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Abstract

The 3-step Gossamer road map to solar sailing is presented, that has been agreed between DLR and ESA in November 2009. The main and exclusive purpose of that project is to develop, to prove, and to demonstrate the solar sail technology as a safe and reliably manageable propulsion technique for long lasting and deep space missions. Since the development of the solar sail technology is a quite complex task, presently at the DLR implemented solar sail related research activities will be presented as well.
1. INTRODUCTION

Solar sailing is an old and simple idea which is hard to put into practice. There are many solar sail projects that are either failed or are unfinished (Leipold et al. 1998, 2000). The just now commenced Japanese IKAROS mission, the plans of the NASA, and the enthusiasm of DLR and ESA researchers led to the agreement between DLR and ESA to start another effort to develop a reliable solar sail technology. It is based on such an unfinished project, GEOSAIL, which was developed up to the level of a so-called technology reference study, but stopped a few years ago (Mcdonald et al., 2007; Agnolon, 2008; Leipold et al., 2010).
The main difference to former solar sail projects is the complete abandonment of any scientific payload. Not only those scientific objectives complicate a solar sail mission a lot leading to many potential reasons for its failure; also the costs would considerably exceed those of a pure technology demonstrator mission. We are convinced that the scientific community will have confidence in that propulsion technique and will commit scientific payload to a sail craft only, if we have given a conclusive proof of the safe and robust feasibility of that alternative propulsion technique. 
The basic principle of the roadmap is to develop and to use only technologies that are scalable. Starting with small dimensions of boom length and sail area, the technologies to deploy them and to navigate the sail craft should be applicable for much larger sails.
2. The 3-step Gossamer Road map  
2.1  Schedule and goals
In order to keep costs as low as possible and to achieve a stage-to-stage progress, where the next stage relies on the successful completion of the preceding step, it was decided to organize the project in three steps with increasing complexity. After the completion of the third step, we can provide the scientific community with a propulsion technique which is proven and ready for further utilization, however, before a high degree of confidence into that technology has to be established. Therefore, the documentation of the main processes, namely the deployment of the sail and the variety of maneuvers to navigate the sail craft, is of upmost importance for the success of the Gossamer project. The limitation of resources and the challenging time schedule of the roadmap require, that materials and technologies which are used and tested in former solar sail projects of DLR and/or ESA have to be used as much as possible. This applies both to the sail material and the boom technology, which has been developed at the DLR Institute of Composite Structures and Adaptive Systems in Braunschweig, Germany (DLR-FA) and at the DLR Institute for Space Systems in Bremen and Berlin (DLR-RY).
The three consecutive steps of the roadmap are:
· Gossamer-1:  launch in 2013, demonstration of the safe deployment of a 5m x 5m solar sail in a 320km Earth orbit. Documentation of the deployment by at least two on-board cameras (for details see section 1.2).
· Gossamer-2:  launch in 2014, deployment of a 20m x 20m solar sail in a 500km Earth orbit. Mass of 57 kg (inclusive margin) and container volume 50x50x60cm3 inside the rocking fairing. Test of a limited orbit and attitude control. The limited orbit control is caused by the too small acceleration gained by the only 400m2 sail and the still relatively large atmospheric drag. The attitude control will enable a very precise measurement of orbital parameters for different sail attitudes. Documentation by at least two on-board wide angle cameras and an additional CubeSat inspector camera. Sail material presumably much thinner than the 7.5 μm Kapton used in Gossamer-1. The scheduled lifetime is about four weeks.
· Gossamer-3:  launch in 2015, deployment of a 50m x 50m solar sail in a > 10.000km Earth orbit. Mass of about 80kg and container volume 100x100x100cm3. Test of the full orbit and attitude control. Documentation as for Gossamer-2; an additional  narrow angle camera on board the sail craft may provide images of the Earth once it leaves the Earth orbit and of the Moon once it is approached. An acceleration > 0.1 mm/s2   together with the sufficiently high initial orbital altitudes will enable the sail craft to leave the Earth gravitational field after ~ 100 days. It is planned to perform a lunar swing-by after about 600 days. 
All three Gossamer projects will be based on square sails, supported by four diagonal booms with the satellite bus at the center of the square where the booms intersect. The method of attitude control to be used in Gossamer-2 and -3 has not yet been decided. However, it is very likely that sliding masses inside the expanded booms will perform attitude changes (Scholz, 2010). Therefore, a non-spinning, boom supported sail system seems to be best suited to achieve the aims of the roadmap. A sail area and its supporting booms as foreseen for Gossamer-3 has been studied in detail already in the context of the DLR-ESA project GEOSAIL. Together with the at DLR-FA and DLR-RY gained technology readiness level and the progress made in tailoring sails as large as necessary for Gossamer-2 and -3 it is very likely that the roadmap can be put into practice.
The orbit selections made for the three different roadmap steps are based on the demand to be below the inner radiation belt and to be fast enough de-orbited (Gossamer-1 and -2) and to avoid drag forces of the rest atmosphere and to have a reasonable “starting point” for the journey to the Moon (Gossamer-3).
After completion of Gossamer-3 that solar sail propulsion technology will be declared operational and is ready for use on science and commercial space missions.
For all three missions the use of the deployed sail for the de-orbiting according to the European code of conduct for space debris mitigation is mandatory.
Between ESA and DLR it has been agreed that the financial burden of the roadmap will be shared in equal parts. The concrete allocation of the project costs has not yet been decided completely.

It is intended to include the Kayser-Threde company (KT) already in the realization of Gossamer-1; for sure in Gossamer-2 and -3. Based on the substantial experiences that KT has accumulated in solar sail projects, it is likely that KT takes the responsibility for the service module. 

Though the roadmap is very challenging it seems to be feasible, especially because a great deal of the hardware has been developed, tested, and produced yet. The greatest risk for the on schedule completion of the roadmap is the supply of the launcher together with its interface to the sail craft.
2.2  The Gossamer-1 project
It is planned that Gossamer-1 will be launched together with the QB50 satellites. While the ~ 50 micro satellites are ejected, the sail craft remains permanently coupled the third stage of a Shtil 2.1 rocket. Thus, it can use both power supply and telemetry of that stage. The total mass of the sail craft (including margins) will be 24kg and the container volume 45x45x50cm3. 
Responsible for the boom technology is DLR-FA. The key elements for the unfolding of the sails are thin-walled carbonfiber booms which consist of two co-bonded omega-shaped carbonfiber half shells (Fig.1). They can be coiled on a hub as a flat ribbon, thus allowing for stowage in a very small volume during launch, and subsequently be deployed in orbit. Due to the “frozen” stresses induced by the carbonfibers they achieve their characteristic profile. The unfolding of such booms up to a length of 14 m under zero-g conditions has been successfully verified on a parabolic flight campaign (Fig.2, Block et al., 2009; Straubel et al., 2009).
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Fig.1. Boom profile in the deployed state (left) and deployment mechanism (right). It will be jettisoned when the boom deployment is completed. That jettisoning reduces the sail loading significantly.
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Fig.2. Electrically driven boom deployment 3.7 seconds after motor activation (composed photos)
The sails, made of 7.5μm Kapton foils covered on both sides with 100nm Aluminum, are manufactured by DLR-RY. For the deployment of the four sail triangles along the booms several technologies have been developed and tested. Presently, a winding in coils of the sail segments and their unwinding along the booms is under development (see Fig. 1). A qualification of this technology under zero gravity is scheduled.
[image: image4.jpg]


    [image: image5.jpg]


    [image: image6.jpg]



Fig.3. Three phases of a test to uncoil a triangle of solar sail material. Initially, the sail is rolled up and curled around a rotating fork. This method minimizes the number of wrinkles. The real booms, to be manufactured by DLR-FA, are here replaced by fishing rods. The force exerted by the uncoil process to the tips of the rods never exceed 4N, well below the maximum allowed 10N.
The principles of the storage and deployment technology for the Gossamer sail craft is sketched in Fig. 4:
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Fig. 4. Left: sail container with deployment mechanisms in launch configuration; right: principle of the deployment process. The boom deployment devices will be tilted over by 90 degrees. Each roll folded sail segment is connected with the two adjacent deployment devices and uncoiled simultaneously with the boom expansion.
Since the exclusive purpose of Gossamer-1 is the demonstration and documentation of the safe deployment of a solar sail with scalable techniques, there will be after deployment no further maneuvers that demand attitude control. Given the low orbit, the de-orbiting of Gossamer-1 within a few days will be completed.

3.  The complex irradiation facility (CIF)
Since the solar sails are exposed to the solar wind and electromagnetic radiation, a thorough    analysis of degradation processes is needed. For theses purposes at DLR-RY a Complex Irradiation Facility (CIF) has been constructed. It is just in the phase of commissioning. The CIF consists of sources both for the simulation of the spectrum of solar electromagnetic radiation and for the bombardment of materials with electrons and protons having energies up to 100keV (see Fig.5). This enables the study of degradation processes that may occur in long term missions as long as a scaling of the intensity of the electromagnetic radiation and of the current densities of protons and electrons can be applied.
The basic problem of the study of degradation processes is the question how far the results are scalable, i.e. how far is a (linear?) extrapolation from short period degradation processes, caused by relatively large intensities in the CIF, to large period degradation processes, caused by the comparatively small intensities in cosmic space environments, acceptable. All presently available tools that consider the interaction of particles and electromagnetic radiation with materials, like GEANT-4 and SRIM (considers only the interaction with ions), suffer from their basic assumption that an incident particle or photon hits the perfect, i.e. non-degraded matter. This is sufficient to study e.g. the fundamental process of energy release in the matter under consideration. The results, however, become cumulative questionable with increasing irradiation time. 
By use of the CIF and in co-operation with theoreticians and experimentalists working in the field of condensed matter physics, a step forward in answering the question of scalability will be done. The first task is to figure out how far a linear scaling is feasible, i.e. how far are the thermal, optical and elastic properties of the materials under consideration the same if its intensity is enhanced by the same factor as by which the irradiation period is reduced, for a given spectral and energetic configuration of the irradiation.
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Fig. 5.  Schematic presentation of the Complex Irradiation Facility at DLR-RY.
The technical parameters of the CIF are the following:

•  vacuum test chamber:

· volume:


ca. 33,5 l (diameter: 400 mm)

· irradiated area/target:

100 mm in diameter

· vacuum pressure:

( 10-8Pa
•  light sources:

· solar simulator:

300 – 1200 nm (2 solar constants)

· deuterium-UV-source:
115 – 410 nm (1,65 W/m2, validated by PTB)

· gas-jet-VUV-simulator: 
5 – 200 nm (up to 1,5 W/m2, must be validated)

•  protons / electrons:

· energy range:


1 – 10 keV, 10 – 100 keV

· current range:


1 – 100 nA, 0.1 – 100 µA

• thermal conditioning of the targets:

      _
heating:


halogen spotlights (500W, max.400K)
                          _ 
cooling:


liquid nitrogen (LN2: ca. 80K)

• measurement instrumentation:

                          _
in-situ-measurements: solar absorption and emissivity

        _        quadrupole mass spectrometer (range: 0-512 amu)
     _        radiation-, temperature- and pressure sensors
       _     Faraday cups in the beam line of the proton / electron irradiation 
           system and at the target in the test chamber (corner-cups)
At DLR-RY the CIF is just in the phase of a step by step commissioning. Fig.6 shows the CIF in that state; the VUV-source has still to be validated by the Physikalisch-Technische Bundesanstalt (PTB). 
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Fig. 6.  Present commissioning state of the CIF at DLR-RY. The electron and proton sources

and the accelerator beam line is seen in the left side; the vacuum chamber together with the
airlock and manipulator system where the in-situ measurement facility will be docked are in the

right side.

The first materials to be irradiated in the CIF are Aluminum-covered potential sail foils as Kapton and Mylar. Besides the almost complete variety of sources, the possibility to perform in-situ measurements is the main advantage of the CIF. It enables to measure optical properties like the reflectivity of the irradiated foils without leaving the vacuum environment, thereby avoiding effects of the atmosphere on to the surface quality.

4. The light pressure measurement facility (LpmF)
The reflectivity of the surfaces of foils used for solar sails is the quantity which determines the efficiency of that propulsion technology. Effects of degradation processes, accumulated during a sail craft’s mission, will reduce the reflectivity. In order to study these effects, a LPMF has been built up at DLR-RY. The simple idea is to “weigh” the pressure exerted by the solar photons to a foil.
The pressure imposed by the solar energy flux of 1370Wm-2 on to a perfectly reflecting surface is 

P ≈ 9.12x10-6 Nm-2 (Mc Innes, 1999).  This pressure corresponds to a force F = 2 x P x A≈ 0.02 gcms-2 if the area of the irradiated foil is about 200cm2. This force, in turn, corresponds to a mass difference measured by the balance given by 0.02gcms-2 = Δm x g, where g is the gravitational acceleration on the Earth surface. Therefore, if the balance measures a weight of about Δm ≈ 0.02mg, it corresponds just to the pressure exerted by one solar constant on to a perfectly reflecting area of 200 cm2. 
By use of a balance that has a high precision and can resolve masses up to accuracy of 0.0001mg (see Fig.7), it is well possible to measure the light pressure in the space simulation facility of DLR-RY. In order to avoid light mill - like effects and to avoid falsifications of the result by the pressure that exert water molecules that are peeled off by the UV-photons of the solar simulator, a vacuum always better than 5x10-7mbar is maintained in the chamber where the balance is placed. A vacuum of that quality ensures that no falsifying thrust supply on to the foil will take place.
[image: image9.jpg]’





                    Fig. 7.  A photograph of the high precision balance. On its arm is mounted 
                    a 0.02m2 disk of Aluminum foil.
The arrangement to measure the light pressure is relatively simple (see Fig. 8.); Besides the problem to exclude all disturbing factors of the rest gas attached to the metallic surface (Nichols & Hull, 1903), the construction has to detain straying photons to disturb the control mechanism of the balance.

Fig. 8.  Schematic presentation of the light pressure measurement facility at DLR-RY.

The LPMF will be used the study the degradation effects produced in the CIF. Foil materials are exposed for a certain period to a selected irradiation regime. Afterwards, the degraded foil will be transferred by use of a transport facility that has identical vacuum conditions as the CIF to the LPMF, where the same vacuum is prevalent as well. Thus, a more complex study of degradation effects will be possible.
The first results for light pressure measurements by use of the high precision balance are shown in Fig. 6.
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                     Fig. 9.  Light pressure put to an Aluminum disk of 200cm2 irradiated with solar light
                     fluxes of either 1000 Wm-2 (left panel) or 880 Wm-2.
Irradiation with light from a solar simulator and fluxes of 1000 and 880 Wm-2 corresponds to mass differences of about 0.015mg and 0.0132mg, respectively. The in Fig.9 presented results show weights of 0.0133mg and 0.0012mg, respectively. The deviation of about 12% from the theoretical value is due to the non-perfect reflection – see e.g. the crinkly surface of the Aluminum disk placed on the arm of the balance ( Fig.8). 

In a future expansion stage of the CIF it will be possible to site the LPMF within the CIF and to enable in-situ measurements of the light pressure. 
5. conclusions

The 3-step Gossamer road map to solar sailing seems to be a reliable, save and feasible program to establish solar sailing as an accredited propulsion technology that the community of space researchers will hopefully use by the end of the decade. Of course, there is no complete guarantee that such a plan is successfully put into practice; there are still some uncertainties, especially with respect to the funding. Given the step by step set-up of that DLR-ESA collaborative effort and taking into account the enthusiasm of its participants, one can be optimistic with respect to the success.
The accompanying activities as CIF and LPMF will back up the development of solar sail technology and offer possibilities to study material properties in a wide range of space conditions.
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