent sensor efficiency and compares it with the theoretical expectation for silicon, accounting for X-ray absorption in air at low energies, and for transmission through a 50 µm thin sensor at higher energies. <for discussion!> The measurements have been performed for a range of depletion voltages (30-70V) which are sufficient to fully deplete the 50 µm thin detector volume.   
	[image: ]
	[image: ]


Figure 3: (left) pulse height measured on the SOI-Imager-2 sensor as a function of X-ray energy; (right) estimated detection efficiency at the different energies.   
The same OKI 0.20 µm fabrication run produced the FemtoPix chip, meant as the demonstrator for a high-speed readout, direct soft X-ray detector for application at the ultrafast, laser-sliced ALS Beamline 6.0. The 17.5 µm pitch pixel features a gated circuitry with clamped reset and storage nodes for reference and signal pixel levels (no beam/with beam), enabling Correlated Double Sampling (CDS) operation. The chip was recently commissioned and its functionality demonstrated. First lab tests with a 1060 nm laser are illustrated in Figure 4. In the oscilloscope screenshot on the left, the laser pulse is visible only on the signal trace and not on the reference one, proving that Correlated Double Sampling is performed correctly. The right picture shows the 1060 nm laser beam spot as obtained on the DAQ online display. The sensor will be soon characterized at the ALS BL 5.3.1. in a very similar fashion as described above for the SOI-Imager-2 prototype.

	[image: ]
Figure 12 (left) oscilloscope screenshot showing a demonstration of FemtoPix chip Correlated Double Sampling (CDS) operation; (right) beam spot from a 1060nm laser

	[image: ]


Problems encountered and solutions found. 
If no solution was found, explain possible resulting limitations on the project, including a short  risk-assessment.
Here is where we make the pitch for an MBE facility… Craig: text to support a proposal + quotes and cost estimates as backup (please include some idea of “yearly operations” needs …)
If original project goals or approach have changed, state revised goals or approach.
Ability to collect (compress, process) gazigabytes of data ( LDRD) – John
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[6] M. Battaglia, D. Bisello, D. Contarato, P. Denes, P. Giubilato, S. Mattiazzo, D. Pantano, S. Zalusky, “Characterisation of a pixel sensor in 0.20 µm SOI technology for charged particle tracking”, submitted to Nucl. Instrum. Meth. A.

A list of people working on the project –graduate students, postdoctoral scholar, visitors, technicians, etc.  Indicate for each whether receiving full or partial support.  In case of partial support indicate percentage of support. 
John
Planned activities for next year, including timeline.
Hippo, thin contacts (dalsa metal) , CMOS (thinned to epi, TEAM chips)
An update list of other support (current and pending, federal and non-federal.)  For each, indicate the overlap, if any, and/or distinctiveness with the DOE-supported project.  
Three activities are synergistic with this R&D proposal:
The ALS received $2M in ARRA funds in order to equip its beamlines with advanced CCD-based detectors to enhance the reach and productivity of its beamlines.  We will deliver eight 1k Frame Store cameras to the ALS with these ARRA funds, which are also being used to develop the necessary high data rate ATCA-based data acquisition systems.  Through our on-going collaboration with APS, and ARRA funds they received, we will deliver 1k Frame Store cameras to Argonne as well.  In a newly-formed collaboration with NSLS-I/II, we also intend to deliver one or more 1k Frame Store cameras to Brookhaven.
We are continuing to push the state-of-the-art in transformational detectors for Transmission Electron Microscopy started within the TEAM (Transmission Electron Aberration-corrected Microscope) Project.  We have received funds from the Howard Hughes Medical Institute, the National Science Foundation (in a collaboration with David Agard at University of California, San Francisco) and industry[footnoteRef:2] to develop and commercialize a next generation CMOS Active Pixel Sensor for cryo-EM.  The hardware approach (very high speed readout – 6,400 Megapixels per second) and software techniques (in-line single electron clusterization) are directly applicable to ultra-high speed X-ray detectors, and support novel dynamic electron microscopy at NCEM. [2:  http://www.gatan.com/company/news/news06231001.php] 

· LDRD - John
Cost status:  Show approved budget by the budget period, actual costs incurred by the date of the report and projected unspent funds at the end of the current budget period. 
Budget sheets and stuff below
·  If the amount of unspent funds exceeds 10% of the funds available for the budget period, the report must include information as to why the excess funds are anticipated and how they will be used in the next budget period. 
· A completed budget page must be submitted with the continuation progress report when a change to anticipated future costs will exceed 20 % of the original recommended future budget.  
· If any cost-sharing is required, breakout by DOE share, recipient share and total costs.
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