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ABSTRACT 

The Off-plane Grating Rocket Experiment (OGRE) is a sounding rocket mission which aims to raise the technology 

readiness levels of three new technologies for soft X-ray astronomy, as well as produce the highest resolution spectrum of 

Capella yet. This paper focusses on the focal plane camera of the telescope which employs four electron-multiplying CCDs 

– three for spectral observations and one for imaging observations. The camera and its detectors will switch between two 

different operating modes during the observation window to maximise the scientific return of the mission, all while 

transmitting live telemetry and a limited amount of imagery data to the ground in real time. The energy resolution of the 

detectors has been modelled across the intended operational energy range to confirm whether diffraction orders can be 

separated, and the dependency of the multiplication gain on voltage and temperature has been characterised for each 

detector. 
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1 INTRODUCTION 

The Off-plane Grating Rocket Experiment (OGRE) is a sounding rocket mission that aims to raise the technology readiness 

levels (TRL) of three key technologies for X-ray astronomy: monolithic silicon mirrors (NASA Goddard Space Flight 

Centre), off-plane diffraction gratings (Pennsylvania State University), and electron-multiplying charge-coupled devices 

(XCAM Ltd. and The Open University). These components will form the critical parts of a telescope which will observe 

the star Capella for approximately 5 minutes in the soft X-ray regime (~200–1250 eV1), collecting both images and spectral 

data – with the goal of raising the TRLs of these technologies, as well as producing the highest resolution spectrum of 

Capella to date2. 

 

Figure 1: A cut-away of a CAD model of OGRE, with key components labelled. Figure from Tutt et al. 20182 

Figure 1 provides a general overview of the arrangement of the telescope. The optic will be a standard Wolter I 

configuration with 12 concentric shells containing a total of 288 mirror segments, and a focal length of 3500 mm. On the 

rear of the optic are six grating modules, each containing two stacks of 30 gratings, each with an average groove density 

of 6250 mm-1 and covering about 83% of the collecting area of the optic in total. Further details about the optic and grating 

modules, as well as their ongoing development, have been covered in detail elsewhere1–3. 

At the focal plane lies the camera, which features four electron-multiplying charge-coupled devices (EMCCDs) for 

recording both soft X-ray spectra and X-ray and optical imagery. EMCCDs have yet to be used in space for the purposes 
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of X-ray astronomy4,5, so this mission represents an important milestone in raising the technology readiness level for these 

types of detectors. This paper will discuss the ongoing development of the focal plane camera. 

2 FOCAL PLANE CAMERA 

The camera features four detectors – three situated on the outer perimeter which receive diffracted X-rays from the grating 

modules for spectral observations; and one in the centre which receives the remaining 17% of focussed light for imaging 

observations. The diffraction gratings will be manufactured in such a way that adjacent pairs of grating modules will direct 

their diffraction arcs to share a single spectral detector, and the modules aligned such that those arcs do not perfectly 

overlap – as depicted in Figure 2. While the X-rays will be distributed along an arc, the spectral information is only 

contained in one linear dimension, angled at 30° relative to the detector horizontal. 

 

Figure 2. The arrangement of the detectors in OGRE's focal plane with one pair of diffraction arcs overlaid. The white arrows 

on the detectors indicate the readout directions, and the blue and orange arrows on the arcs indicate the direction of increasing 

wavelength and correspond to the two diffraction modules of the same colour. 

The optimum temperature for the detectors has been specified as -95°C, which strikes a balance between minimising dark 

current, maintaining high gain6, and minimising the effects of charge traps7. To keep the detectors at this temperature, the 

bench on which they sit is connected via thermal link to a block of steel which will be chilled with liquid nitrogen prior to 

launch. This ‘cold block’ will act as a sink for excess heat, while four heaters on the bench will work to maintain target 

temperature for the detectors. With an appropriate thermal link, the system will be able to maintain the target temperature 

for over four hours – which should be more than sufficient for a brief suborbital flight. 

The frames that are read-out from each detector are passed to one of four single-board computers (SBC) for processing. 

The full frames are saved to local storage, and a limited amount of data is downlinked to the ground to provide live 

telemetry as well as provide a backup in case payload is lost. The three SBCs associated with the spectral detectors will 

continuously operate in an event detection mode, whereby they will identify X-ray event candidates in each frame and 

downlink their coordinates along with 5x5-pixel windows centred on each event. The SBC associated with the central 
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detector will also operate in event detection mode for most of the observation window, however it can also operate in an 

image preview mode. In this mode, the bit-depth of each frame will be reduced from 14 to 8, and then compressed to, and 

downlinked as a JPEG file. Both modes’ data packets also feature a small amount of metadata about the status of the SBCs. 

A star-tracker (labelled in Figure 1) will be used to provide attitude information for the telescope and to bring it into 

alignment with Capella. However, there may be some small systematic error in the alignment of the star-tracker with the 

telescope itself, resulting in the diffraction arcs being incorrectly situated on the spectral detectors causing miscalibration 

or loss of important spectral lines. Being at the focal point of the optic, the central detector is best suited to measure and 

report this offset to the operators on the ground. During the first 30–60 seconds of the observation window, after the star-

tracker has brought the telescope into approximate alignment with Capella, the central detector will operate in ‘optical 

mode’. In this mode, it will capture frames at high cadence and with low gain, and a filter wheel will be set to permit only 

optical photons. The downlinked image previews can be used to determine the error in the telescope pointing, and any 

corrections can then be issued to the attitude control system. 

For the remainder of the observation window, the central detector will operate in ‘X-ray mode’, where it will perform its 

main science objective of measuring the X-ray point-spread function (PSF) of the optic. It will capture frames at a lower 

cadence but with high gain, the filter wheel will be set to only permit X-rays, and its associated SBC will downlink 

telemetry in event detection mode. 

3 X-RAY DETECTION 

 

Figure 3: Schematic of a typical EMCCD 

The detectors of choice for OGRE are semi-custom, back-illuminated, EMCCDs with no additional coating in order to 

maximise quantum efficiency (QE) in the soft X-ray regime. All CCDs will inherently add a small amount of noise during 

the readout process, but this can be mitigated somewhat by amplifying the signal prior to readout. EMCCDs achieve this 

by extending the serial register with a series of multiplication elements that precede a secondary readout node, depicted in 

Figure 3. These elements use a high-voltage (HV) bias line to accelerate charge carriers to high speeds, resulting in impact 

ionisation which serves to increase the number of carriers in a charge packet. The probability of this occurring in a single 

element is relatively low (~0.015), so EMCCDs typically have a few hundred multiplication elements to achieve high 

levels of gain8. 

3.1 Energy Resolution 

Due to the stochastic nature of impact ionisation, high gain introduces an additional source of noise which is quantified by 

the modified Fano factor9. While OGRE performs spectroscopy primarily though the position-sensitivity of the detectors, 

an energy resolution of 260 eV will still be required to separate over-lapping diffraction orders10. The energy resolution of 

an EMCCD operating at cold temperatures (where dark current is expected to be negligible6) can be given by 
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where 𝜎 is the total noise, 𝜔 is the mean ionisation energy (3.7–3.8 eV at soft X-ray energies11), 𝑓 is the modified Fano 

factor (1.115 in the case of high gain9), 𝐸 is the photon energy, 𝜎𝑟 is the noise on the readout node (measured to be about 

2 e- r.m.s.12), and 𝐺 is the gain multiplier (40 for the majority of the detectors under normal operation12). Equation (1) can 

be used to determine the expected resolutions for the energy ranges OGRE will observe, and thus whether X-rays with the 

same dispersion from two consecutive diffraction orders could be differentiated. 

In other words, for an X-ray with a given diffraction order and dispersion (related to the X-ray’s true energy), we can 

determine a probability distribution for the energy of this X-ray as measured by the detector based upon its noise 

performance. This can be done for a range of dispersions bounded by the image area of the detector to produce a 2D plot 

of probability density of detected energy vs dispersion. This can then be repeated for multiple orders of interest and 

compared to see if any of the probability distributions have a significant overlap that might result in the diffraction order 

of an X-ray being misidentified. The distributions for the first six diffraction orders are presented in Figure 4.

 

Figure 4: Expected distribution of detected X-ray energies for six diffraction orders across the detector. The solid black lines 

represent the true energy of a photon diffracted to that position on the CCD in the corresponding diffraction order. The dotted 

lines are ± one standard deviation above and below the true energy. The upper x-axis shows the dispersion as the product of 

the diffraction order and wavelength that corresponds to horizontal displacement on the detector. 

As expected from the energy-dependent nature of equation (1), the width of the distributions increases with both dispersion 

and diffraction order, however, as the orders are evenly separated in energy, the distributions for higher orders begin to 

overlap. Fortunately, OGRE’s intended operational energy range – and many of the more prominent features of Capella’s 

spectrum13 – fall within orders 1–4 which can be easily differentiated between. Indeed, the resolution at the high-energy 

end of order 4 reaches a full-width half-maximum (FWHM) of 166 eV, comfortably below the requirement of 260 eV. 
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4 GAIN CHARACTERISTICS 

The gain of an EMCCD is sensitive to many factors, primarily the HV bias line, as well as other factors such as temperature5 

and age14. It is therefore important to characterise the detectors on OGRE to understand how they will operate under certain 

conditions. First and foremost, the dependency of gain on the HV bias line was investigated by taking frames while 

gradually increasing HV. Gain is approximately an exponential function of HV, so fewer data points were used at lower 

HV values where there was expected to be little change. The optical bench was held at -95°C and frames were integrated 

for half a second with X-rays provided by Fe55 sources installed above each detector. The overscan regions of the frames 

were used to determine and subtract the background level, and finally, X-ray events were isolated, and an average X-ray 

signal level was determined for each frame. An average of the signal levels for frames taken with HV at 20 and 25 V was 

used to calibrate the gain, and the results are presented in Figure 5. 

 

Figure 5. A plot of gain vs HV for the four detectors. 

CCD 4 (the central detector) demonstrates notably higher gain than the other three – about 80 × at 41 V compared with 

45 ×, 50 × and 60 × for CCDs 1–3 respectively at the same voltage. These discrepancies are likely due to slight 

differences in manufacturing which become amplified at high gain. At around 41 V and beyond, the effects of smearing 

and clock-induced charge begin to become more prominent (see Figure 6 for an example), and this sets an upper limit for 

the value of HV – and therefore the gain – that can be used. 
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Figure 6: A comparison of frames from CCD 4 taken with HV at 40 V (left) and 41 V (right). 

The method described above was then repeated at multiple different temperatures ranging from -105°C to -65°C in steps 

of 5°C, and the results for a limited selection of HV values are shown in Figure 7. 

 

Figure 7: A plot of gain vs temperature at a selection of HV values for the four detectors. 

While the differences in gain between the four devices are once again apparent, they all exhibit an exponential-like decay 

of their gains as temperature increases, highlighting the need to maintain cooling capability throughout the mission. The 

rate of change of gain begins to become significant around OGRE’s operating temperature of -95°C, meaning even small 

fluctuations in the temperature could result in changes in the measured energies of X-rays such that the effective energy 

resolution of the detectors becomes reduced. Initial tests have found the temperature controller can maintain the target 

temperature to within ±20 mK12, which is more than sufficient to prevent significant instability in the gain. It should be 

noted however, that this test used a laboratory cyocooler system attached directly to the optical bench, and which only 

reaches about -110°C, a different arrangement from how the cooling system will operate during the mission. It may be 

wise to repeat the test when the camera is in its final configuration – using LN2 to cool the cold block and the optical bench 

in turn – to verify this temperature stability can be upheld. 
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5 CONCLUSION 

OGRE is a technology demonstration mission aiming to validate the use of monolithic silicon mirrors, off-plane reflection 

gratings, and EMCCDs in X-ray astronomy via a suborbital flight aboard a sounding rocket. The focal plane camera is 

equipped with four EMCCDs for both spectral and imaging observations of the star system Capella, of which it aims to 

record the highest resolution spectrum thus far. The detectors will be operated in two different modes during the brief 

observation window: ‘optical mode’ to assist with fine-guidance and alignment, and ‘X-ray mode’ to gather spectral data 

and measure the PSF of the optic. Despite the increase in noise associated with high multiplication gain, the EMCCDs still 

possess enough energy resolution to differentiate between diffraction orders, and this resolution should not be adversely 

affected by variations in temperature. 
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