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Introduction

The SNAP mission is considering an orbit about the second Lagrange Point (L2) of the Earth-Sun system. SNAP Tech note 04010 [1] describes several L2 orbits. The two categories of orbits are a lissajous orbit or a halo orbit. Currently the best orbit for SNAP is a halo orbit about the L2 point. This orbit can avoid all earth and lunar eclipses of the sun. 

The amount of mass that can be put into an L2 orbit can be summarized with two parameters. The first parameter, C3, is related to the amount of energy the booster gives to the payload. The units are km2/sec2. A value of zero will just escape the earth. The second parameter is the change in velocity, Delta-V, required to insert the payload into the L2 orbit.

Halo Orbit

The halo orbit was described in reference 1. Figure 1 shows a schematic of the coordinate system used in L2 orbits. The only free parameter for a halo orbit is the amplitude along the Z axis. The amplitudes in the other axes are given by:
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where the units are scaled to the Earth- L2 distance (~1.5x106 km).
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Figure 1L2 orbit coordinate system.

There are two ways to arrive at an L2 orbit. Direct injection uses the launch vehicle to place the payload into a trajectory directly to the L2 orbit. Lunar Assist uses the moon to give energy to the payload on the way to L2. A sample direct injection transfer orbit trajectory [2] is shown in Figure 2.
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Figure 2 Sample Direct Injection L2 transfer orbit trajectory [2].

The C3 required for a direct injection L2 orbit is very insensitive to the amplitude of the halo orbit [3,4]. The amount of Delta-V that is required to insert the payload into an L2 orbit decreases with increasing Y amplitude [3,4]. This is why lunar assist is used for orbits with small Y amplitudes. Figure 3 shows the dependence of Delta-V on the Y amplitude of the orbit. The plot starts at 675,000 km since this is the 
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Figure 3 Delta-V to insert into an L2 orbit of the given Y amplitude.

smallest Y amplitude that a halo orbit can have. Very small Delta-V’s are required for halo orbits with Y amplitudes greater than 850,000 km. Example halo orbits are shown in Figure 4. The blue, red, and green orbits require a Delta-V of 0, 50, and 118 m/s respectively.
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Figure 4 Example halo orbits. The blue (cyan), red (magenta), and green (yellow) orbits have Ay=875,000 km, 770,000 km, and 675,000 km respectively.

There are other Delta-V maneuvers required during an L2 mission. Table 1 shows an example of the different maneuvers required. This is a compilation from references 2 and 5. A value from Figure 3 should be inserted into the Libration Orbit line.

Table 1 Delta-V required during an L2 mission.
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The current best estimate for the mass of SNAP [7] (not including fuel) is 1343 kg, or 1591 kg including reserve. The amount of fuel required for the Delta-V shown in Table 1 is shown in Figure 5. The plot assumes the use of Hydrazine with an Isp of 220 seconds and a payload with a dry weight of 1591 km. This includes 30% reserve of extra fuel. The amount of fuel varies from 290 kg for low amplitudes to 150 kg for large amplitudes.
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Figure 5 Fuel required for a 1591 km payload (dry). This includes a 30% reserve of fuel.

SNAP is currently considering an EELV launch vehicle. The EELV vehicles currently include Delta IV and Atlas V. Table 2 shows the launch capabilities [6] for a C3 of –0.71 km2/sec2. Any of these vehicles could easily launch SNAP with the current mass estimate of 1591 + (290 to150 of fuel) kg. 

Table 2 Launch Vehicle Capabilities [6]

	Launch Vehicle
	Payload Mass (kg)

	Delta IV 4040-12
	2780

	Delta IV 42040-12
	4135

	Atlas V (401)
	3495


If the mass of an observatory scales as the third power of the diameter of the primary mirror, then the smallest Delta IV could place a 2.33 m SNAP telescope into a large amplitude L2 orbit. This payload would require about 200 kg of fuel.

Conclusion

SNAP should consider halo orbits with large Y amplitudes since they require much less onboard fuel. There are two potential downsides to large amplitude orbits. The scattered light from the earth and the moon will increase slightly as the amplitude increases. A study has begun to quantify these effects. Second, with a fixed antenna the observatory must be slewed to point the antenna at the earth. The angles of the slew will increase with amplitude. A study has also begun on this. 

Scaling the current mass estimate, an observatory with a primary mirror diameter up to 2.33 meters could be launched into an L2 halo orbit with the smallest Delta IV launch vehicle. Studies still need to be done to see if the volume of these larger telescopes can be fit into the fairing of the vehicle and if the science increase is worth the cost.

There are several studies that should be done in the future. The transfer orbit trajectory to L2 should be quantified. The Delta-V table needs to be understood and quantified. Several studies (scattered light, antenna angles, and thermal) need to be completed to select the optimal L2 halo orbit.
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		922336.037860159		3.75E+05		1.20E+06		7.54E-04		2.06E+00		177.43
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Sheet1

		gammal		1.01E-02

		l1		-1.48E+01

		l2		1.67369

		delta		2.91E-01

		k		3.18723

		AU		1.50E+08

		lambda		2.05701

		s1		-7.44E-01

		s2		1.25E-01

		r1		1.51E+06

		Az		Ax		Ay		omega2		omega		Period		DV		Fuel Mass

		0		2.11E+05		6.73E+05		-1.46E-02		2.03E+00		180.19		120		291.5391482149

		5000		2.11E+05		6.73E+05		-1.46E-02		2.03E+00		180.19		1.20E+02		2.92E+02

		10000		2.11E+05		6.73E+05		-1.46E-02		2.03E+00		180.19		1.20E+02		2.91E+02

		15000		2.11E+05		6.73E+05		-1.46E-02		2.03E+00		180.19		1.20E+02		2.91E+02

		20000		2.11E+05		6.73E+05		-1.46E-02		2.03E+00		180.19		1.20E+02		2.91E+02

		25000		2.11E+05		6.73E+05		-1.46E-02		2.03E+00		180.19		1.20E+02		2.91E+02

		30000		2.11E+05		6.74E+05		-1.46E-02		2.03E+00		180.19		1.20E+02		2.91E+02

		35000		2.11E+05		6.74E+05		-1.46E-02		2.03E+00		180.19		1.19E+02		2.91E+02

		40000		2.12E+05		6.74E+05		-1.46E-02		2.03E+00		180.19		1.19E+02		2.90E+02

		45000		2.12E+05		6.75E+05		-1.46E-02		2.03E+00		180.19		1.19E+02		2.90E+02

		50000		2.12E+05		6.75E+05		-1.46E-02		2.03E+00		180.19		1.19E+02		2.90E+02

		55000		2.12E+05		6.75E+05		-1.45E-02		2.03E+00		180.18		1.18E+02		2.90E+02

		60000		2.12E+05		6.76E+05		-1.45E-02		2.03E+00		180.18		1.18E+02		2.89E+02

		65000		2.12E+05		6.76E+05		-1.45E-02		2.03E+00		180.18		1.18E+02		2.89E+02

		70000		2.12E+05		6.77E+05		-1.45E-02		2.03E+00		180.18		1.17E+02		2.88E+02

		75000		2.13E+05		6.78E+05		-1.45E-02		2.03E+00		180.18		1.17E+02		2.88E+02

		80000		2.13E+05		6.78E+05		-1.45E-02		2.03E+00		180.17		1.16E+02		2.87E+02

		85000		2.13E+05		6.79E+05		-1.45E-02		2.03E+00		180.17		1.16E+02		2.87E+02

		90000		2.13E+05		6.80E+05		-1.45E-02		2.03E+00		180.17		1.16E+02		2.86E+02

		95000		2.14E+05		6.81E+05		-1.44E-02		2.03E+00		180.16		1.15E+02		2.86E+02

		100000		2.14E+05		6.81E+05		-1.44E-02		2.03E+00		180.16		1.15E+02		2.85E+02

		105000		2.14E+05		6.82E+05		-1.44E-02		2.03E+00		180.16		1.14E+02		2.84E+02

		110000		2.14E+05		6.83E+05		-1.44E-02		2.03E+00		180.15		1.13E+02		2.84E+02

		115000		2.15E+05		6.84E+05		-1.44E-02		2.03E+00		180.15		1.13E+02		2.83E+02

		120000		2.15E+05		6.85E+05		-1.43E-02		2.03E+00		180.15		1.12E+02		2.82E+02

		125000		2.15E+05		6.86E+05		-1.43E-02		2.03E+00		180.14		1.11E+02		2.81E+02

		130000		2.16E+05		6.87E+05		-1.43E-02		2.03E+00		180.14		1.11E+02		2.80E+02

		135000		2.16E+05		6.88E+05		-1.43E-02		2.03E+00		180.13		1.10E+02		2.80E+02

		140000		2.16E+05		6.89E+05		-1.42E-02		2.03E+00		180.13		1.09E+02		2.79E+02

		145000		2.17E+05		6.91E+05		-1.42E-02		2.03E+00		180.12		1.09E+02		2.78E+02

		150000		2.17E+05		6.92E+05		-1.42E-02		2.03E+00		180.12		1.08E+02		2.77E+02

		155000		2.17E+05		6.93E+05		-1.42E-02		2.03E+00		180.11		1.07E+02		2.76E+02

		160000		2.18E+05		6.94E+05		-1.41E-02		2.03E+00		180.11		1.06E+02		2.75E+02

		165000		2.18E+05		6.96E+05		-1.41E-02		2.03E+00		180.10		1.05E+02		2.74E+02

		170000		2.19E+05		6.97E+05		-1.41E-02		2.03E+00		180.10		1.04E+02		2.73E+02

		175000		2.19E+05		6.99E+05		-1.40E-02		2.03E+00		180.09		1.03E+02		2.72E+02

		180000		2.20E+05		7.00E+05		-1.40E-02		2.03E+00		180.09		1.02E+02		2.70E+02

		185000		2.20E+05		7.01E+05		-1.40E-02		2.03E+00		180.08		1.01E+02		2.69E+02

		190000		2.21E+05		7.03E+05		-1.39E-02		2.03E+00		180.08		1.00E+02		268.0540607058

		195000		2.21E+05		7.05E+05		-1.39E-02		2.03E+00		180.07		9.94E+01		2.67E+02

		200000		2.22E+05		7.06E+05		-1.39E-02		2.03E+00		180.06		9.84E+01		2.66E+02

		205000		2.22E+05		7.08E+05		-1.38E-02		2.03E+00		180.06		9.73E+01		2.64E+02

		210000		2.23E+05		7.09E+05		-1.38E-02		2.03E+00		180.05		9.62E+01		2.63E+02

		215000		2.23E+05		7.11E+05		-1.38E-02		2.03E+00		180.04		9.51E+01		2.62E+02

		220000		2.24E+05		7.13E+05		-1.37E-02		2.03E+00		180.03		9.40E+01		2.60E+02

		225000		2.24E+05		7.15E+05		-1.37E-02		2.03E+00		180.03		9.28E+01		2.59E+02

		230000		2.25E+05		7.17E+05		-1.36E-02		2.03E+00		180.02		9.17E+01		2.58E+02

		235000		2.25E+05		7.18E+05		-1.36E-02		2.03E+00		180.01		9.04E+01		2.56E+02

		240000		2.26E+05		7.20E+05		-1.36E-02		2.03E+00		180.00		8.92E+01		2.55E+02

		245000		2.27E+05		7.22E+05		-1.35E-02		2.03E+00		180.00		8.80E+01		2.53E+02

		250000		2.27E+05		7.24E+05		-1.35E-02		2.03E+00		179.99		8.67E+01		2.52E+02

		255000		2.28E+05		7.26E+05		-1.34E-02		2.03E+00		179.98		8.54E+01		2.50E+02

		260000		2.28E+05		7.28E+05		-1.34E-02		2.03E+00		179.97		8.41E+01		2.49E+02

		265000		2.29E+05		7.30E+05		-1.33E-02		2.03E+00		179.96		8.27E+01		2.47E+02

		270000		2.30E+05		7.32E+05		-1.33E-02		2.03E+00		179.95		8.14E+01		2.46E+02

		275000		2.30E+05		7.35E+05		-1.32E-02		2.03E+00		179.94		8.00E+01		243.9392574767

		280000		2.31E+05		7.37E+05		-1.32E-02		2.03E+00		179.94		7.86E+01		2.42E+02

		285000		2.32E+05		7.39E+05		-1.31E-02		2.03E+00		179.93		7.72E+01		2.41E+02

		290000		2.33E+05		7.41E+05		-1.31E-02		2.03E+00		179.92		7.57E+01		2.39E+02

		295000		2.33E+05		7.43E+05		-1.30E-02		2.03E+00		179.91		7.42E+01		2.37E+02

		300000		2.34E+05		7.46E+05		-1.30E-02		2.03E+00		179.90		7.28E+01		2.36E+02

		316817.932755843		2.36E+05		7.54E+05		-1.28E-02		2.03E+00		179.86		6.76E+01		229.5932377753
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