
	

	
	

	
	
	

	
	
	

	
	
	

	Annex No. 5 Technical Specification

	Optical and X-ray streak cameras for experimental areas 
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[bookmark: _Toc418067620]Introduction
[bookmark: _Toc418067621]Purpose
This document lists the technical requirements, calibration and testing procedures and constraints on the delivery of visible, infra-red and X-ray streak camera systems for ELI-Beamlines.

[bookmark: _Toc418067622]Scope
This document contains the functional, performance, safety, operational, design, testing and calibration requirements for the streak camera systems in ELI.
[bookmark: _Toc418067623] Terms, Definitions and Abbreviations
For the purpose of this document, the following abbreviated terms apply:
	Abbreviation
	Meaning

	ADU
	Analog-Digital Unit

	ELI
	Extreme Light Infrastructure 

	EUV
	Extreme ultraviolet

	QA
	Quality Assurance

	RA
	Research Activity

	SCS
	Streak camera system

	XSCS
	X-ray streak camera system

	VSCS
	Visible streak camera system

	IRSCS
	Infra-red streak camera system

	lp
	Line pairs

	lp/mm
	Line pairs per millimeter

	MTF
	Modular transfer function

	FWHM
	Full width at half maximum

	EMP
	Electro-Magnetic Pulse



The following table defines the variables used in this document:
	Variable
	Meaning

	l
	Effective length of photocathode in millimetres. Note that the l may be less than the length of the photocathode, as it is the length over which the spatial resolution of the SCS is within the limits defined in section 3.2

	h
	Height of the input slit in micrometers 

	x
	Spatial resolution in lp/mm of the SCS

	Vmax
	The minimum of (a) maximum voltage that can be applied to the streak tube while the image of the photocathode/slit still lies completely within the field of view of the digital detection device of the SCS, or (b) the maximum voltage applied by the sweep unit of the SCS. Note that the image of the photocathode is at the center of the output screen when 0 Volts is applied to the streak tube.

	Sweep range
	The duration in time over which the sweep unit applies a voltage ranging from –Vmax to Vmax.

	Spatial resolution unit
	=1/x in millimeters or 1000/x in micrometers

	
	Time resolution of the SCS in picoseconds. The procedure for calculation is described in section 3.4 



[bookmark: _Toc418067624]Structure of the Document 
Section 3 describes the general requirements and procedures that are applicable to all the the streak camera systems planned to be procured in this tender. Individual requirements for the separate streak camera systems are described in sections 4, 5 and 6. 
[bookmark: _Toc418067625]General description
Streak cameras are high speed imaging diagnostics used for measuring fast phenomenon. Three streak camera systems are planned to be acquired by ELI Beamlines. Each of the three streak cameras are optimized to be sensitive to various wavelengths
1. Visible streak camera system (VSCS) is sensitive to visible wavelengths
2. Infra-red streak camera system (IRSCS) is sensitive to infra-red.
3. X-ray streak camera system (XSCS) is sensitive to EUV and X-ray wavelengths
The exact technical requirements of the individual camera systems are provided in the sections 4, 5 and 6.
[bookmark: _Ref414371840][bookmark: _Ref414371847][bookmark: _Toc418067626]Common requirements of all streak camera systems
Each streak camera system will include input optics (if specified in the sections below), choice of photocathodes, streak tubes, sweep units, digital readout systems, power supplies, control software and computer (if specified below). The seller must provide the complete system including all the components required for the system to operate independently (unless some specific component is specifically listed not to be included).
[bookmark: _Toc418067627]Scope of delivery
Each SCS must be delivered along with the following items 
· The streak cameras system with streak tube, sweep unit(s), hardware for detection and recording, and hardware to control the sub-components of SCS.
· Any high voltage supplies that might be required for the operation of the SCS.
· The seller shall specify the trigger and delay requirements for the sweep unit, camera, etc. The buyer shall provide the necessary triggers during the operation of the SCS at the buyers facility in Dolní Brežany. The seller does not need to include and delay trigger generators as part of SCS shipment. Any delay generators required for the calibration tests before shipping the product shall be arranged for by the seller. 
· Power, control, trigger and communication cables required for the operation of the SCS.
· Calibration data for the SCS as per the requirements described in this sections 3.2, 3.3 and 3.4.
· Operation manual in English for the SCS.
In addition, the XSCS shall be delivered with the following extra items:
· Installed in an air tight box with the necessary connectors and cooling.
· The seller shall also provide the design for an adaptor flange to mount the XSCS on a DN400 ISO F port.
[bookmark: _Ref411251531][bookmark: _Ref414372560][bookmark: _Ref414372981][bookmark: _Ref414373477][bookmark: _Toc418067628]Determination of spatial resolution (and it’s distortion) in static mode
This sub section describes the setup for determining the spatial resolution of the SCS in static mode. The seller must provide the experimental results of this procedure (including raw data and final results). These results will be used for the verification of the SCS and also as the deciding criterion for its acceptance. All expenses including material and facility usage/rental for this test has to be covered by the seller, and must be performed before shipping the product.
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[bookmark: _Ref413660192]Figure 1: Example of a resolution grid

This test has to be performed using a resolution grid. An example of a resolution grid is shown in Figure 1. The length of the resolution grid must be such that it covers the entire length of the photocathode. The resolution grid shall have a repeated pattern of “10 pairs of x lp/mm grid and 1 pair of x/5 lp/mm”. Where “x lp/mm” is the spatial resolution that the seller has to demonstrate, and it must be equal to or better than the specification in the requirement of the SCS.
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[bookmark: _Ref413921216]Figure 2: Schematic (block diagram) of the setup for static calibration of spatial resolution of the SCS
A schematic of the setup for static calibration is shown in Figure 2. The seller has to provide data sets and calibration results for three different static bias voltages on the streak tube:
· No bias,
· Bias of +0.66 x Vmax volts, 
· Bias of -0.66 x Vmax volts. 


 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
l=effective length of photocathode
2l/3
A
B
C

[bookmark: _Ref414270265]Figure 3: Example of a typical image of the resolution grid collected by the streak camera at static bias. The number of line pairs of the resolution grid shown here is only symbolic.
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[bookmark: _Ref413933259]Figure 4: Section of the typical lineout measured by the SCS.

From the measured data, the seller shall calculate and document the modular transfer function at various locations on the digital output using the procedure described below:
1. The following steps shall be repeated for the three different bias voltages described above.
2. The typical image of the resolution grid for each bias voltage is shown in Figure 3. The seller has to measure and tabulate the MTF at locations A, B and C, as defined in the figure. 
3. Typically expected line out of the average intensity in the vicinity of these points is shown in Figure 4. From this lineout, MTF shall be calculated as MTF=(max-min)/(max+min), where max and min are the average ADUs of the lineout of the  resolution grid as shown in the Figure 4.
4. The seller shall thus calculate the MTF at the nine instances by this procedure (three biases x three spatial locations).
The MTF at the point B at no bias should be greater than 50% and for the remaining eight instances has to be greater than 45%. 
[bookmark: _Ref411253504][bookmark: _Toc418067629]Sweep range calibration
This sub section describes the procedure for determining the sweep range calibration of the SCS. The seller must provide the experimental results of this procedure (including raw data and final results). These results will be used for the verification of the SCS. All expenses including material and facility usage/rental for this procedure has to be covered by the seller, and must be performed before shipping the product.

The seller shall provide the calibration of time vs pixel number for each sweep range of the SCS. The method to generate the sweep range calibration is described below. The seller shall follow this calibration procedure unless agreed otherwise by both the parties.

The seller shall generate a train of equally spaced optical pulses by any of the following methods:
1. by coupling a Ti:Sa laser to a precisely calibrated etalon.
2. by using a comb generator
 The FWHM duration of each pulse in the train has to be less than the time resolution for the particular sweep range being calibrated. The pulse train must be focussed on the photocathode and the seller shall measure the streaked image of the pulses at the centre of the photocathode. The source of the pulse train shall be adjusted to have greater than 10 pulses measured in the streaked image for every sweep range. The seller shall use a centroid finding algorithm to estimate the location of the peaks. The seller shall provide the pixel location vs relative time calibration from the location of the centroids. These calibration results shall be provided to the buyer in an ASCII table.

The seller shall also calculate the linearity slope and the percentage error in the linearity of the SCS using the following formulas:


[bookmark: _Ref414363969]Equation 1





Where, n is the number of pulsed profiles measured in the streaked image,  are the relative time in ps of the pulses and  are the corresponding location of centroid expressed in pixels.
The SCS must have a percentage slope error of less than 10% for all sweep ranges, and a percentage slope error of less than 2% for sweep range of 10 ns and 20 ns.
[bookmark: _Ref414372682][bookmark: _Ref414372985][bookmark: _Ref414373979][bookmark: _Toc418067630]Measurement of time resolution and number of temporally resolved events
This sub section describes the procedure for determining the time resolution of the SCS. The seller must provide the experimental results of this procedure (including raw data and final results). These results will be used for the verification of the SCS. All expenses including material and facility usage/rental for this procedure has to be covered by the seller, and must be performed before shipping the product.

The seller shall calculate the time resolution for each sweep range of the SCS. The seller shall follow the following calibration procedure unless agreed otherwise by both the parties. No additional experiments are required for this measurement. The seller shall calculate the time resolution using the data collected for sweep range calibration described in section 3.3. For each pulse in the streaked image measured by the SCS, the seller shall calculate the FWHM in number of pixels. The seller shall then calculate the time resolution of the SCS in ps for each sweep range using the following formula:

[bookmark: _Ref414366833]Equation 2
, where m is defined in Equation 1.

The seller shall also calculate the number of temporally resolved events measurable by the SCS for each sweep range using the following formula:

[bookmark: _Toc418067631]Verification methods
The seller shall allow for a representative from the buyer to participate in the experiments to calibrate the SCS as per the methods described above. If the representative from the buyer participates in the calibration tests, then all the expenses for his/her travel and lodging will be covered by the buyer. 
· The seller has to provide the description (part number, etc.), datasheet and results of any calibration performed by the original manufacturer of each individual component of the SCS. This information will be used by the buyer to verify the performance required of the SCS.
· The results from the calibration processes described in sections 3.2, 3.3 and 3.4 will also be used to verify that the performance of SCS meets the required conditions and hence to decide on the criterion of its acceptance.
[bookmark: _Toc418067632] Other Instructions
Bidders have to describe the complete SCS system (including specific part numbers of individual components) and parameters achieved for each requirement described in the following sections.
[bookmark: _Ref414372741][bookmark: _Ref414375034][bookmark: _Toc418067633]Requirements for VSCS

Table 1: Technical specifications and requirements for the VSCS
	Parameter
	Requirement

	Energy range of operation
	The VSCS has to be optimized for detecting input photons in the range of 200-850 nm. 

	Photocathode 
	VSCS shall use the S-20 photocathode. The window material has to be chosen so that the transmission through the window in the wavelength range of 200-850 nm is greater than 80% The effective length of the photocathode (l) has to be greater than 4 mm. The final digital imaging system (CCD) of the VSCS has to be capable of measuring this entire effective length. 

	Spatial resolution in static mode
	The spatial resolution (x), has to be greater than 10 lp/mm. The spatial resolution (x) and the effective length of the photocathode (l) shall be such that the number of spatial resolution units (l*x) is greater than 65. The seller has to demonstrate the MTF and the distortion in spatial resolution is within acceptable limits at static bias applied to the streak tube. The limits and the detailed procedure for determining the distortion in spatial resolution is described in Section 3.2.

	Sweep ranges
	The system has to offer a choice of sweep range(s) which allows it to be operated at the best time resolution. In addition the system shall offer at least the following sweep ranges: 5 ns, 10 ns, 20 ns, 50 ns (within limit of ±10%). These can be provided by a single sweep unit or by interchangeable sweep units. The supplier has to provide the time vs pixel calibration curves for the sweep ranges as described in section 3.3

	Time resolution
	For the fastest sweep range, the temporal resolution has to be less than 2 ps. For all sweep range settings, the SCS has to be able to record greater than 90 temporally resolved events for each sweep range (see section 3.4 for definition). 

	Trigger parameters
	The SCS is planned to operate with a single trigger and not be synchronized to an external oscillator for integrated measurements. The triggering jitter for the SCS has to be less than 10 ps rms for single shot measurements. 

	Repetition rate
	The entire system (including triggering, hold off and camera readout) has to operate at a repetition rate ≥ 100 Hz. Note, that if the digital camera has to be binned to achieve this repetition rate, the SCS has to still satisfy all the constraints mentioned in this table.

	Detection technology
	The seller has to provide the detection technology, i.e., a scientific grade camera and coupling optics to the streak tube and phosphor. The seller can use either of the two technologies to achieve this: 
· Tapered (or 1:1) fiber optic bundle from the phosphor at the end of the streak tube directly bonded to a cooled scientific grade camera. Such a camera shall have 16 bit measurement capability per pixel, have a quantum efficiency > 90% at the emission wavelength of the phosphor, have a readout noise level of less than 4 e- per pixel and have a full well capacity of greater than 80000  electrons (non-binned) or
· Have an intensifier to amplify the output of the streak tube which is lens or fiber coupled to a scientific grade digital camera. Such a camera has to be 16 bit, have a readout noise level of less than 3 e- per pixel, have a dynamic range of better than 30000 (non-binned). Note that the intensifier can either be external to the streak tube i.e., amplifies the visible image on the phosphor at the end of the streak or be internal to the streak tube i.e., amplifies the electrons created and accelerated by the streak tube.
The magnification of the SCS and the detection technology must be so designed that a spatial resolution unit at the center of the photocathode is covered by at least 4 pixels by the digital camera.

The magnification of the SCS and the detection technology must be so designed that the time resolution for each sweep range shall be covered by at least 4 pixels by the digital camera, i.e.,  (see Equation 1 and Equation 2).

The seller has to use standard connectors for cooling water, if required for the detection technology. The buyer shall provide the cooling water connection if required.

	Input optics and slits
	The seller shall provide input optics for the SCS if the input optics is required for enabling the operation of SCS at the best time resolution. The input optics is not required for those SCS models where the photons can be directly focused on the photocathode and no external slit is required to achieve the best time resolution.
If input optics is provided, it shall consist of an adjustable slit (with micrometer) and lens optics of f number between 4.0 and 6.0, with a magnification of 1.

	Size and vacuum requirements
	No specific requirements.

	Mounting holes
	The front face of the streak camera (close to the input slit) shall have tapped holes for connecting an external spectrometer if needed. The seller has to consult with the buyer to finalize the location of these tapped holes for certain spectrometer models.

	Software, data interface and control 
	The seller must provide the control software pre-installed on a computer. It is not necessary to provide the computer peripherals like monitor and keyboard. The seller must also provide the buyer with the access and rights to install the analysis and control software on multiple computers for the purpose of research. Buyer will not distribute or install the software to third parties. The control software must also give user the access to raw data (i.e., without any software based correction for jitter and calibrations). It is highly desirable that the control computer use a Linux® based operating system and the control software be interfaced to the tango control infrastructure (http://www.tango-controls.org/). The control software should be able to accept remote scripts (in ASCII, etc.) to configure/control the VSCS and store its data. 



[bookmark: _Ref414372743][bookmark: _Toc418067634]Requirements for IRSCS
The requirements for the IRSCS are same as the requirements of the VSCS described in section 4. Only the differences are described in the table below:

Table 2: Technical specifications and requirements for the IRSCS
	Parameter
	Requirement

	Energy range of operation
	The IRSCS has to be optimized for detecting input photons in the range of 400-1400 nm. 

	Photocathode 
	IRSCS shall use the S-1 photocathode. The window material has to be chosen so that the transmission through the window in the wavelength range of 400-1400 nm is greater than 80%. The effective length of the photocathode (l) has to be greater than 4 mm. The final digital imaging system (CCD) of the IRSCS has to be capable of measuring this entire effective length. 

	Repetition rate
	The entire system (including triggering, hold off and camera readout) has to operate at a repetition rate ≥ 0.1 Hz.



[bookmark: _Ref414372746][bookmark: _Toc418067635]Requirements for XSCS
Table 3: Technical specifications and requirements for the XSCS
	Parameter
	Requirement

	Energy range of operation
	The XSCS has to be optimized for detecting input photons in the energy range of 100-10000 eV. X-ray and EUV photons have to be detected on the photocathode by transmission and not by reflection at grazing incidence.

	Photocathode 
	The design of the XSCS shall be such that the photocathode is exposed directly to the vacuum of a large experimental chamber for laser plasma research. Designs where the photocathode is in a different vacuum, separated by windows like Beryllium is not acceptable. The seller has to provide one new KI photodiode with the XSCS. The XSCS has to be designed so that the photocathodes are interchangeable. The seller shall provide the mechanical designs for the support of the photocathode, so that the buyer can procure additional photocathodes later.

The calibration tests described in sections 3.2, 3.3 and 3.4 shall be performed using a UV photocathode and an UV source.

The effective length of the photocathode (l) has to be greater than 12 mm. The final digital imaging system (CCD) of the XSCS has to be capable of measuring this entire effective length. 

	Spatial resolution in static mode
	The spatial resolution (x), has to be greater than 16 lp/mm. The spatial resolution (x) and the effective length of the photocathode (l) shall be such that the number of spatial resolution units (l*x) is greater than 200. The seller has to demonstrate the MTF and the distortion in spatial resolution is within acceptable limits at static bias applied to the streak tube. The limits and the detailed procedure for determining the distortion in spatial resolution is described in Section 3.2.

	Sweep ranges
	The system has to offer a choice of sweep range(s) which allows it to be operated at the best time resolution. In addition the system shall offer at least the following sweep ranges 5 ns, 10 ns, 20 ns, 50 ns (within limit of ±10%). These can be provided by a single sweep unit or by interchangeable sweep units. The supplier has to provide the time vs pixel calibration curves for the sweep ranges as described in section 3.3

	Time resolution
	For the fastest sweep range, the temporal resolution has to be less than 1 ps. For all sweep range settings, the XSCS has to be able to record greater than 300 temporally resolved events for each sweep range (see section 3.4 for definition). 

	Trigger parameters
	The XSCS is planned to operate with a single trigger and not be synchronized to an external oscillator for integrated measurements. The triggering jitter for the XSCS has to be less than 20 ps rms for single shot measurements. 

	Repetition rate
	The entire system (including triggering, hold off and camera readout) has to operate at a repetition rate ≥ 0.1 Hz. Note, that if the digital camera has to be binned to achieve this repetition rate, the XSCS has to still satisfy all the constraints mentioned in this table.

	Detection technology
	The seller has to provide the detection technology, i.e., a scientific grade camera and coupling optics to the streak tube and phosphor. This has to be done using a tapered (or 1:1) fiber optic bundle from the phosphor at the end of the streak tube directly bonded to a cooled scientific grade camera. Such a camera shall have 16 bit measurement capability per pixel, have a quantum efficiency > 90% at the emission wavelength of the phosphor, have a readout noise level of less than 4 e- per pixel and have a full well capacity of greater than 80000  electrons (non-binned).
 
The magnification of the XSCS and the detection technology must be so designed that a spatial resolution unit at the center of the photocathode is covered by at least 4 pixels by the digital camera.

The magnification of the XSCS and the detection technology must be so designed that the time resolution for each sweep range shall be covered by at least 4 pixels by the digital camera, i.e.,  (see Equation 1 and Equation 2).

The seller has to use standard connectors for cooling water for the detection technology. The buyer shall provide the cooling water connection.

	Slit
	The seller shall provide a fixed slit mounted on the XSCS. The seller has to choose the height of the slit to be the maximum possible so that the XSCS meets the requirement on time resolution. The seller shall also provide the engineering drawings of the slit and its mount, so that the buyer can mount a different slit later if needed.

	Size and vacuum requirements
	The XSCS is planned to operate in an air tight box inside a large vacuum chamber. The seller shall provide such a box made of Aluminum, with the XSCS installed in it. The box (excluding the connectors) has to be smaller in size than 20 cm x 20 cm x 80 cm, unless agreed otherwise by both the parties. The front face of the box, close to the photocathode shall have four guide pins for positioning. The box shall be so designed that the top lid of the box can be opened easily for accessing and diagnosing the various sub components of the XSCS. The box shall be able to mount to standard optical breadboards at any orientation, with the breadboard being either below or above the box. The front panel of the box shall provide easy access for replacing the photocathode and have tapped holes for mounting an external X-ray spectrometer. The back panel of the box shall have the necessary electronic, optic, power and cooling connectors and feedthrough. The seller shall include the necessary cooling system within the box for reliable operation of the XSCS. The seller shall provide the design of such a box to the buyer for approval before the manufacture of the box. Prior to shipping the XSCS, the seller shall demonstrate that the system is airtight and operational within a sufficiently large vacuum chamber. 

The seller shall also provide the design for adaptor flange(s) to mount the XSCS (including the box) shall on a DN400 ISO F flange.

The XSCS shall be shipped to the buyer in a vacuum tight enclosure covering at least the photocathode. Such an enclosure shall have a pump down port which can be used for long term storage of the XSCS. 

	EMP shielding
	The seller shall enclose the necessary electronics (streak tube, sweep unit, etc) inside an EMP shielded enclosure. The design of such an enclosure has to be demonstrated to have worked for shielding an X-ray streak camera system from EMP generated during laser plasma experiments where an energy greater than 1 kJ is incident on target.

	Mounting holes
	The vacuum interface flange shall have tapped holes for connecting an external spectrometer and/or X-ray foil filters if needed. The seller has to consult with the buyer to finalize the location of these tapped holes.

	Software, data interface and control 
	The seller must provide the control software pre-installed on a computer. It is not necessary to provide the computer peripherals like monitor and keyboard. The seller must also provide the buyer with the access and rights to install the analysis and control software on multiple computers for the purpose of research. The buyer will not distribute or install the software to third parties. The control software must also give user the access to raw data (i.e., without any software based correction for jitter and calibrations). It is highly desirable that the control computer use a Linux® based operating system and the control software be interfaced to the tango control infrastructure (http://www.tango-controls.org/). The control software should be able to accept remote scripts (in ASCII, etc.) to configure/control the VSCS and store its data. 
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