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Abstract:





We have flown a microcalorimeter array on a sounding rocket to observe the soft x-ray background in the 70 – 1000 eV energy range.  The array consisted of thirty-six 0.5mm x 2.0mm x-ray detectors with ion implanted silicon thermistors and HgTe absorbers, operated at 60 mK.  The flight provided 240 seconds of observation time above 160 km. Each pixel viewed approximately the same 1 steradian field of view centered on l=90, b=+60.  The individual pixel spectra were gain corrected and combined to produce a composite spectrum.  The energy resolution of the detector varied from pixel to pixel due to non-uniformities in the epoxy joint between the thermistor and the absorber.  While more than a third of the detectors had resolution better than 10eV FWHM at 3.3 keV, the composite spectrum had a resolution that varied from 14 eV at 277 eV to 21 eV at 677 eV.  The in-flight performance of the detector and cryogenic system will be presented along with the data from this high resolution, wide bandwidth observation of the soft x-ray background.  Improvements to the detector system for our next flight will also be discussed.








1   Introduction





Thirty years after its discovery, the soft (0.1 to 1 keV) x-ray background is still poorly understood.  A major component of this background is thought to be evidence for 1-3 x 106 K gas that may occupy a large fraction of the volume within the disc of our galaxy[1].  The existence of such widespread hot gas would have a substantial effect on the dynamics of the interstellar medium, and would play a major role in star formation and galactic evolution.  A prime source of information about the hot gas lies in its detailed energy spectrum:  thermal emission at these temperatures is almost entirely due to collisionally-excited lines of the partially ionized heavy elements in the gas. Measurements of the relative strength of these lines would provide much information on the physical state and history of the gas, as well as its composition.


Detectors with high spectral resolution are needed to separate the individual lines of complex emission structure. Although gratings and Bragg crystal spectrometers can provide excellent energy resolution, they do so at a cost of throughput and spectral range.  Observation of a diffuse source by these means requires very large instruments and long observing times[2].  Microcalorimeters provide high resolution (potentially better than 5 eV) over a wide range of energies, have nearly 100% efficiency at the energies of interest, and no limitation on acceptance angle.  Providing the required <100 mK temperature in space is a new technical challenge, however.





2   The X-ray Quantum Calorimeter





Our cryostat has been described before [3,4], and consists of an adiabatic demagnetization refrigerator inside a four-liter liquid helium dewar with two vapor-cooled shields (Fig. 1).  A kevlar suspension holds a  50 g ferric ammonium alum salt pill inside a 4-Tesla, 8-amp superconducting magnet.  In order to reduce the heat load on the liquid helium bath, high-Tc superconductor leads carry the magnet current from the LHe can to the 30 K shield.  The output from an  NTD germanium resistance thermometer
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Figure 1: A cross section view of the sounding rocket cryostat.
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Figure 2: Liquid helium temperature during flight. GV and PV are gate and pumping valves, respectively.
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on the coldplate is fed to an analog PID circuit that controls the magnet terminal voltage.  This provides <1 (K regulation at 60 mK. The total weight of the cryostat and analog electronics is 28 kg, and it has a 24�hour liquid helium hold time.


Copper wires on the exterior of the salt pill casing are connected to a set of gold wires in the salt that are separate from those cooling the cold plate.  These cooling wires shorten the equilibration time of the fiberglass/epoxy support structure and intercept much of the parasitic heat load.  Since there is almost no heat flow from the coldplate to the salt, the coldplate runs close to the salt temperature. The ADR can maintain a 60 mK temperature for 12 hours under laboratory conditions.  This allows ample time for testing and calibration, and simplifies the pre-launch logitics.  


Heat input from vibration during the launch is minimized by staggering the mechanical resonances of the different supports, from the dampers that attach the dewar to the rocket skin down to the kevlar suspension of the cold stage itself [4].  This reduces the heat load from launch vibration by a factor of ~1000.  The measured heat input to the cold stage is only 85 (W for the worst-case 17 g rms launch vibration load.  In the 43 s of powered flight, this uses <10% of the total cooling capacity of the salt pill. In order to survive launch and landing stresses, the entire experiment was designed to withstand a 200 g load along any axis [4].


The detector array has thirty-six 1 mm2 pixels with 0.7 (m thick HgTe x-ray absorbers and ion-implanted silicon thermistors.  A 7.5 cm gate valve allows the detectors to look out through a mechanical stop which defines a ~1 steradian field of view, with a series of four filters to block IR and UV radiation.  Each filter consists of ~20 nm of aluminum deposited on a 100 nm parylene film.


The thermistors have resistances near 30 megohms, and are connected to Si JFETs operated at 125 K inside enclosures on the LHe can, followed by low noise room temperature preamps.  The overall amplifier noise is 3 nV/(Hz down to 3 Hz.  Individual pulses are digitized with 1024 12-bit samples, which are telemetered to the ground for further processing.


A  3.3 keV 41Ca source incorporated in the outer filter ring continuously illuminates all of the pixels at ~1 ct/s.  A multi-line fluorescent calibration source is mounted on the inside of the gate valve.  This provides several low-energy calibration lines across the energy range of interest at the beginning and end of the flight.  In the laboratory, a detachable bell jar allows us to expose the detectors to other calibration sources.


Until shortly before launch, the helium bath was pumped on through a port in the rocket skin.  This port 
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Figure. 3:  Coldplate temperature during flight.
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was closed by a motor-driven mechanical valve at T–180 s, and the pumping line pulled away at launch.  At 70 km, the valve was opened again, allowing the vacuum of space to pump on the helium.  Starting and stopping the pumping, the increased aperture radiation load after the gate valve is opened, and some leakage of liquid helium into the fill tube at burnout caused the temperaature of the helium-cooled shields surrounding the cold stage to vary significantly during the flight, as shown in Fig. 2.  This makes active control of the cold stage temperature very important, since variations >20 µK will affect the energy resolution.  Temperature regulation was turned off 90 s before launch, and the magnet terminal voltage held at zero until 15 s after burnout.  Vibrational heat input raised the coldplate temperature by ~1 mK, but the operating point was reestablished within 1 (K ~10 s after regulation was re-enabled and maintained throughout the data-taking period, (Fig. 3).


The Nike-Black Brant sounding rocket carried the instrument to a peak altitude of 235 km, providing about 300 s of observing time above 160 km (<20 (g/cm2 of atmosphere).  About 50 s of this was used for a 360o scan through the Earth to evaluate various potential sources of background, such as precipitating electrons and ultraviolet light.  A system of nitrogen gas jets with a gyroscopic reference provided the pointing.  Our target was centered on l = 90, b = +60, a generally bright part of the sky that would provide a total of about 7 cts/s on the 0.36 cm2 detector array over a 0.1 – 1 keV bandpass. 


Before reentry, the helium pumping valve closed a final time, and the payload returned to Earth via parachute.  A 1 psig pop valve in the pumping assembly prevented overpressurization of the helium bath.  Several hours later, the payload was recovered from the desert by helicopter, and it still contained some liquid helium on its return to the launch area.





4  Performance and Results





Microphonic noise initiated by the gate valve motor affected many of the pixels.  After opening the gate valve, the microphonic levels on most pixels were higher than the hardware lower level discriminator.  The microphonics died out slowly enough on some pixels that they were unusable for the entire flight.  Others became usable again as the microphonics dropped below the discriminator level.


We also experienced some problem with the glue joints between the HgTe absorbers and the detector structure containing the thermistor[5].  In some cases, the epoxy drop spread out, creating a wide joint that allowed high-energy phonons from the x-ray interaction in the absorber to reach the thermistor before they were fully thermalized.  This produces an unusually fast risetime, and variable pulseheight, depending on where the photon hit the absorber. 


Figures 4 and 5 illustrate the different kinds of detector events.  The events in Fig. 4 are from a detector with a small, well defined thermal connection between the absorber and its underlying detector.  These events are easily sepa-


� Figure 4: 	Rise time vs pulse height plot of a pixel with good rise time separation, showing easily dis-tinguishable features due to absorber events (top), leg and body hits (middle), and crosstalk events from nearby pixels (bottom).
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Figure 5:	Rise time/pulse height plot of a pixel with poor rise time separation.  Absorber events completely overlap the leg and body events.
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Figure 6:	Composite spectrum of l=90, b=+60, overlaid with a prediction of rates in the 1/4-keV 


region from the DXS data (dotted–ref. 2), and the transmission of the aluminized parylene filters (dashed).
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rated into three groups: the events at long rise times are due to photons being absorbed in the HgTe, the middle group arises from hits on the legs and body of the detectors, and the concentration near the origin is produced by crosstalk events from nearby pixels.


Figure 5 shows a pixel with a wide, high-conductivity glue joint.  This allows hot phonons to reach the thermistor, leading to faster rise times.  The rise times of leg and body hits are unaffected and overlap the absorber events, making separation impossible. In addition, there is a position dependence in these devices which causes a rise time vs pulse height correlation and a loss of resolution at higher energies.


	Of the 36 pixels, two electronics channels had been taken for diagnostic thermometery, one pixel had a broken lead, and another ten had prohibitively poor risetime separation or long microphonic damping time, leaving us with 23 usable pixels.  Gain variability with time was corrected for each of these by using the 41Ca calibration line, and bad events (leg hits, double pulses, etc.) were removed.  Although a stubborn light leak from the 2 K surroundings heats the pixels to 85 mK, the array still achieved a baseline resolution of better than 10 eV for more than a third of the detectors, with our best baseline resolution being 8 eV.  After overlaying the spectra from 23 pixels, the composite spectrum had a resolution that varied from 14 eV at 277 eV to 21 eV at 677 eV.


 The composite spectrum from the target area is shown in Fig. 6.  The existence of emission lines, at least in the 0.5 – 0.8 keV interval, shows that some of the x-rays are due to thermal emission.  The 0.15 – 0.30 keV spectrum measured by the Bragg crystal Diffuse X-ray Spectometer (DXS) [2] was scaled by the ratio of the Rosat Diffuse All-Sky Survey counting rates in the respective regions of the sky and plotted as the dotted line in Fig. 6.  The average rate and overall shape are consistent with this observation, although the details of the spectrum appear to be different.  The strong O vii line at 0.57 keV is presumably from hot interstellar gas at a temperature near 2x106 K.  The relative weakness of any O viii line at 0.65 keV puts an upper limit on the temperature.  (The apparent line at 0.68 keV is unidentified.)  The line at 42 eV is geocoronal He ii Lyman-(.  A very strong line complex due to Fe x and Fe xi is expected at 72 eV. Upper limits from this observation would be a factor of eight less than the level predicted by simple equilibrium models, but our sensitivity at these very low energies has been reduced by a poorly determined amount of ice deposited on the filters. 


Another flight is being planned for this Fall.  The glue joint non-uniformities have been eliminated by introducing sapphire or silicon pedestals as spacers between the HgTe absorbers and the pixels.  Efforts are underway to eliminate the source of the ~10-13 W/pixel of stray power that is heating the detectors.  A second reflight will employ a Goddard Space Flight Center conical foil grazing-incidence mirror in front of the detectors, providing a 8í x 8í field of view with ~3í resolution.  This will allow imaging spectroscopy of bright supernova remnants. 
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