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Abstract
This report summarizes the major achievements by the Swedish micro-satellites Astrid-1 and Astrid-2, and the status of Swedish nano-satellite Munin. The first Swedish microsatellite Astrid-1 was launched in January 1995 carrying three instruments including the first-ever dedicated ENA (energetic neutral atom) imager in the world. The spacecraft found unexpected ENA fluxes from polar auroral arcs in addition to storm-related ENA from the ring current. The second Swedish microsatellite Astrid-2 was launched in December 1998 with five latest models of scientific instruments. With a total cost of only $3 million (including operation), the spacecraft nevertheless collected as high time resolution data as NASA's most sophisticated FAST spacecraft. Astrid-2 confirmed earlier Freja results on auroral particle acceleration, night-time auroral bulge, and plasma cloud dynamics with higher quality of data. Sweden has developed even smaller “nano-satellite,” which is basically a free-flying instrument. The first Swedish nano-satellite Munin is one of the world's smallest scientific satellites, with a total mass of 6 kg. Munin carries three latest models of scientific instruments and will be launched in the fall of 2000 by a NASA Delta-II rocket. 
(1. Introduction
While recent development of space technology made interplanetary missions feasible within a reasonable budget, this fact makes it difficult to continue big missions dedicated to magnetospheric or ionospheric single missions, although many scientific questions are left unanswered. Therefore the space science community needs low-cost small missions for Earth-orbiting satellites, in particular for small countries like Sweden. 

After the first scientific satellite Viking [1] in 1986, Sweden started a series of low-cost missions: the small scientific satellite Freja [2] in 1992 (total cost of $15 million including launch and operation), the technological and scientific micro-satellite Astrid-1 [3] in 1995 ($1.4 million), the high-resolution scientific micro-satellite [4] Astrid-2 in 1998 ($3 million), and the world-smallest scientific nano-satellite Munin [5] ($0.5 million) is now waiting for launch. The development of low-cost small satellites thus has two phases: to reduce the size and cost, and to give higher scientific return from an already established platform. Astrid-1 and Munin are the former, whereas Freja, Odin (the third Swedish small scientific satellite to be launched in 2000), and Astrid-2 are the latter. 

One advantage of extremely small missions such as Munin is that we can test state-of-the-art instruments with these satellites manufactured on a short time-scale at low cost. In fact Astrid-1, which was manufactured within 1 year, carried the first-ever energetic neutral particle (ENA) imager in the world [6] and two simple test photometers, as well as an electron spectrometer. These instruments have since been further developed for dedicated scientific missions such as Astrid-2 and Mars-96. Munin also carries the latest design of an ENA detector (deflection system with solid-state detector). Note that all these state-of-the-art instruments can still find new scientific phenomena. The low-cost and short time-scale nature of the nano-satellite also enables us to use them as educational tools. For example, some part of the design of the Munin satellite was performed as Masters and undergraduate theses.

In this paper we describe the development of Swedish micro- and nano-satellites and their achievements. For detailed descriptions, please refer to [3,6,7] for Astrid-1, [4,8,9] for Astrid-2, and [5,10] for Munin. 

2. Astrid-1 Micro-satellite



Figure 1. Astrid-1 with the payload
Astrid-1 [3] is the first Swedish scientific micro-satellite (defined as total mass less than 100 kg), and was manufactured by the Swedish Space Corporation using a generic micro-satellite bus “FREJA-C” with a size for the platform box of 42 x 35 x 29 cm and a weight of 27 kg. The total scientific payload is 4.3 kg. The maximum power generation is 45 W while the total power consumption is 22 W. The satellite is spin-stabilized with the spin axis pointing towards the Sun. Astrid-1 was launched into a 1000 km polar orbit (83 degree inclination) on 24 January 1995 from Russia (Plesetsk) as a piggyback on a COSMOS rocket. 
There are two downlinks: S-band with 128 kbps at Esrange (N 67.9°) and 400 MHz with 8 kbps at a small station at Swedish Institute of Space Physics in Kiruna (N 67.9°). Esrange is responsible for the platform operations, but both stations can be used for uplink. This flexibility is also unique for the Astrid-1 mission. Astrid-1 was built within one year at a total cost of only $1.4 million including launch and operation. 
Astrid-1 carried three scientific instruments: an ENA imager (PIPPI, 3.1 kg), an electron spectrometer (EMIL, 0.9 kg), two UV photometers (MIO, 0.3 kg), an 8 MB onboard memory (ALMA), and a data compression board (RONJA), as shown in Figure 1. PIPPI is the first ever dedicated ENA imager on board a spacecraft. By measuring charged-exchanged neutral particles, it is possible to diagnose charged particles remotely because the neutral particles are not affected by electric or magnetic fields. ENA can thus be used to "image" the plasma dynamics continuously. 

PIPPI has two 2-D imaging units, one with a solid state detector (SSD) for 13-140 keV particles in 8 energy steps from 14 directions, and the other with a microchannel plate (MCP) detector for 0.1-70 keV particles from 31 directions. The latter measures secondary particles emitted from a graphite target by incoming ENA. Both cameras have deflection systems to remove charged particles up to an energy of 70-140 keV. The time resolution of 31.25 ms corresponds to 23° x 5° and 11° x 9° angular resolution for SSD and MCP detectors respectively.

MIO and EMIL data supplement the PIPPI data by comparing the measurements [e.g., 6,7]. MIO measures Lyman-alpha emission (121 nm) from the geocorona (MIO-1) and oxygen line emission (125-160 nm) from aurora (MIO-2). Its focal length is 25 cm with 1 degree field-of-view and the sampling time is 2 ms. MIO is another new development for Astrid-1. The EMIL design was based on the electron spectrometer for the Russian Phobos mission. It measures electrons from 6 directions, and uses an electrostatic energy analyzer with 64 steps (in 125 ms) and an MCP detector for 50 eV - 40 keV range.  

With this low-cost and rather "technical trail" mission, we still obtained important scientific results, as summarized in [7]: Astrid-1 took the first-ever ENA images of the ring current from low-altitude, which has clear correlation with both Dst and Kp. The parent ions for these ENAs during the substorms are most likely dominated by oxygen ions. Even loss cone angles can be inferred from the ENA "blackout" region. Astrid-1 also found unexpected ENA fluxes from polar auroral arcs. This is a completely open question now.

3. Astrid-2 Micro-satellite

Astrid-2 [3] uses the same concept as Astrid 1, with the same “Freja-C” bus, same piggyback launch vehicle, same spin system, and same orbit. Yet the scientific payload increased from nearly 4 kg of Astrid-1 to 9 kg (total mass is nearly 30 kg), with five sophisticated scientific instruments. The maximum power generation is upgraded from Astrid-1 to 90 W (nearly doubled). Two new autonomous ground stations were built for the Astrid-2 project, one in Solna in Sweden (N 59.3°) for both uplink and downlink, and the other at the SANAE station in Antarctica (S 71.1°) for downlink only, both with S-band at 128 kbps. The data transmission is optimised by having ground stations in both hemispheres, and the transmission rate is 250 Mb per day in total, without manual intervention. Astrid-2 was launched on 10 December 1998, and in operation for 7.5 months, nearly 5 times longer than the Astrid-1 payload. 



Figure 2. Astrid-2 with the payload
Unlike Astrid-1, Astrid-2 has 6 wire booms (up to 3.3 m) and a special arm, which are longer than the size of the spacecraft as shown in Figure 2. This constraint required development of a new deployment system and spin control. Despite higher scientific capability, longer operation period, and higher downlink capability than Astrid-1, the project cost only $3 million including launch and operation. 

Astrid-2 carries 4 integrated scientific instruments: magnetometer and electric field probes (EMMA), Langmuir probe for plasma density measurement (LINDA), positive ion and electron spectrometers for hot plasma measurement (MEDUSA, 1.5 kg), and three UV photometers for auroral emissions (PIA, 0.6 kg), with a 45 x 45 x 30 cm sized satellite. Attitude determination is provided by a high-precision star imager (ASC). EMMA and MEDUSA are new developments for light but still high resolution measurements. 

Another important technological achievement is the new deployment system for booms and arms fitting into the compact spacecraft platform. EMMA (E-field unit) has 4 wire booms (3.3 m), LINDA has 2 stiff booms (0.61 m), and the EMMA magnetometer and ASC are installed at the top of a special arm (0.9 m). During launch, the LINDA booms are folded up around the folded solar panels, whereas EMMA booms are wound around the spacecraft body two full turns. The special arm for the magnetometer is folded up on the top panel of the spacecraft. The LINDA booms are automatically (and purely mechanically) released when the solar panels are unfolded, whereas the EMMA booms and the special arm are released by a step motor. Mounting on the solar panels is possible because of the very low weight of the LINDA booms at about 100 g each, including Langmuir probes, hinges and lock. The total mass of the wire boom deployment system is less than 2 kg, nearly half the weight of a conventional mechanism. 

EMMA simultaneously measures the electric (E) field for ± 5 V/m range with 0.2 mV/m accuracy and the magnetic (B) field for 65536 nT range with 0.125 nT accuracy. EMMA has three independent units, one for E-field measurement with 4 long wire booms (3.3 m), another for B-field measurement with fluxgate magnetometer at the top of special arm, and the other for the system handling for the measurement and the data for both EMMA and LINDA, including a 12 MB data buffer. The magnetometer must be kept away from the spacecraft body to minimize the magnetic noise. In addition to the ordinary measurements, the E-field probes can also be actively swept (Langmuir sweep) to produce a current-voltage characteristics. This provides independent information on the plasma density, temperature etc. With a sampling rate of 2048 samples/s for burst mode, EMMA achieved spatial resolution of 5 m, which is better than that of the “larger” mission Freja. 

LINDA measures the plasma density and its fluctuations using two spherical Langmuir probes (1 cm in diameter) at the end of short wire booms (0.61 m). The distance between the probes is 2.9 meters. By measuring the time delay between detection at the two probes, the motion of plasma structures up to velocities of 23 km/s (about three times the satellite speed) can be resolved. The plasma density fluctuation (∆n/n) measurement is sampled at 8192 samples/s, which corresponds to as short as 1 m resolution. LINDA also makes the Langmuir sweeps at regular intervals (1 or 2 minutes) to obtain the electron temperature and absolute density. 

MEDUSA is a 2-D (16 directions) energy spectrometer which measures both ions and electrons simultaneously with two different MCP detectors. The energy ranges and resolutions are 4 eV-22 keV in 31 steps with 16 sweeps/sec for electrons and 2 eV-12 keV in 31 steps with 8 sweeps/sec for ions. MEDUSA is installed such that the entrances always lie in the spacecraft spin plane. 

PIA has two spin-scanning photometers (PIA-1/2) for auroral imaging and one sunward looking photometer (PIA-3) for atmospheric absorption measurements. These photometers are upgraded from MIO for Astrid-1, and have four pixels each and a focal length of 25 cm. PIA-1 and PIA-2 measure oxygen emission of aurora (125-150 nm), and PIA-3 measures Lyman-alpha emission (121 nm) via a diffuse reflector. The photometers are sampled at 256 samples/s.

Thus, the Astrid-2 micro-satellite obtained high time resolution data comparable to NASA's FAST spacecraft, and higher resolution data than most other low-altitude orbiting satellites. Astrid-2 is now in data analysis phase, and many scientific results are being prepared for publication. To simplify the data analysis as well as the data-base management, we have adopted the SDDAS data handling system [9]. The files and analysis software are now open to public via the WWW. 

Despite such a low-cost mission, the scientific outcome is still significant. The dense cold plasma cloud in the CPS region is one such contribution [9]. It has only briefly been reported in the past in combination with DPS [11]. According to the Astrid-2 data, such a plasma cloud is not related to large substorms, but rather minor ones. The half year operation (more than 3000 traversals of the auroral region) also enabled us to make rough statistics [9]. We found that the shift of CPS distribution in response to the geomagnetic disturbances is local-time dependent. The Kp-dependent shift of the CPS distribution is largest in the magnetic midnight and pre-noon sectors. The distribution of the inner radiation belt is confirmed to be in good agreement with the Brazilian (South Atlantic) anomaly of the geomagnetic field model. 

The Astrid-2 results also confirmed earlier Freja discoveries that significant auroral particle acceleration occurs occasionally at or below 1000 km in the auroral return current region, although clearly much less frequently than at higher altitudes [2, 12, 13]. This is supported by observations of upward keV electron beams, very intense electric fields (> 1 V/m) and ion heating. Full-orbit data of the plasma density in the top-side ionosphere indicate the presence of large-, meso-, and small-scale plasma density cavities at high latitudes, of which the latter are likely to be a manifestation of the low-altitude part of the acceleration region. Simultaneous observations of dispersed field-aligned electron fluxes and Alfvén waves at the edge of an auroral arc are interpreted as due to cold ionospheric electrons locally accelerated by the wave electric field. 

A purely westward electric field and locally balanced field-aligned currents observed by Astrid-2 from a polar crossing of the night-time auroral bulge indicate, in agreement with recent Freja results, that the Cowling current model is not applicable to explain the bulge electrodynamics [14]. The magnetospheric response to the solar wind, as indicated by the cross-polar potential (from Astrid-2 electric field measurements) and the partial ring current, demonstrates both a direct response (20 min) and a delayed response (50 min). The evolution of convection and field-aligned current signatures of a drifting polar arc have been studied in detail by the Astrid-2 electric and magnetic field experiment during two consecutive orbit crossings of the northern and southern polar ionosphere.

4. Munin Nano-satellite
While Astrid-2 added higher scientific quality to the micro-satellite, another way of development is to make the spacecraft even smaller, i.e., from micro-satellite to nano-satellite, or “flying instrument.” One such achievement is the 21 cm cubic sized Munin nano-satellite with 6.0 kg total mass (7.5 kg including separation system), as shown in Figure 3 [5]. The structure is made of aluminium and has a mass of 1.9 kg, solar cells on all six sides providing 6.0 W power. The average power consumption is 4.7 W, with peak consumption 9.1 W. The attitude is controlled by a magnet aligning Munin with the local magnetic field. The start of phase-0 study was September 1996, and the spacecraft was already manufactured and tested by fall 1999, and is now waiting for launch by NASA Delta-II rocket, as a piggyback payload. 



Figure 3. The Munin nano-satellite
The small ground station in Kiruna established for Astrid-1 is used for UHF-band communication for both uplink (449.95 MHz, 600 bps) and downlink (400.55 MHz, 19.2 kbps). Northern hemisphere data will be transmitted in real time whereas southern hemisphere data are stored on board. The transmitted data will be automatically processed and listed on the WWW, and it will be open to the public in near real time. 

Munin carries three scientific instruments for monitoring of auroral activity: a slightly modified version of MEDUSA (ion and electron spectrometer, 0.6 kg for the sensor part) on board Astrid-2; a new generation of ENA detector to measure up to MeV ions and neutrals (DINA, 0.9 kg), and a high sensitivity CCD camera for visible and infrared wavelengths (HiSCC, 0.1 kg). The total mass of the scientific payload is only 1.6 kg with 2.4 W power consumption. Thanks to its small size, the satellite DPU (data processing unit) handles the instrument directly including on-board data memory. The engineering model of MEDUSA's DPU for Astrid-2 is used as the spacecraft DPU this time because the basic concept of nano-satellite is a flying instrument.

MEDUSA on board Munin covers the energy range 10 eV - 18 keV (2 eV - 22 keV for Astrid-2). Unlike Astrid-2, MEDUSA is installed on Munin so that all pitch angles are measured simultaneously, i.e., the instrument covers 4π sphere within half a spin. HiSCC is to provide auroral images in the 450 - 850 nm wavelength region. The field of view is 50° with a highest spatial resolution of 3 x 3 km (from an altitude of 1000 km). HiSCC produces pictures of 320 x 240 pixels. The exposure times range from 10 ms to 1 s. 

A newly developed SSD type instrument “DINA” measures 30 - 1200 keV ions and 30 - 400 keV ENAs alternatively using an electrostatic deflection system (cutoff energy 500 keV), complementing the MEDUSA experiment. Electrons with energies below 400 keV are mostly (86%) swept away by permanent broom magnets. Using two SSD surfaces (to measure ∆E/E), DINA can resolve the mass of the incident particles (hydrogen and oxygen) for energies above 100 keV. 

DINA consists of two sensors (DINA-0 and DINA-90, each 340 g) with 10° x 38° aperture and 5° x 25° angular resolution, each. DINA-0 detects particles with 0° pitch-angle (i.e., precipitating/ outflowing particles in the northern/southern polar regions, respectively), and DINA-90 will detect particles with 90° pitch-angle (e.g., ENA flux from the exobase in one local time sector). 

Table 1. Mass and power budget

component
mass (g)
power (mW)

Platform 
1950 
—

MEDUSA 
588 
1000

DINA
900 
500

HiSCC 
100 
300

DPU 
500 
600

Battery 
560 
—

Electronics 
110 
50

Solar cells 
300 
—

Transceiver 
200 
180 (receive only)



6500 (for downlink)

Modem
120
200

Antenna 
50 
—

Separation 
500 
—

Magnets 
25 
—

Magnetic rods
100 
—

TOTAL 
6003 
2830 (nominal)



9150 (during downlink)

Thus Munin has all the necessary functions needed to support its specific scientific mission: monitoring of the auroral activity in both the northern and southern hemispheres. The low-cost and short project time-scale of nano-satellites are ideal not only for science but also for instrument testing and education. DINA and HiSCC fall into this category, and the results will feedback to for upgrading these instruments. Many aspects of Munin involved engineering students from both undergraduate and Masters courses. Nevertheless, the spacecraft is highly scientific. With Munin we now have a handy low-cost tool for space weather monitoring. A further goal is to launch a constellation of such nano-satellites, in order to get a global monitoring system. 

5. Summary and Conclusion

The success of Swedish first scientific micro-satellite Astrid-1 created two streams for scientific spacecraft in Sweden: one is a sophistication of the micro-satellite (Astrid-2) and the other is to develop nano-satellites or flying instrument (Munin). The low cost ($1-$3 million for Astrid and $0.5 million for Munin) and short time-scale (1-3 years) of micro- and nano-satellite projects have made it possible to use the latest design or new development of instruments such as PIPPI (the world's first ENA imager), DINA (mass-resolving ENA detector), MEDUSA (the world's smallest spectrometer for both ions and electrons), and EMMA (the world's most compact high-resolution electric field probe). New scientific instrumentation naturally produces new scientific results, such as finding the unexpected ENA fluxes from polar auroral arcs and. In addition, nano-satellites are ideal as educational tools while keeping their high scientific purpose, and in fact Munin, the world's smallest scientific satellite with 6 kg total mass was partly designed and developed as part of Masters and undergraduate theses.
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