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The purpose of this document is to summarize the technical work performed by the ARISE Team in FY’98. The work focused on the space segment of ARISE. Ground segment will be studied in more detail in FY’99 and will be available in the next edition of this document. Roadmaps for all the technologies involved in the ARISE mission can be found in separate documents.
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�1.   ARISE Mission Description



�





ARISE (Advanced Radio Interferometry between Space and Earth) is a space Very Long Baseline Interferometry (VLBI) mission consisting of one (or possibly two) 25-meter radio telescope(s) in a high elliptic Earth orbit. In conjunction with arrays of ground telescopes, ARISE will image the most energetic astronomical phenomena in the universe, namely supermassive black holes. The mission objectives are to image radio sources with a resolution of 10-20 microarcseconds, which corresponds to an improvement in resolution over today’s Space VLBI mission by two orders of magnitude. ARISE’s observing bands will be 8, 22, 43, (60), and 86 GHz, and system noise temperatures down to 10-20 K. Science data will be downlinked at a rate of 1-8 Gbps



The ARISE spacecraft is placed in a high elliptical Earth orbit in order to synthesize the largest possible imaging aperture. The nominal orbit has a perigee altitude of 5000 km and an apogee altitude of 40000 km. The mission lifetime is approximately 3 years, with a potential start in 2005 and launch in 2008. The spacecraft launch mass is about 1700 kg, allowing for a launch to the desired orbit with a Delta II class launch vehicle. 



The ARISE spacecraft is designed with two primary goals: 1) to make the mission as low cost as possible, 2) to maximize the antenna performance. Several innovative ideas were used to make the mass and volume a minimum. An inflatable antenna is baselined with a mechanical antenna as secondary option. An inflatable antenna can be packed into a volume that is about 100 times less than an equivalent mechanical structure; the inflatable also is about 5 times lighter and 6 times less expensive to manufacture. The inflation system was combined with the attitude control and propulsion system for additional mass savings. All the structural elements of the antenna will be rigidized after the deployment, to nullify the need for any supplemental gas. The reflector structure also will be operated at a pressure of 1/10,000 atmospheres to lower the requirement for make-up gas, which will be needed to replace the gas lost by leakage due to micrometeoroid penetrations.

The inflatable antenna peformance is enhanced by using mechanically shaped secondary reflector and an adaptive feed.



To further lower the cost of the mission, ARISE will take advantage of technology development by other missions and programs. It will use the coolers and low noise amplifiers which are being developed for the Europe-led Planck mission, scheduled for launch in 2007. The data systems will take advantage of the developments by the ground VLBI and DOD programs. The inflatable antenna technology development will be greatly aided by the Space Inflatables Program.

�2.   ARISE Science



The primary goal of ARISE is the study of the environment of black holes and other compact objects, as well as the disks of matter surrounding these objects.  Secondary goals are the studies of gravitational lenses throughout the universe, and of coronae in active stellar systems.



Massive black holes are believed to be the power sources for active galactic nuclei, including the gamma-ray “blazars” first detected by the Compton Gamma Ray Observatory.  Among the questions of scientific interest are the method of feeding these black holes, and how they use the fuel to generate the light-speed jets seen in blazars.  ARISE will image the region of primary energy deposition and delivery in these objects with a resolution of light days to light months, depending on the blazar distances.  Observations at 43 and 86 GHz are required to image these regions in optically thin emission, so that our view is not restricted to an opaque surface.  Imaging of these regions in polarized radiation will map out the inner magnetic field structures, required for understanding the energy-generation processes.  The combination of the ARISE imaging with gamma-ray observations and X-ray spectroscopy is particularly important to provide a complete picture of the highly energetic phenomena near massive black holes.





�

	Fig. 1.1



An important corollary to the study of black holes is the study of accretion disks on a variety of spatial scales (Fig. 1.1).  Such disks are the reservoirs of fuel for black holes, other compact objects, and star-forming regions.  Understanding the physics of these disks, and the relation among disks of various sizes, is critical to understanding the complete life cycle of matter near massive objects.  ARISE will image the 22-GHz water megamaser emission at the centers of active galaxies, providing direct measurements of black hole masses and of the physics of the accretion process (Fig. 1.2).  Weaker maser emission from disks in galactic star-formation regions will also be imaged to help show how the accretion phenomenon scales with mass and power of the accreting objects.  Finally, continuum radio imaging of superluminal jets associated with energetic x-ray binary stars in our galaxy will probe the accretion processes on much smaller scales than is possible in extragalactic objects.
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	Fig. 1.2





A key secondary science goal for ARISE is the study of gravitational lenses throughout the universe.  The accessible resolution of tens of microarcseconds (Fig. 1.3) provides sensitivity to compact objects in the mass range of 104 to 106 solar masses; no other astronomical technique has access to such objects, which are among the candidates for the “missing” dark matter in the universe.  These lenses also can be used as “cosmic telescopes”, since their magnification provides enhanced linear and angular resolution of distant objects.  Thus, it may be possible for ARISE to have an effective resolution even better than that indicated just by the size of its orbit and its observing frequencies.



Another important secondary goal for ARISE is the study of the coronae of active star systems.  Very sensitive imaging at 5 GHz or 8 GHz will allow mapping of these coronae with an effective linear resolution much smaller than a stellar radius.  In addition, motions in coronal mass ejection events more powerful than those on our Sun can be followed in time scales of hours.  Of particular interest is the capability of imaging stellar flares to search for brightness temperatures that indicate coherent emission processes in the coronal plasma; such high brightness temperatures can only be accessed using VLBI baselines much larger than an Earth diameter.
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	Fig. 1.3
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�3.   Mission design, coverage and constraints



	3.1   Nominal orbit and sensitivity



The ARISE orbit is one of the major factors in determining the science return from the ARISE mission. The final orbit selection will be made after a detailed trade-off between scientific goals and spacecraft design, and after the VSOP and RadioAstron results. In the meantime, a nominal orbit for ARISE has been specified by the science requirements, along with a range of possible values for each parameter. Table 3.1 summarizes these parameters.





Quantity�Nominal�Possible Range��Semi-major axis�29,000 km�15,000 - 50,000 km��Eccentricity�0.6�0.25 - 0.75��Apogee Altitude�40,000 km�40,000 - 100,000 km��Perigee Altitude�5,000 km�1,000 - 6,000 km��Inclination�60 deg�30 - 63.4 deg��Orbital Period�13.5 hr�5 - 30+ hr��Perigee Precession�6 deg/yr�0 - 280 deg/yr��Node Precession�21 deg/yr�5 - 180 deg/yr��Orbit Knowledge�10 cm�3 - 20 cm��Table 3.1: Orbit parameters for ARISE





The selection of the perigee altitude should allow for overlap between ground-ground and ground space telescope baselines for calibration purposes. Low  perigee (near 1000 km) will cause more rapid precession of the orbit plane. The apogee altitude should be high enough to provide information at the desired resolution, and will result from a trade between high angular resolution and high dynamic range imaging.



There are several different approaches to examining the ARISE sensitivity. The approach we adopt here is a quasi-physical approach. Given the 7-s sensitivities from ARISE to a single VLBA antenna of 1.7, 4.3, 13.8, and 110 mJy at 8, 22, 43, and 86 GHz respectively, we may ask the question on a given ARISE baseline, what type of sources are we able to detect. In this analysis, a source is represented as a single Gaussian component of total flux density, So, and brightness temperature, To. In Figure 3.1, the detection limits for the 4 ARISE observing bands for 3 different values of baseline length (20,000, 40,000, and 80,000 km) are shown. The straight line corresponds to when the visibility function reaches a value of 0.9. Thus, to the right of this line even though a source might be detected, we would be unable to determine its size. With this simple Gaussian source model, the minimum brightness temperature that can be detected on a baseline of length D with a detection limit of Sd is given by:



Tbmin = 3.1 x 108 (D/104 km)2 (Sd/mJy) K



This minimum detectable brightness temperature is for a source with a flux density of 2.7Sd. From Figure 3.1, we can see which sources can be detected as a function of observing frequency and baseline length.  As an alternative to representing a Gaussian source by its total flux density and brightness temperature, we can represent it by its total flux density and FWHM size. In Figure 3.2, we show what sources can be detected as a function of these two source parameters and baseline length. From this figure we can see the size scales that will be probed by the different ARISE observing bands. In this figure the 0.9 visibility straight line is different for each observing band.



�

Fig. 3.1: Detection limits for the 4 ARISE observing bands as a function of source flux density (So) and maximum brightness temperature (Tb) for 3 different values of baseline length. Sources at the right of the curved lines are detectable, while sources to the left of the diagonal lines are resolvable.
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Fig. 3.2: Detection limits for the 4 ARISE observing bands as a function of source flux density (So) and FWHM size for 3 different values of baseline length. Sources above the curved lines are detectable, while sources below the diagonal lines are resolvable.

	3.2   Orbit normal and (u,v)-coverage



One of the prime goals of the ARISE mission is to image sources with unprecedented angular resolution. The highest angular resolution (u,v)-coverage is obtained for sources that lie along the orbit normal and anti-normal directions. In equatorial coordinates (a, d) these directions are given by (W - 6h, 90o -i) and (W + 6h, i-90o). In Figure 3.3, we show the (u, v)-coverage obtained for a one orbit observation with ARISE in its nominal orbit and the VLBA as a functional of the equatorial co-ordinates of the source. Note, that the (u,v)-coverage is essentially linear when the source lies in the orbit plane, shown as a sinusoidal curve in Figure 3.3. Due to the nodal precession (dW/dt) the position in the sky of the orbit normal and anti-normal directions precess with time. In the nominal orbit for ARISE, this precession period is 15.7 years compared to 1.61 years for the current Japanese space VLBI satellite, HALCA. For the nominal mission lifetime of 3 years, W only precesses by 70o, implying that some directions of the sky would never have outstanding (u,v) coverage. The science tradeoffs involved in such a situation are under discussion (also, see section 3.4).



�

Fig. 3.3: All-sky (u,v)-coverages for a one orbit observation with ARISE in its nominal orbit and the VLBA.





	3.3   Precession of the orbital elements



At the moment, both the injection argument of perigee wo and the right ascension of the ascending node Wo are free parameters. However, for the assessment of the ARISE orbit environment, a value of wo = 0o has been assumed. The nominal orbit has an orbital period (T) of 13.56 hours and the precession rates of wo and Wo are +6o/yr and -23o/yr respectively for 60o inclination (and +63o/yr and -40o/yr respectively for 30o inclination). These nominal ARISE orbit precession rates can be compared to the HALCA precession rates for both w and W which are +353o/yr and -228o/yr respectively.  The relatively low precession rate for w may not be a problem provided that there are no spacecraft link constraints except for the requirement that ARISE must be above the elevation limit of a tracking station. However, the injection value of w, wo needs to be further studied as the optimum value depends on the geographical distribution of tracking stations. If we assume DSN tracking (with 2 tracking stations in the northern hemisphere and one in the southern hemisphere) then wo = 180 is to be preferred over wo = 0 for orbits with i < 63.4o and hence dw/dt > 0. The low precession rate of W is of some concern and will be further addressed in Section 3.4.





	3.4   Orbit trade-offs



It is instructive to examine how the derived orbital parameters P, dW/dt, and dw/dt depend on hp, ha, and i. In Figure 3.4, we show how the orbital period (P) depends on hp and ha. The nominal orbit has a period of 13.56 hours, which coincides quite nicely with the typical ground-based VLBI observation length. Increasing the orbital period much beyond this value has some disadvantages, since the typical imaging observation must last at least one orbit, and radio source structures may vary on time scales appreciably shorter than 24 hours. In Figures 3.5 and 3.6 we show the nodal precession rate dW/dt for orbit inclinations of 60o and 30o respectively. By lowering the inclination from the nominal 60o to 30o we increase the nodal precession rate, for a given hp and ha, by a factor of sqrt (3) (Wdot is proportional to cos i). However, this in itself, only reduces the nodal precession period from 15.7 years to 9.06 years. Reducing hp from 5,000 km to 1,000 km (while keeping ha at 40,000 km) and reducing i from 60o to 30o reduces the nodal precession period to 3.95 years, which is comparable to the mission lifetime.



One consequence of lowering both the perigee height and the inclination is to increase the perigee precession rate (since dw/dt is proportional to 5cos2 i - 1). At an inclination of 60o, dw/dt is very low since this inclination is close to i = 63.4o, where dw/dt = 0. For hp = 1,000 km, ha = 40,000 km, and i = 30o, wdot  = 145o/yr. With these orbital parameters over the 3 year ARISE mission lifetime there are 2.48 w precession periods. With DSN tracking, ARISE will be able to be tracked longer when w = 270o compared to w = 90o. Thus, in this case, an injection value of wo = 180o would to be preferred over a value of wo = 0o.
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Fig. 3.4: Orbital period as a function of perigee and apogee heights.





�

Fig. 3.5: Nodal precession rate dW/dt as a function of perigee and apogee heights for i=60o.
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Fig. 3.6: Nodal precession rate dW/dt as a function of perigee and apogee heights for i=30o.



�

Fig. 3.7: Perigee precession rate dw/dt as a function of perigee and apogee heights for i=60o.
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Fig. 3.8: Perigee precession rate dw/dt as a function of perigee and apogee heights for i=30o.





In conclusion, nodal precession rate can be increased significantly by lowering the perigee height from 5,000 to 1,000 km and lowering the inclination from 60 to 30o.





	3.5   Launch capability and sequence



The launch vehicle selected for the ARISE mission is the McDonnell Douglas Delta 7925. The 7925 version features 9 solid rocket motors, and a Star 48B spinning third stage. Its delivery capability can be summarized as:



	- 1720 kg on a 185 x 40000 km altitude orbit, i=28.7 deg., 3-m dia. fairing

	- 1330 kg on a 185 x 40000 km altitude, i=90 deg., 3-m dia. fairing

	- 1220 kg on a Molniya orbit (370 x 40000 km), i=63.4 deg., 2.9-m dia. fairing

	- 1170 kg on a Molniya orbit (370 x 40000 km), i=63.4 deg., 3-m dia. fairing.



Figure 3.9 shows the injected mass as a function of apogee altitude and fairing type for the 3-stage 7925 vehicle. For ARISE, the 2.9-m diameter (9.5-ft) fairing was selected since it allowed enough space for the stowed spacecraft and since the injected mass was larger than the 3-m, leaving more margin for spacecraft mass growth. Figure 3.10 shows the performance capability of the 2-m dia. fairing as a function of inclination. Ultimately, the choice of the inclination for the ARISE orbit will depend on the spacecraft mass.



Once launched, the spacecraft will go through a de-spin and stabilization mode. A perigee raise maneuver will then occur at the GTO (Geo Transfer Orbit) apogee. Then several sequences of deployment will happen: deployment of the inflatable antenna and solar arrays; deployment of a rigid astro-mast type arm to carry the sub-reflector to about 3.6 m from the spacecraft;  and finally deployment of the telecom antenna.







�

Fig. 3.9: Delta 7925 three stage launch vehicle capability



�

Fig. 3.10: Injected mass as a function of inclination. Delta 7925 2.9-m fairing.





	3.6   Space environment



The radiation environment for two different inclinations and two different arguments of perigee was assessed. In summary, the trapped magnetospheric charged particles (electrons and protons) dose behind 100-mils of aluminum was:



	- 105 krad[Si]/year @ i = 30 deg., w = 0o.

	- 40 krad[Si]/year @ i = 60 deg., w = 0o.

	- 102 krad[Si]/year @ i = 30 deg., w = 90o.

	- 60 krad[Si]/year @ i = 60 deg., w = 90o.



The solar flares proton dose have been calculated to be on average about 10 krad[Si] for 3 years, which is small compared to the trapped magnetospheric particles. The requirement for the reflector radiation material resistance was assessed. Surface dose on the reflector was estimated at about 130 Mrad/year, while bulk dose adds up to about 40 Mrad/year. More details on the radiation environment can be found in Appendix E.



The electrical surface charging (ESD) of the ARISE main reflector was also investigated. In summary, differential static potential between the two thin Kapton sheets (one Al coated) forming the main reflector could reach about 20 kV under worst conditions, which could lead to self-sustained arcs. Although the use of an ITO coated Kapton sheet for the canopy might be satisfactory, electrostatic discharge still remains a materials issue until appropriate tests are done. Details on the ESD environment can be found in Appendix F.
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