THE LAUNCH LOOP:

A LOW COST EARTH-TO-HIGH-ORBIT LAUNCH SYSTEM
by Keith H. Lofstom  keithl@ieeeorg

Note: Thispaper was fiist given at the 1985 AIAA condeice eferred
to in the efelence A more up-to-date description of the Laumtoop
can be found at wwigundloop.com .

ABSTRACT

The Launch Loop is an Earth-surface-based launching utility that stores energy and momentum in a
very long, small cross-section iron ribbon loop moving at high velocity. The downward forces necessary to
defl ect the ribbon from its otherwise straight path support a magnetically-levitated track system, control
cables, and vehicles at high altitudes against gravity. This paper presents a preliminary system that can
launch five metric ton \ehicles to geosynchronous or néarar orbits at rates of up to 80 per hour

1. Introduction

Roclets are expensve. Rockets must carry enormous fuel supplies, and intricate engines that operate
at high power levels for brief periods. Even with partia re-use of alaunch system, staging discards a lot of
costly equipment. The long turn-around times for the re-usable components suggest a long payback period
for the initial investment and long idle times for most of the ground components of the system. The low
frequeng of launches, and the differing nature of each one, require a high degree of expertise from the
launch operators and increase the chance of ctist-consuming errors.

It is diffi cult to imagine how larger rocket systems requiring larger facilities, longer development
times, and new technologies [1] can improve the picture. Rocket launch costs will certainly improve with
increased usage, but the costs may never drop low enough to make large scale space industry and space col-
onization practical Alternatives to the roclet are necessary

Proposed schemes for electromagnetic launch from the Moon [2] or from the Earth [3] involve very
high accelerations suitable only for raw materials. The high peak power circuitry may prove very expen-
sive. Orhital capture systems must be constructed from large amounts of mass already in orbit [4,5,6], or
require material strengths not yetitable [7].

Accelerating a vehicle to 11 km/sec (the AV required to launch from the Earth’s surface to L5 or the
Moon) at 3 g's requires an acceleration path of 2000 km. The energy necessary is modest, about 60 MJkg.
If provided at 100% efficiency from electricity costing 6 cents per kwhr, this energy costs about one dollar
per kg. The Earth itself may prade the reaction mass.

The Launch Loop [18,19] provides vehicle energy and momentum more effi ciently than rockets, but
uses simpler vehicles. The Launch Loop is based on the ballistics of high speed continuous fl ows of mate-
rials and electronically-controlled ferromagnetic levitation. The ribbon supports and drives the system with
itsinertia, and is segmented to prevent axial tensions. The materials required to build the Launch Loop are
commercially gailable in lage quantities.

2. Dynamic Structur es

Imagine a stream of water from a hose pointed at an angle into the sky. Neglecting effects of air fric-
tion, the stream forms a continuous parabolic arc, the ballistic trgjectory of the individual particles in the



stream. If the stream of water is moving very fast when it leaves the hose, the height of the trajectory and
the distance it traverses are well beyond what can be constructed with ordinary materials. If afl at plate is
brought up against the stream at a dight angle downward, the stream is defl ected downward, putting an
upward force on the platdn this way, the maing stream may be used to support a stationary weight.

If the stream is surrounded by a frictionless hose, the downward defl ection of the stream may be used
to support the weight of the hose. When the stream reaches the ground at the end of its trajectory, it may be
defl ected back toward its source, and defl ected forward again, completing the loop. If the hose is truly fric-
tionless, lage, apparently static structures may hitb

If the stream is replaced with a ribbon of iron, and the hose is replaced by a track, the two may be
held together magnetically, with a magnetic pressure of B%/2 [8]. Theinertia of the iron ribbon supports
the structure, but the ribbon sustains no axial stresses. This allows tall structures to be built unhindered by
cornventional strength-of-materials limits.

3. TheLaunch Loop

A highly schematic vier of the Launch Loop is sk in Figure 1.
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Figure 1. A side view of the Launch Loop. Most cross sections are in centimeters, making the structure virtu-
ally invisible from a distance.

The Launch Loop is a long, small cross-section structure built around a laminated, segmented iron
ribbon loop moving at 14 km/sec. The ribbon is 5 centimeters wide and 7.6 millimeters thick. This ribbon
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circulates around the system once every six minutes, travelling around the ends, up the inclines, down the
launch path, then down the incline at the other end. When the ribbon reaches the far end of the Launch
Loop, it is deflected 180° and returned to complete thadec

Large forces are required to defl ect the moving ribbon. These forces support a non-maing track sys-
tem of cables, control electronics, and permanent magnets by ferromagnetic attraction.

At the top of the Launch Loop is the 2000-km long launch path. Vehicles riding magnetically on the
forward ribbon of the launch path are accelerated at 3 g's to reach ground-relative transfer orbit velocities
up to 10.5 km/s.Small payloads may be pushedter

The launch path track is suspended on permanent magnets one centimeter below the iron ribbon. The
launch path track supports sensor and control electronics packages, as well as parachutes to protect sections
of track from catastrophic systeiilfire.

The ribbon and static track structure of the launch path weigh about 3 kg/m and 4 kg/m respectively,
and are shwen in Figure 2.
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Figure 2. A cross section of the ribbon and track.

In front of and behind the launch path are the inclines, which slope down to the surface at angles of 9
to 20 degrees. The forward and reverse ribbons of the inclines are surrounded by lightweight vacuum
sheaths.

The inclines are much heavier than the launch path track. Anchor cables control the sections against
wind, and the track must support an airtight sheath and vacuum pumps. To compensate for the extra
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weight, the inclines curve more than the Earth’s surface. The tension on the inclinesis relieved by diagonal
cables to the suate.

Figure 3. West station, sheing a \ehicle being loaded onto the track.

The inclines and the launch path are joined by two curved, 5000-metric-ton defl ector sections con-
taining magnets, control systems and elevators from the surface. The upper defl ectors are referred to as the
"east" and "west" stations; vehicles are hauled up to west station and launched from there. West station is
illustrated in Figure 3.

The long elevators to the stations are supported by pulleys from the anchor cables. The vehicles are
brought up these cables rather than up the west incline to simplify the spacing controllers on the incline.
Other benefi ts of this approach are minimized incline weight, shorter upward transit times, and less likely-
hood of sheath damage.

Near the Earth’s surface, each incline ends at a curving ramp with magnets that defl ect the ribbon to
or from the horizontal plane. Once the ribbon is horizontal, it is twisted on its length axis 90° so that the
broad surface points at the horizon. The ribbon is then defl ected 180° in the horizontal plane by alarge, fl at
semicircular section (14 km radius) of high-energy magnets. The windings for the linear motors that drive
the ribbon are positioned between the semicircular sections and the upwards ramp on the east end. Therib-
bon is then twisted back to fl at, and sent back west through the system to complete the loop. The east end
of the Launch Loop is sk in Figure 4.
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Figure 4. The east end defl ectors, motors, and the start of the east incline. The inset shows a section
of deflector magnet.

The Launch Loop is located on the equator to minimize vehicle apogee AV as well as weather and
Coriolis effects. For safety and ease of construction, the system is located over the ocean, far from land.
This means increased shipping costs from northern hemisphere industry, increased corrosion, and long
anchoring cables to the deep sea bed. These drawbacks are balanced by the ability to start the Launch Loop
from a relatvely flat surface, and mee the \arious deflectors during construction.

The sloping sheath and cables are subject to wind loading in the lower atmosphere, although most of
the system is in near vacuum. The sudden loads caused by wind gusts cause extra stress on the structure,
and the static loading of steady winds distort the structure and contribute inaccuracies to vehicle trajecto-
ries.

Assuming a drag coeffi cient of 0.5, a 100-knot sea level wind places a 50 N/m load on a 10-cm-diam-
eter sheath, as would a 200-knot wind at the 250-mbar level of the atmosphere. A sheath with a rotating
airfoil shape may cut the drag cheient by a factor of 10 or more.

Equatorial winds tend to be unpredictable and vary greatly with atitude [12], but their maximum
speeds are relatively low and the lack of Coriolis force inhibits cyclones. The most severe stresses can be
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expected during squalls, whose maximum winds cannot be forecast with present techitgueguatorial
site should be chosen with measured wind history in mind, so that the system survives normal storm condi-
tions.

4. System Startup

The Launch Loop is started fl oating on the surface of the ocean, at rest. Startup imposes some of the
most severe stresses on the system, as the launch track is now on the surface and must be protected by a
temporary sheath that can stand off a full atmosphere. In addition, the control system must compensate for
ocean wave forces. During this time, the track and magnet system is supporting the ribbon, not vice versa;
the system is started with the track upsidemlo

The ribbon is started, slowly at fi rst, by pulling on it with motors at the ends of the Loop. Given the
enormous inertia of the ribbon, and the weak joints that separate the ribbon segments, the initial accelera-
tionisabout 1 cm/sec?. At thisacceleration, it takes 9 hours just to make one pass of the ribbon through the
motors, and 3 days before the motors carkvat full paver.

The ribbon weighs 15,600 metric tons; accelerating it to 14 km/sec requires 1.5x 10" Joules of
kinetic energy. If this energy is put in at a 300 Mw rate, the system requires 60 days to reach full speed,
while the Loop is fl at on the surface. For a Loop operation at this power level, it may be practical to tem-
porarily attach 1 Gw ofap turbines on floating bges to start it up more quickly
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Figure 5. Starting up the Launch Loop. (&) up to speed, fl at on the surface. (b) partially raised, with
the ramps pulling towards the ends. (c) fully erected, the track sheath being stripped away. (d) the
west end incline deflector during erection.

The startup process isillustrated in Figure 5. At startup time, the east and west stations are near the
surface. The deflection ramps are temporarily pulled 300 km ards, and are locatedxtdo the stations.

When the system is up to speed, the stations are raised out of the water by increasing the curvature of
the surface incline defl ectors and the tension in the station anchor cables. The ribbon is now being
defl ected 5 degrees at the incline defl ectors and at the station; the distance from incline bottom to station
top is 100 meters.

The system is brought to altitude by slowly drawing the surface incline defl ectors away from the sta-
tions. New sheath is constructed around the slowly-growing inclines and removed from the long sections
between the inclines and the end defl ectors. Cables are added to the inclines as necessary. If automatic
construction machinery is capable of producing 20 meters of sheath per minute, the erection process should
take about 10 days.

When the system fi nally reaches 80 km dltitude, the temporary sheath is cut away along the entire
length of the launch track. Segments of the temporary sheath sections are lowered down the station cables.
The launch track stabilization cables are tightened teemyakor the lost weight of the sheath.

5. Dynamics of the High Speed Rilbon
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The ribbon will be analyzed assuming a uniform weight per length m,, without tensile or bending
forces. Lower case mis used for distributed masses, while upper case M is used for point masses. A rib-
bon mwing at a speed &f, may be deflected by an ang®@with a force of:

F=2mV,?sin@/2)= m\V,’0 (1)

The ribbon speed does not change; just the direction oktbeity vector

A distributed force can defl ect the ribbon as well. For example, a ribbon constrained to follow the
curvature of the Earth requires a distributed force to hold it to the curved path. If the ribbon is moving at
circular orbital velocity, the defl ection force is equal to its weight. If it is moving faster than orbital veloc-
ity V,, deflecting it to follow the cure of the Earth requires axternal devhward force per length of

O

v, f
f= agmr%]TOD - 15 (2)

The prograde surface-relatie orbital velocity at 80 km altitude is about 7400 m/s. A ribbon moving
at a surface-relatre velocity of 14 km/s and weighing 3 kg/m requires an external downwards force of 68.5
N/m. This force can be provided by the weight of a non-moving track weighing 7.1 kg/m. The same rib-
bon mwing retrograde can support 5.9 kg/m of stationary track.

The Launch Loop ribbon is constrained to rise and fall as it travels around the system, changing alti-
tude by 80 km in the process. The ribbon moves faster at ground level because it is accelerated by gravity
on the way down from 80 Km and decelerated on the way up. The higher ground velocity of 14,055 m/s
requires that the ribbon stretch by 0.4%. The mass density is lower by the same amount. To accommodate
this stretch, the ribbon may be constructed out ofitweterlong sgments connected with sliding joints.

The axial acceleration of the ribbon requires large amounts of force and power. If the ribbon velocity
is increased bQV, the necessary force is:

F=mV, AV ©)

A 14 km/s, 3 kg/m ribbon is slowed 3.6 m/s by aforce of 150 KN. This force can be used to accelerate a
5000-kg space vehicle at 3 g's. Force is provided purely by the deceleration of the ribbon, and does not
necessarily result in grstress on the ribbon.

The paver evolved by decelerating the ribbon ivei by:
P=mV,2AV (4)

For the ribbon parameters given, the power is 2.1 Gw. Part of this power is turned into payload kinetic
enegy, and part of it appears asaste heat in the ribbon.

6. Magnetic Deflection of a Moving Ribbon

The ribbon may be coupled to the track by ferromagnetic attraction or eddy current repulsion. Ferro-
magnetic attraction is the well known attraction between magnets and iron. Eddy current repulsion is based
on the diamagnetic properties of wirgg conductors.

Eddy currents are produced by changing the magnetic fl ux through the ribbon. These currents force
the fl ux out of the ribbon and generate repulsive forces. Eddy current repulsion is being considered for
some magnetic levitation train designs [8] because the system is more stable and the track is cheaper. It's
main drawback in this application results from the limited conductivity of elevated temperature conductors.
Aluminum has the best conductivity per weight of any normal metal, but the high currents necessary to
generate lift result in resistive losses of hundreds of watts per meter. This results in an unacceptably large
standby dissipation for the Launch Loop.
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Ferromagnetic attraction is unstable, but this effect can be masked electronically. A control winding
can also compensate for vehicle-induced transients. With a spacing of 1 cm, one may expect a magnet lift-
to-weight ratio of 3 or better. The control winding dissipation is minimized by using permanent magnets,
but some power is lost correcting perturbations. If the winding power is 80 mw/N in the track and 15
mw/N in the semicircular defl ectors and the east and west stations, the power dissipated in the windings is
35 and 90 Mw respectively. Variations of magnetic fi eld in the track also induce eddy currents and drag in
the ribbon.

7. Stability of a Magnetically Deflected Ritbon

Attractive magnetic levitation is unstable. If the current to the electromagnet inducing the magnetic
fi eld is constant, moving the levitated body closer to the magnet decreases the gap, resulting in an increased
magnetic fi eld. The increased fi eld results in increased force, accelerating the levitating body towards the
magnet even faster In the Launch Loop, this instability is corrected by electronically controlling the wind-
ing currents in short genents of the deflector magnet.

The fl at ribbon can rotate axially, and this doubles the computational load. The control of each edge
closely approximates the control of a separate non-rotating ribbon of half the width, so the following analy-
sis will be made using this approximation. Side-to-side shifts are restored by the divergence of the track
magnetic field.

The most diffi cult control problem is the D defl ector magnets at the ends of the Loop. Assuming a
ribbon speed of 14 km/s, and a defl ector radius of 14 km, the defl ection acceleration on the ribbon is 14,000
m/s?, or 1430 g's. If the nominal gap between the magnet and the ribbon is 1 mm, a perturbation of only
1m results in a perturbation acceleration of 28 mv/s?, which increases the perturbation still further. For the
parameters given, perturbations double every 180 microseconds, or every 2.5 meters of travel down the
deflector.

Over shorter distances, the ribbon can buckle. The ribbon stiffness resists perturbations with
wavelengths less than 30 cm, but longer wavelength perturbations grow exponentially This "stiffness
wavelength” determines the number of control points per meter, while the perturbation growth time deter-
mines the time sample rate. If the perturbations grow slowly, the same control values may be shifted to
mary succeeding controllers, gag computational hardave.

Both these effects are driven by the variation of the magnetic fi eld with gap spacing, which is given
by:

B=20 ®)

Uo 1s the permeability of free space, | is the effective current in the electromagnet winding in amp-turns,
and g isthe gap in meters. The fl ux passes through the gap twice, into and out of the ribbon. The magnetic
pressureB?/2 ., produces an attraué force between the mpoles of the magnet and the iron ribbon of:
2 2
f :WPB :Wp/lgl (6)
Ho 49
whereW; is the width of the magnet pole.

The ribbon has a mass per lengthmpf resulting in a magnetic centrifabacceleration of:
Wp ol 2
- F’/UO2 (7)
4am. g

With a nominal gap g, and the correct control current |,, the magnetic centrifugal acceleration is
—ag, Wherea, is equal to the centrifiad acceleration of the ribbon around the deflector
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2
— WP Ho |20 (8)
4m; g5

Assume a fi xed defl ector (not always a good assumption!) and small perturbations 2 from nominal
gap go. This calculation is performed in a moving frame of reference X = x -V, t following the ribbon.
The change in centrifad acceleration withap is gven by:

a_a _ Wp g1 2 _ Wp 101§ ~ 2389

= 9
62r 2m, 93 2y gg % ( )
By a similar agument, the acceleration changes with control current as
da EN
—=-== 10
ol lo (10)

The acceleration is ssimply the second derivative of z,. For small perturbations, the local equation of
motion is thus:

24
S5 =Pl (1)
dz  Ogg O
which has solutions of the form:
1
=20t =000 12)

The doubling time for the perturbation isl2).

If the stiffness of the ribbon in the X direction is included, a more complex picture emerges. The
stiffness introduces the bending forfye

02
fo = - Erelp — (13)
b FE'b 024
Ere is Young's modulus for the iron ribbon, arig is the bending moment, which is/gn by:
wg?
712

for afl a ribbon with a width of W and a thickness of §. Other cross sections, such as crescents, I's, and
hollow cylinders have a larger bending moment, and a more optimal (but harder to analyze) Launch Loop
may be hilt around these.

The mass of the strip isvgh by m, = peg WJ. The longitudinal speed of sound in the material is:

1
_[Eee? (15)
Cre = Uore U
The acceleration, which is the forceided by the mass, isvgn by:
[CEe6°00%2,
== —_ 1 16
& 7010 Oox (16)
The diferential equation describing the ribbon is thus:
azzl’ — |:2a0 DA _ ECIZ:E52 |:|042r (17)

= —7 —.
otz Og, 0 O 12 Oox?

This equation can be s@l# with Fourier analysis Assume that:
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2r — 2r0 ei(wt—k)() (18)

wherew is the angular frequency and k is the wavenumber related to the wavelength by k = 27/4. Equa-
tion (17) reduces to:

2 52
wz — EQ;aOD_ ECFEJ Dk4 (19)
Ogy 0 012 O

For k = 0, equation (19) implies the growth time of equation (12). Ask gets larger (or equivalently,
the wavelength gets shorter), the imaginary quantity w tends towards zero as the growth time gets larger.
For long wavelengths,w is real and the solutions do not grow with time. The system is stable, and disper-
sive; wave paclets on the ribbon spread owentime.

SinceA = 2n/k, the condition of stability becomes:

2 2 1/4
) < 2, Q0CFeS"0 (20)
O 24a, O
For the parameters mentioned above, equation (20) yields a wavelength of 31 cm. Sampling theory
suggests the control sections should be no longer than half this wavelength, or 15 cm. The fi Itering job is
easier if the sections are smaller still, perhaps 10 cm long. A stiffer ribbon, perhaps with a different shape,
results in a longet, requiring less control sections per meter

8. The D Magnet Digital Controller

What magnitudes of currents and voltages must the controller handle? This is dependent on the size
of the perturbations, of course; if the system iswell behaved, they are zero. Control sections can fail, how-
ever, and introduce perturbations as large as the limits of their control range. Thus, the larger the control
range, the more control range is needed to correct. Thisis not aproblem if the percentage of failed sections
is kept small.

Assume a sinusoidal variation in spacing moving with the ribbon, with an amplitude of + 100 um,
and a wavelength of 0.4 m. From equation (10), the peak control current is 0.1 1,. The voltage can be
computed from the change of egeiand thus the flov of power in and out of a local section of magnet:

E
Vly = Power= %—t =V, kfz (21)

wherez is the amplitude of the variation and f is the magnet force. The instantaneous power in a 10 cm
section of magnet, for half the ribbon, is 15 kW. The local controller is handling 10% of the power. The
rest of the power is handled by the main magnet controller. 1500 W per controller is quite a bit; while the
controllers need not dissipate this much power continuously, they must be able to stand off this voltage-cur
rent product. Many semiconductor devices are able to stand pulse currents that are some multiple of their
DC rating. These devices handle high-current pulses less than 100 microseconds long; devices with DC
power ratings of 300 watts are probably adequate.

The control range allowed by the local controllers lets them correct a perturbation of up to 0. 1g,, or
+ 100 um. This amount of perturbation can be caused by the preceding 4 meters of control section being
stuck on (40 control sections), or by an uncorrected perturbation of 2 um up to 7 meters away. Obviously,
the preferred failure mode for a controller is off, rather than stuck on; this can be achieved with current lim-
iting shutdaevn circuits and fuses.

20 separately switched and fused control sections (10 for each side of the ribbon), each 10 cm long,
malke up a single one-meter-long control block. Each control block has its own group of optical position
measurement stations and its own digital processor. The digital processor performs three multiplies and
adds using the last three optical position measurements on each side of the ribbon, and generates 8-bit
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values into a control lookup table. The table output is 16 bits wide, one bit for each on or off control sec-
tion. The 32 bits are fed into shift registers, which deliver delayed control information to each control sec-
tion as the measured portion of ribbon passesit. This processis repeated at a 340 kHz rate. The 1 million
multiplies per second can be easily performed by a small, 3-micron technology CM@8&tedesircuit.

Central host computers program the controller lookup tables and multiplication constants over com-
munication buses. These constants are computed from the state of the Launch Loop system, including con-
troller failures. There are approximately 150 km of D magnets in the Launch Loop system; 150,000 of
these controllers are needed. Total computation rate for the sum of al controllers is 150 billion multiply
and adds per second.

Each one-meter control section must handle 30 kw peak, which should cost about what a 6 kw aver-
age switching power supply would cost in very large quantities. Prices of $0.10 per average watt are not
too unlikely for tested and installed controllers. The digital controller and sensors may cost $200, for a per-
unit controller cost of $800.

9. Low Acceleration Sections

The incline sections and launch track support only their own weight, and defl ect the ribbon more
gradually than the D magnets at the end of the Launch Loop. The lower forces and wider spacings involved
allow widely spaced track controllers that use lessgydhan their equalents on the D magnets.

Unlike the D magnets, however, the track is not solidly anchored to the ground, and is far lighter.
This results in a more complex mathematical description. The absolute position of the track is harder to
determine since it is much farther from any ground reference. This requires higher accuracy measurements
and calculations.

There are two z values to account for; z, for the ribbon and z for the horizontally stationary track.
The stiffness of the track is important, and due to its complex nature, is harder to compute. The track is
under tension, which adds terms to the desugptjuations.

Define z, asthe defl ection of the ribbon from nominal position, and z; as the difference between nor-
mal and perturbed track position. The track and ribbon are normally spaced about 1 cm apart. The position
in the maing frame isX, where:

X=x-V,t (22)
The z position of the ribbon in the ming frame isz,. The forces pulling don on the ribbon are:

02, %2, 2f,

f =-m ?zr_ Elra_)'{i_DEBZr _Zs) (23)
The left hand side of the equation is the "control force" that the controller manipulates by controlling mag-
net voltage and current. The fi rst right-hand term is the kinematic term, and ribbon bending is accounted
for by the second term, wheE, is the ribbon stifness. m, is the mass-pdength of the ribbon.

The third right-hand term is the magnet instability term. gq is the nominal ribbon to track spacing,
while fy isthe nominal force per length. The characteristictime 7 = (gom,/2 fo)% is much longer than the r
of the D magnets; 30 milliseconds versus 180 microseconds. This means the controllers can be slower and
spaced further apart.

Equation (23) can bexpressed in fied-frame coordinates as:

0%z, &’z +V2 Pz 0

Cm 0%z,
'Oot2 "oxot " ax20

r= &

-2V El
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2fy
okl RS 24
g z -7 (24)

The track position equation is similaut includes a tension term as well:

f:ms_"' s

0z, %_Uz_fog _py-1.%% (25)
ot

The force is determined by the magnet controllers in the trdkpical track control equation is:
f= mr(afs(zr - Zs) + as(zs)) (26)

Wherea, is a function of the position difference of the ribbon and track, while ag is a function of
absolute position of the track only

Measuring the absolute track position is more costly than measuring the difference position - some
form of laser interferometry may be needed. The functions should be chosen so that the a function is sam-
pled far less frequently than tleg; function.

Making the substitutiom = zye'“ ™, the abwe equations may bedurier analyzed:

2f,

f=(m(w-V, k)2 - Elrk4) z - — Az —z) (27)
Udo
f

f = (-mew® + Elk? + Tok?) z5 - 2t Z, - 2 (28)
Udo

f =m (as(w, K)(z - z5) + ag(w, K)Z5) (29)

The mass ratio of the track to the moving ribbon is defi ned as 4 = mg/m,. The magnet nonlinearity term is
simplifi ed with ag = 2fy/gg. TheV, k termisreplaced by wy, =V, k. Unlessk isvery large ( that is, avery
short wavelength ) the bending terms can be ignored. The tension term modifi es the character of the solu-
tion only slightly so it isignored for n. The ab@e equations are further reduced to:

as(z —Z5) +aszs = (w— wk)zzr —ay(z — Z) (30)
s(z —25) +aszs = - ,ua)ZZS —ag(z —Z) (31)

The following relation betweer, andzs can be devied:

2
_ W
Z = m Zg (32)

Equations (31) and (32) are combined, andzthterm factored out:

ars + aO - (w B wk)z (33)
as + pw?  pew? + (W= wy)?

Equation (33) is the characteristic equation for the track section. Sinceay is hot precisely known,
and the a,s term is a function of imperfect measurements, there is always a residual non-zero value for the
left side of the equation. For large wy, equation (33) can be solved for four real roots, indicating solutions
that propagate down the system, to be removed at a ground cable actuator. Unfortunately as w, becomes
small (or the wavelengths become large), two of the roots split and asymptote towards the complex poles
defined by
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_1ii,u%

p L+ 1 Wy (34)

One of the poles is unstable; unless the left-hand side of equation (33) is exactly zero, or the proper
as anda,s are chosen, long-avelength perturbations growith time as thg propagate devn-ribbon.

The problem is that the left side of equation (33) scales differently with ) than the right hand side,
but this can be corrected with proper measurement and control. Damping factors can aso be added to the
control equations, making it possible to actually damp out perturbations. However, the damping factors
must be chosen so that the measurements they depend on are possible to make - measuring absolute posi-
tion of the track within microns is an example of an (at present) impossible measurement, while measuring
acceleration may be lessfitilt.

One choice for control equations is:
A =Y {2 + Crwi + Coay (35)

and
_ . owd .
8 = 27 + Che0 (36)

wherey isan arbitrary constant which determines the placement of the real part of the four roots of the sys-
tem. If 4 =2, agood choicefor y is0.05. ¢, ¢, , and ¢, are small constants chosen to make small, posi-
tive imaginary parts for the four roots. The (w/wy)? term can be computed from sensitive accelerometer
measurements.

Define ¢ = wlw,, the normalized w. There will be 4 roots for this fourth order system. Further
define the functionf (&) as:

&2 (e-1y
f(é) s ——m———— (37)
) ué2+ (& - 1)
A plot of (&) will show double zerosat § =0 and & = 1, and alocal maxima in between. y should

be chosen between the local maxima and zero. If we set y = (&), we will get four real rootsin é. These
will be the real parts of the normalized roots of the system.

If the imaginary parts of the roots are small compared to the real parts, equation (37) may be approxi-
mated by:

of
fO=r+57 4 (38)

Using equations (33) through (38) and ignoring some small terms, we arrive at the following equa-
tion for the small imaginary parts of the roots:

A = g C1& +Cp =y Cylé?
—_ /fwkz ﬁ (39)
3

There are four A&, one for each real root &. The control constants ¢4, ¢,, and ¢, may be chosen for
robust, positve imaginary parts.

Other control functions are possible as well. The functions described here demonstrate that real-
world solutions are possible, and/igian idea of their complaty.

Knowing the approximate nature of the linear section controllers, their computational complexity can
be determined. Assume the controllers are spaced 10 meters apart, and compute new control values for
each two meter section every millisecond, for two sides of the ribbon. Assume the control agorithm
involves 5 multiplies and adds for a fourth-order differential equation in time and second-order in space.
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Each controller has 20 microseconds to do a multiply-add, which can be performed with a very simple
serial architecture inggated circuit. 520,000 of these circuits are needed.

Power levels for the track-ribbon system are diffi cult to compute. As the area disturbed by the vehi-
cle passes a section of track, the magnetic fi eld, and the energy stored in it, must change. A rapid changein
enegy implies alarge fl ow of power through the magnet control electronics. The magnitude of this burst of
power, and its duration, determine thewer rating necessary for the contraller

If some of the vehicle defl ection forces are coupled directly to the track, rather than just the ribbon,
the amount of work done by the spacing control electronics may be reduced. Similarly, the passage of dc
magnets on the vehicle past stationary windings on the track can also be used to drive the spacing control
magnets. These and other schemes for reducing the power level in the spacing control magnets must be
both failsafe and not add greatly tehicle cost.

The magnetic fi eld in the disturbed region tends to propagate to the front or the disturbed region, car-
ried along by the induced currents in the ribbon. The amount of this propagation is determined by the
design, and determines how much extra fi eld must be provided by the control electronics, and how much
they cost.

The most magnetic force is needed when the vehicle is about to leave the ribbon and is moving about
11 km/s in relation to the track. The magnetic energy stored in the gap between ribbon and track must
increase by 25 Joules per meter. Some of this energy is"pulled along" by the ribbon and some must be pro-
vided by the track control coils. With about 2 milliseconds to provide the energy, a high power rate is
needed.

At the other end of the disturbance region of the track-ribbon system, the fi eld energy must be
drained away and the spacing forces restored to normal. Again, a high power rate may be needed, unless
the enegy in the track-ribbon system is made to pr@iagt the same speed as takicle.

Assume that the disturbance is made to propagate with 80% efficiency. The electronic devicesin the
controllers must handle 5 Joules per meter in 2 milliseconds. 2500 watts of peak-power handling is needed
per meter. This is equivalent to about 1000 watts per meter of DC device power rating, or about $100 of
power handling controllers per meter of system track.

Only the last 500 km of track require expensve, high-paver controllers. This section of track has the
highest energy rate-of-change, because the vehicle moves fastest and needs high hold-down forces here.
The rest of the track can be made with the same low-power controllers used by the retrograde ribbon and in
the inclines.

10. Ribbon Design br the Launch Loop

The core of the Launch Loop is the ribbon; its properties control the design of the rest of the system.
The ribbon is made with sliding g@ents to preent tension from bilding up in the structure.

The necessary properties of the ribbon are:

« High electrical resistance path for high drag duriabieie launch.

« Low electrical resistance path for linear induction motor currents.
* + 3% stretch allved by &pansion joints.

« Tolerance of vibrations generated lghicle magnets.

« High permeability path for deflection magnet flux.

« High stiffness perpendicular to the plane of the ribbon, to minimize fl exing, and thus the number of
control sections in deflection magnets.

* High axial strength, wherxeended, to speed Loop startup.
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* Inexpensve manufacture from common materials.

The present design assumes a ribbon constructed with 2-meter-long segments separated by sliding
joints. The segments are made from fl at laminations of transformer iron separated by high-temperature
insulation. A typical segment is pictured in Figure 6a. A complete Launch Loop uses 2.6 million of these
segments.

(A

(B

Figure 6. a) Joint for a 2 meter ribbon segment. b) Alternative ribbon construction from woven iron
wire.

Another promising approach involves a ribbon made from woven iron wire. The wire may be woven
to increase the penetration of magnetic fi elds into the ribbon, yet provide high conductivity paths for the
drive motor. The wire loops in such a scheme have a characteristic wavelength, and systems of alternating
magnets with different pole spacings will see different effective impedances. This allows the vehicle mag-
nets to see a much higher impedance than the linear induction drive motors do, providing for high vehicle
accelerations. It may be dificult to stiffen such a ribbon ajnst bending, heever.

11. Anchor Cables and Structural Shape
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The Launch Loop is supported by the defl ection of the moving ribbon; its shape is maintained by
weights and anchor cables. Thelong cables are tapered, and thicker at the top than at the bottom, for a con-
stant stress per area. This alows the use of presently available materials. The characteristic length (or sup-
port length) H of the cable materia is defi ned as H; = Y/agp, whereY is the strength per area, aq is the
gravitational acceleration, and p is the density. Kevlar® fi ber yarn has a tensile strength of 2.7 Gigapas-
cals, and a density of 1440 kg/m? [9], for a raw characteristic length of H, = 191 km. The Kevlar cables
used here are 40% epoxy-fi [l by weight, and have a safety factor of 1.5, resulting in a characteristic length
of H, =80 km.

The long cables run diagonally to the ground. Due to their gradual taper, they do not follow a cate-
nary cune. The horizontal tension force remains the same with altitude;dftécal force increases as:

1

0 2@ [
TZ = Tx e He — 1|:| = TXG(Z) (40)
0 O

wherez, is chosen to gethe proper angle at the bottom of the cable.

The tension in the sheath is proportional to the change in vertical height. This force may be periodi-
cally relieved by cables running diagonally off the track/ribbon system. The cables defl ect the ribbon down
and generate horizontal forces that canvelike forces in the sheath.

For example, assume a stress relief anchor cable from 70 km atitude, and that z, = 20 km and H, =
80 km for this cable. ThisimpliesT, =2.91T,. The force vector points down at an angle of 19° from the
vertical. Assume that the sheath/ribbon is 10° from the horizontal. This rotates the components of the
anchor cable force, so that they are 9° from perpendicular to the ribbon, pulling upslope. For an angle of
9°, the force perpendicular to the ribbon is 6.3 times the tangential force. If the cable must relieve 400 kN (
thisis the force of a 10 kg/m sheath over 4 km of vertical travel), the defl ection force perpendicular to the
ribbon is 2.52 MN, causing the ribbon to deflect 0.2§rées.

Anchor cables relieve stress if the angle of the ribbon from the horizontal is greater than the angle of

the anchor cable from thertical. Thiscan be gpressed as:
1
dz 1 O 2#zt9) 02

—_— < —_—= He -1
6@ o .

(41)
If the relief cables come off the sheath continuously, the resulting sheath shape may be described

with a continuous equation. The z and x coordinates are used for atitude and surface position on the

cunved equator The deflection force per length perpendicular to the ribbon is theatunevtimeam, V, :

d’z
dx2 1

-
5 B2 Sz
01 Rer g
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(42)
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This force can be divided into vertical and horizontal components. Equating these forces to the
weight of the sheath and the tension in the cables gives the characteristic shape of the incline sections of the
Launch Loop:
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dzm
MVl - 6@

If therelief cables are brought away from the Loop to the side at angle © from the plane of the Loop
(to absorb sideays wind forces, forxample), the G(z) term in equation (43) isided bycoq©).

d
If d_)z( =0, equation (43) may be reduced to:

ms oV, (44)

m O/, 0

This is just the track to ribbon mass ratio implied by equation (2).

The ideal incline is as short as possible; this implies a steep starting angle. While equation (41)
forces the slope to be less than a certain amount, the vertical height of the defl ection ramp at the ends sets
an even stiffer requirement on the starting angle. The vertical height of the defl ection ramp is given by
Zp = Rp (1 —cosf@y)). If the defl ection radius is 14 km, a starting incline angle of 20 degrees resultsin a
change in vertical height of 850 m. This ramp can be placed below the surface, but it is till quite an engi-
neering feat. A 30 degree defl ection ramp changes height by 1880 m; alot of added expense for a dlightly
shorter incline.

Assume aribbon mass of 3 kg/m and a track and sheath mass of 10 kg/m. The cables have a charac-
teristic length H, of 80 km, and their angle from horizontal at the ground is 39 degrees ( z, = 20 km).
They are angled at 45 degrees from the plane of the Loop. These assumptions result in the incline shape
plotted in Figure 7.
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Figure 7. Altitude versus horizontal distance for a typical incline section.

12. Incline Sheath Construction
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The incline sections are surrounded by two sheaths to protect the moving ribbon from the atmo-
sphere. The outer sheath must be able to maintain high vacuum against mechanical stresses and diffusion
from sea level atmosphere. A 10 cm outside diameter allows a large vacuum channel to the nearest pump.
The sheath is made with Tefl on-coated Kevlar fabric and epoxy-impregnated carbon fi ber hoop spreaders
spaced 10 cm apart. The outer sheath is covered with a Kevlar-mylar fabric, coated on the inside with 100
microns of aluminum, making it impermeable &sglifusion.

The inner sheath must withstand full atmospheric pressure if the outer sheath is breached. It is made
of 2mm thick aluminum, and has a rectangular cross section enclosing the ribbon and the support magnets.

Figure 8 shais a possible cross section for the incline sheath:

—108 CM —

INNER
SHEATH
TRACK AND
MAGNETS

RIBBON

ALUMINIZED
KEULAR-MYLAR
SHEATH

\\CQRBDN FIBER
HOOP SPREADERS

Fig. 8. Cross section of the incline sheath

The sheath weight of 100 N/m, plus wind loadings up to 50 N/m, are transmitted to the ribbon with
magnets with a lift-to-weight ratio of 3. The resulting magnet weight is approximately 5 kg/m. Much bet-
ter magnets may be possible.

The inclines may be struck by lightning. A lightning stroke can carry currents of up to 100,000 amps
[15]; this current is carried by the outer and inner sheath, and the support cables, to the ground. The pulse
propagtes in both directions along the sheath. To keep the current from fl owing all the way up to the sta-
tion, the sheath isinsulated at 30 km altitude (above the charge center of storm clouds) and support cables
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provide a current return to ground.

The aluminum inner sheath has an electrical resistance of 2.5 mQ per meter, so 130 volt-permeter
drops can be expected along the inner sheath from alightning current pulse. The sheath to 10 km altitude is
30 km long, so the voltage drop can exceed 4 million volts. The controller interconnections must be
designed with thisin mind. Some of the lightning discharge current must be transmitted to the ribbon, to
induce a similar voltage drop there, or arc-overs will occur. A lightning stroke transmits a negative chaige
to the ground, so the current to the ribbon may be transmitted by thermionic cathodes inside the sheath.
Since cathode current emission densities of only 3 amp/cm?2 can be expected [16], a few hundred amps in
the ribbon must be suffi cient to induce voltage drops of 130 volts per meter. Thisimplies a high longitudi-
nal resistance (@r large distances) in the ribbon, anéeats ribbon design.

13. Acceleration Track

The launch track and sheath system cover the prograde ribbon between the east and west stations.
The weight of the launch track and sheath, plus that of the anchor cables, must be equivalent to 7.1 kg/m to
put the proper cue/on the system.

The mass ldget for the track/ribbon system per meter is asvialio

Temporary erection sheath 700 g/m

Magnet structures 2400 g/m
Electronics, etc. 300 g/m
Other track weight 600 g/m
Kevlar® cable weight 1000 g/m
Other cable weight 2100 g/m
Total 7100 g/m

The ratio of track to ribbon mass will be used later; it is defined Byms/m, and is approximately 1.33.
14. Launch Loop Failure

Catastrophic failure of the Loop can be expected occasionally because of control failure, fatigue,
weathey improper vehicle handling, or major breaks in the sheath. It is important that the ribbon can be
dumped from the track in away that is not damaging to the structure or to the environment. 1.5x 10%° Jis
enough energy to boil 400,000 m3 of seawater. This is equivalent to 30,000 tons of burning oil, or about
10% of the capacity of a modern supertanker. For safety reasons, Launch Loops must not be constructed
near populated areas.

There should be provisions for parachutes on the upper defl ection stations and portions of track and
cable, so that these may be recovered if the Loop falls down. Lastly, spares for everything that can fall
should be kept on hand, to minimize reassembly time. These measures increase the operating cost of the
Launch Loop.

15. Coallision Rates with Space Unk

Meteoroids and orbiting space debris can collide with the Launch Loop track and break it. Mete-
oroids come from random directions, and are not often in circular Earth orbits; the Loop has only one
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chance to collide with them before they fall below it. The fl ux rate of particles large enough to seriously
damage the Loop is toovoto pose a hazard [11].

Orbiting space debris from human activity in space is in a decaying, near-circular orbit by the time it
reaches Launch Loop altitudes. As the orbiting debris has many chances of collision, it poses a greater
threat.

Assume that thereis a steady "rain" of debris objects with mass My, effective drag area Ay and colli-
sion radius Ry spiraling in from nearly circular orbits at arate of Ny. The atmospheric drag on an object is
given by the form drag, which results in awer loss of:

—=1 pAAdV03 (44)

by:

F)
= = 4 Maagh (45)

whereay is the graitational acceleration.
The change in altitude with time can be dedias:

oh _ Ad/OAvo3

46
ot Mdag ( )

R; is the radius of the track and ribbon. All objects between (R4 + Rg) and —(Ry + Rg) can poten-
tialy hit one of the two tracks. Thus, the number of objects N that might hit the Loop are in a shell
4(Ry + Ry) thick; that number is:

_ 4Ry + R)MgNyay
AdpAVo3

Each of these objects crosses the equator twice per orbit, at a velocity V,, independent of orbital
inclination. The flux rate past the equator is thus:

dNe _ NV,

dt ﬂRE

where Rg is the radius of the Earth. An equatorial Loop intercepts a fraction of these proportiona to its
length:

ot
N = 4(Rd + RS) a—h Nd (47)

(48)

dNL — I-LOOP dNE

(49)

The resulting collision flux is:
dN. _ 2(Ry + Re)LLoorMg Ny
dt AqpARe?Vo?

(50)

The form of equation (50) suggests that after a given amount of mass MMTF (Mean Mass To Fail-
ure) passes through the altitude of the Loop, there will be a collision. Using the identity V,? = Rg ay, we
can tale the inverse of equation (50) to get th&MTF:

AdpAanEs (51)

MMTF = —2£A” TE
2(Ry + Rs)L L oop

Assume that a typical piece of space debrisis abolt with adrag area of 1 cm? and aradius of 1 cm.
For a Loop at 80 km dtitude, the orbital radius is 6450 km and the atmospheric density is 1.9 x 107 kg/m3
. The Loop radius is 5 cm. The result isa MMTF of 2x 10” kg. While this seems like a lamge amount,
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remember that one Launch Loop system at fullgrocan launch that much mass into space adays.

The high launch rates allowed by the Launch Loop requires that users act responsibly and not litter
the regions of space near the Earth. The low launch costs of the Launch Loop will make garbage collection
missions affordable. Users will have no excuse to leave radar detectable fragments in orbit, and will be
liable if they do.

16. Drag Effects in NearEarth Space

A major loss in the Launch Loop system is gas drag on the moving surface of the ribbon. Gas drag
on the vehicleis also a problem, requiring vehicle launches at dightly higher velocity than would otherwise
be necessaryThis drag is the main reason the launch path istelé to high altitudes.

A very thin, pumped sheath surrounds the ribbon, with pumping stations spaced at 10 km intervals
along the launch track. This sheath allows the ribbon to move in a very high vacuum. Because the sheath
isthin, it is easily punctured by meteoroids and debris, and ambient air can pour through a breach into the
sheath. Fortunately the movement of the ribbon helps move gas from a breach to the nearest pumping sta-
tion.

A major breach may be as large as the cross sectional area of the sheath, about 20 cm2. The air pres-
sure at 80 kilometers altitude is 0.11 Pa, and the density is 1.9 x 107> kg/m?3 [17]. Gasses fl ow through this
breach at a pressure-zhm rate ofA(2pP)%, or4.1x10° kg/s.

Gasses move down the sheath at V,, dependent on internal sheath structure. If V, = 0.25V,, thereis
about 6 x 1071° kg of gas per meter of sheath, yielding a gas density of 6 x 107" kg/m? inside the sheath.
The mean free path is approximately 20 cm, justifying a free-molecule treatment of the problem.

Assume a worst-case wall accommodation coeffi cient of unity; that is, all molecules scatter from

impacting the ribbon or sheath. The skin friction on the ribbon (with along mean free path) is given by the
particle flux rate times the engy gained per particle collision [14]:

Apa(V, - Va)zvth
(24m)v2

Power= (52)

Assume the thermal velocity Vy, is 5000 m/s, the energy per molecule is 4 eV and the equivalent tem-
perature is is 30,000°K, heated by friction.

If pumping stations are spaced at 10 km intervals, up to 1000 m2 of ribbon may bepesed. Thedrag
loss from equation (52) is 40 Mw. This heats the ribbon by 1.6°K. While such a major breach should be
sealed to sg power, it will not cause the Launch Loop taiff

Even if the sheath is not breached, the normal ambient gas density in the sheath causes drag. If the
gas pressure is 0.01 Pa, and the gas temperature is 30,000°K,, the gas density in the sheath is 1.2 x 10°°
kg/m? and the drag loss on 5.2 x 10° m3 of ribbon is 40 Mw. While much better vacuums are possible;
there is a tradebbetween pump cost andyer cost.

A more important problem may be sputtering. If an iron atom is knocked loose at 14 km/s, it has an
enepgy of 60 eV when it hits the sheath wall. This may be enough to sputter loose another atom, which col-
lides with the ribbon, and so forth - the result may be a cascade of particles. For this reason, it is a good
idea to coat the ribbon and the sheath wall with a material with low atomic weight and a low sputter yield;
nitriding the suréces, for kample.

17. Vehicle Atmospheric Drag
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Atmospheric drag on the vehicle causes power losses, and requires a higher terminal velocity on the
vehicle to punch through what remains of the atmosphere.

For avehicle with an dctive frontal area ofA,,, the \ehicle drag paer is gven by:
Power= 1 ppA,V,? (53)
Where p, is the air density at altitude. This can be integrated over the launch path to yield the lost drag
enegy Epo:

PaAN,*Lioop (54)

Enp =
DO 4

After the vehicle leaves the Loop, it climbs out of the atmosphere in an elliptic orbit. The drag accel-
erationap as a function of altitude is:

poe—z/HAAprZ

ap = 55
0= " (55)
The altitude as a function of horizontal distance is:
2 [ O
X
Z=—r0- %ﬁm (56)
2Re Vp O 0
The equations can be combined andgrated to yield:
(27ReH )2 o ARV P
D1~ T
0 v, 32 (57)
40l - gt
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Assume a vehicle weighing 5000 kg with an effective frontal area of 2 m2 is launched to a velocity of
10,500 m/s. The atmospheric drag forces from an 80 km launch result in a deceleration of 0.5 m/s?, and
enepgy losses of 0.8% on the Loop and 0.5% on the way out of the atmosphere. These are acceptable
losses. If the launch track is positioned at higher altitudes, losses can be reduced, but the system is exposed
to more collisions with space debris.

18. Launching Vehicles

A typical fi ve-metric-ton vehicle is shown in Figure 9. The vehicle is equipped with rocket engines
for orbital circularization at apogee, a lifting shell, and a heat shield and parachutes for emergeng reentry
of passengers. Magnets hold the vehicle off the ribbon using eddy current repulsion. Cheaper containers
may be used forgendable cgo.
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Figure 9. A typica 5 ton passenger vehicle, with magnets, rocket motors for apogee orbit insertion
and a heat shield for accidental reentry

The 10 meter long magnet racks on the vehicle generate a lift force of 50 kN and a drag force of 150
kN on the ribbon, which holds the vehicle up against gravity and accelerates it at 3 g's. With the vehicle
near rest velocity, the ribbon is decelerated 3.6 m/s, and defl ected downwards 1 m/s, an angle of 90 micro-
radians. Asthe vehicle accelerates, the speed relative to the ribbon drops, decelerating the ribbon by 14 m/s
at a \ehicle speed of 10.5 km/s.

Tension must be released on the station anchor cables at either end of the launch track to compensate
for the weight of the vehicle. At the beginning of acceleration, the 90 microradians of defl ection under the
vehicle is matched by a reduction of 90 microradians at west station. As the vehicle moves east, the west
station defl ection increases and the east station defl ection decreases. As the vehicle approaches orbital
velocity, the sum of station deflections increases, since the Loop is supportingleske weight.

The defl ection of the ribbon and track isillustrated in Figure 10. The following analysisis performed
in the \ehicles frame of reference.
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Figure 10.The deflection of ribbon and track as yheass by the ehicle.

The davnwards impulse force on the ribbon, and indirectly on the trackyés by:

] v ﬁD
Fop=agMpil— =21 (58)
0 Melp

whereV, is circular orbit elocity.

Under the vehicle, thisforce is absorbed by a changein vertical ribbon velocity of AV,,,. The change
in velocity is:

Fap

AV = —_—
= m, (Vr _Vp)

(59)

The track, being uncoupled from the vehicle, experiences no sudden change in velocity, but is slowly
accelerated by the control magnets. Part of the AV is coupled from the ribbon to the track, resulting in a
vertical change in ribbon velocity of AV,,, and the track by AV.,. From geometric considerations, these
velocities are related by the angethat the track is deflected:

_ AVrzO — AVsz()
o=y —v;= V. (60)
The force is gien by:
sz = mrAVrzO(Vr _Vp) + MsAVgy Vp (61)
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Define the track mass paramefge mg/m,. Equations (60) and (61) can be saiforAV,,o andAV,q:

sz(vr - Vp)

AV o =
=0 me ((V; = Vp)2 + /vaz)

(62)

FZF’VP
m, ((Vr _Vp)2 + ,qu2)

The change in velocity is the result of control magnet forces between track and ribbon over a hori-
zontal region X, to each side of the vehicle. The force in this region is a fraction y of the track-to-ribbon
attraction force. x is limited in one direction because the track and ribbon cannot repel each other
(x > -1). Inthe other direction, x islimited by the maximum force the control magnets can generate, and
the peak pwoer the paver control deices can handle.

Avsm =

(63)

Since the track and the ribbon do not follow the same path, the spacing between them changes. If the
spacing becomes too great, the control magnets are unable to compensate, and the system falls apart. If the
spacing becomes zero, the track crashes into the ribbon.

The spacing change is a function of vehicle mass and velocity, and track and ribbon mass per length.
For a given maximum spacing change and vehicle mass, there is a minimum ribbon mass. This one consid-
eration scales the mass of the ribbon, and indirectly the rest of the Launch Loop.

Defi ne the two variablesa =V, /V,, and B = V,/V,. The length of the region disturbed by a payload
passage can bamressed as:

_1Mpm BAL-8% O
X=X O™, 0@ - g2 + up2 0 (64

and the change irevtical spacing is:

e Mefoa m s 00 (-6 O (65)
Om, O ByV,2 M - g0Ha - B)2 + up20
There is a vehicle velocity V, between 0 and V,, where equation (65) is maximized. This is the
velocity at which the ribbon is pulled farthest from the track by a payload passage. Given x =2.0 and
a = 1.75, the equation is maximized with a g = 0.658. The maximum defl ection for the parameters given
is:

M, [F [0.0071a, 0

=—pP—-— "9 66

Azmax Dmr D D XVOZ |:| ( )
Given y =-0.5, a5 metric ton payload, and a ribbon mass of 3 kg/m, the spacing change is-0.5 cm.

The disturbance spreadgepa 420 meter rgion of the ribbon-track system.

A vehicle traveling faster than V, generates an upwards force. Almost al of this force is eventually
provided by the defl ection of the track, requiring a very strong coupling force between the ribbon and track.
If a5000 kg payload is traveling at 10.5 km/s relative to the Loop, a x of 36 is needed to maintain a spac-
ing change of 0.5 cm; that is, 36 times the normal attractive force. The track-ribbon region affected is about
40 meters long; the higher force is required for about 5 milliseconds.

The passage of the 10 meter long vehicle support magnet also induces oscillations in the ribbon seg-
ments. As the forward end of a segment passes into the magnet fi eld, it slows before the back end does,
compressing the segment. When the compression wave reaches the back end of the segment, it is refl ected
as a tension wave, and the segment oscillates. A similar tension wave is started when the segment passes
the front of the vehicle. This second wave can add constructively or destructively to the previously gener-
ated wave. The stretch in the segment is worst when the speed difference between vehicle and ribbon is the
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speed of sound in the ribbon material, which occurs when the vehicle speed is about 6 km/s. The speed of
sound in the ribbon material is C, the magnet length is L, and the segment length is I,  The maximum
compression or stretch in the ribbon is:

Ml

a
tretch= 22 =<9 67
stretc M L, C2 (67)

This value of stretch occurs if the end effects add constructively. For the current design, the maxi-
mum segment stretch is 0.014%. This effect can be minimized by making Ly, an even multiple of |, SO
that the veves add destructiely.

Sudden introduction of vehicle forces on the ribbon at west station can also have a bad effect on the
ribbon. A sudden slowing down of the ribbon affected by the vehicle can make it separate from the ribbon
ahead of it. The \ehicle acceleration should be increased gradually tepréhis.

If the payload force is increased from zero to a,M , over time tg, and L is the length of the Launch
Loop from the west station to the east mgatioe total stretch of the ribbon is:
L
p-L

asM
stretch= 2—P—

68
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Ten seconds is allowed to change the acceleration from 0 to 30 m/s? . The ribbon velocity change of
3.6 m/sis spread over 140 km of ribbon. This results in a 0.4% stretch by the time the ribbon reaches the
motors at the east end, where the velocity is restored. The ribbon may be "pre-accelerated” by the east end
motors in anticipation of a payload launch, cutting the stretch in half.

A problem can also occur at the east end of the launch path, as the vehicle is nearing ribbon speed.
The ribbon is decelerated by up to 15 m/s; to get this portion of the ribbon back up to speed requires a
power input of 9 gigawatts. If the velocity change is spread out over the ribbon to minimize stretch, the
affected section of ribbon may be brought up to speed by multiple passes through the motors.

Vehicles can also be launched in "burst mode". Velocity changes are averaged out over the ribbon if
vehicles are launched in rapid succession and at just the right rate. The entire ribbon may be slowed per-
haps 50 m/s by such aburst. The support capability of the ribbon is lowered by only 1%, causing the cable
tension at the surface to drop about 30%. A ribbon AV of 50 m/s can launch a burst of 15 vehiclesin 6
minutes. The velocity may be restored shdy with low power motors.

19. Ribbon Cooling

Vehicle drag results in ohmic heating of the ribbon. The heat is stored in the ribbon and carried away
from the vehicle, then dissipated by black body radiation from the hot ribbon to the inner sheath wall. The
heat removing capacity of the ribbon is proportional to V, =V, and decreases with vehicle speed; fortu-
nately drag dissipation is proportional to the saantol

If the ribbon heats up past the Curie temperature of iron, 1000°K, it stops behaving as a magnetic
material, and the control magnets fail. Vehicles should not be launched faster than the ribbon can cool
itself.

The temperature change of the ribbon as it passes undestiicievs:

at = _2eMo

= —_— 69
OW ppeCre (69)

whereW is the width and ¢ is the thickness of the iron ribbon, which has a density of pge (7880kg/m® )
and a heat capacity of Cr. (600 Jkg-°K). A fi ve ton vehicle accelerating at 3 g's changes the ribbon
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temperature by 84°K.
The ribbon thermal dissipation per length igegiby:

oP

— =2Weog (T4 - T (70)

ox
wheree is the emissivity and oy is the Stephan-Boltzmann black body constant (5.67x 107 8w/m? ° K*).
T, isthe ribbon temperature and Ty is the background temperature. 1f the power dissipation is 350 Mw, ¢ is
0.8, andT is 300°K, the werage ribbon temperature is 380°K.

Over time, the heated ribbon radiates and cools. The change in ribbon temperature with time is given
by:
dT, 0 e€og O 4 40
—_— —_— -T 71
dt OoreCreo 00" i (71)
The ribbon sheds heat much more €effi ciently at high temperatures. Near 1000°K, the ribbon temper-
ature drops 85°K in 45 seconds. This places athermal limit of 80 evenly-spaced payloads per hour on this
size of Launch Loop.

Using equation (71), the temperature profi le of the Launch Loop ribbon during a 15-vehicle, 24-sec-
ond-spaced burst mode launch can be computed, and is illustrated in Figure 11. The temperature reaches
nearly 1000°K.Another such birst cannot be repeated for half an halthough shorter bursts can be more
frequent.
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Figure 11. Temperature profile of the Launch Loop ribbon duringuadh launch.
20. Energy and RPower Use by the Launch Loop

The vehicle is accelerated by ribbon drag, and the total kinetic energy removed from the ribbon is
more than twice the resultant vehicle kinetic energy. A 5 ton vehicle launched at 10.5 km/s removes 735
GJ of kinetic energy from the ribbon, slowing it down by 3.6 m/s at the start of acceleration and 14.3 m/s at
the end. This energy is put back in by a high-efficiency linear induction motor located on the surface near
the eastern turnaround. This motor is driven by a 150 kHz source and is 10 km long, with 1 million ferrite
cores for poles. The motor supplies power to the ribbon which in turn drives the generators on the low
acceleration section magnets; it also esalp for drag caused by residuasges in the sheath.

The track magnet power consumption is about 40 Mw, and the defl ectors consume about 100 Mw.
Drag from residual gasses and magnetic fi eld discontinuities consumes about 60 Mw. If a 500 Mw power
generator is available, then 300 Mw is available for restoring losses from vehicle launches. This allows the
launch of 35 five-ton \ehicles per day to near escapdocity, or 48 per day to lav earth orbit.

To launch at maximum rate, a much larger power plant is needed. To launch 5 ton vehicles to near-
escape velocity at the high rate of 80 per hour requires a 17 Gw power plant. This one minimum-sized
Launch Loop can seetwo very different sized launch magts.

The Launch Loop 29 March 17, 2002



The power from the generators is put into the ribbon of the Loop with 10 km long, high-efficiency
linear induction motors. The motors may be analyzed like those planned for high-speed surface trains [10].
Launch Loop motors are longer, narrowner, higher power, and much higher velocity, resulting in efficiencies
approaching 100%. The short motor wavelengths and high speed requires high frequency, switched-mode
power supplies. This results in more costly drive electronics than the line-frequency power switches used
for normal motor applications. The costs and driver effi ciencies are similar to those of large, high-effi-
cieng/ switched paver supplies.

21. Construction and Operating Costs

A detailed estimate of the costs involved would be premature, but some costs can be at at least identi-
fied, or compared toxdsting construction projects.

The following analysis does not include the cost of apogee insertion motors, payload shrouds, com-
munication packages, or other per-vehicle costs. Nor doesit include the reduction in useful payload weight
caused by the weight of these items.

The following costs hee been found:

600 metric tons carbon fiber at $25/kg $15.0M
6000 metric tons &lar® aramid fiber at $25/kg ~ $150.0M
1500 metric tons Alnico 8, at $40/kformed $60.0M
11 ea. 56 Mw dual FT4 per plants at $7M ea $77.0M
500 MW motor paver switchers $50.0M
1 million ferrite motor cores, at $3 each $ 3.0M

470,000 lev power track controllers, at $100 each $47.0M
50,000 high paver track controllers, at $1000 each $50.0M
150,000 D magnet controllers, at $800 each $120.0M

$572.0M

($100 per control package and $0.10 perage vatt assumed)

Other costs can be identifi ed, such as sheath manufacturing, magnet winding, ramps, pumps, and so
forth. The cost of floats and anchoring cables to the seabed are wnkno

Assume the total cost of the Launch Loop, including research costs, comesto 2 billion dollars. If itis
used at only 30% capacity of 500 Mwe (26,000 metric tons per year), and is amortized over 1 year as a
high-risk venture, the cost per gross kilogram (including 6 cents per kwhr oil fuel cost) is $85. While this
launch rate is nearly two orders of magnitude above present U.S. launch rates, it is atiny fraction of the 3.5
million tons per year capacity of the basic system.

Later, at 85% usage of a 4 Gwe power capacity (750,000 tons per year), 5 year amortization, 9 billion
dollar capital cost, and 1.3 cents per kwhr fuel cost, the cost per gross kilogram is $3. At this cost, labor
and ehicle systems will probably dominate net payload cost.

Total Launch Loop system cost isdily to be well beler that of Earth-to-high-orbit roek systems.

21. Possibilities

This version of the Launch Loop launches 5 metric ton vehicles from the Earth to geosynchronous,
LaGrange, and lunar destinationat bther applications are possible.
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Launch Loop throughput, size and speed are limited only by economics; the ribbon can be made
wider or longer, and more ribbons can be added to the side. More Launch Loops can be built elsewhere on
the equator

A smaller, lower-speed Loop with a parabolic shape may be built for the "fi rst stage” of arocket sys-
tem. For equivalent payloads to orhit, this lower speed Loop must carry heavier loads, and is more subject
to wind loading and ribbon stretching with altitude.

The speed of the Loop may be increased, opening the rest of the solar system to this form of launch.
A Loop running at ribbon speeds of 18 km/sec can send vehicles directly to Venus, Mars, the asteroid belt,
and Jupiter. Other destinations may be possible with planetary assist maneuvers. Efficiency is low for
lower AV missions, hwever.

The present scheme for the Launch Loop includes two expensve and power-consuming 180° defl ec-
tors. The defl ectors can be eliminated by a Loop that encircles the Earth, brought down to the ground at
appropriate intervals, or running entirely in orbit with periodic anchor cables and elevators. Such alaunch
system wuld be constructed from orbit [5,6].

The Launch Loop may be used for other purposes, as well. The low ratio of dissipation to energy
storage make the Loop an effective form of energy storage for power grids, and an interesting method of
transmitting power over long distances. Pawer can be transmitted for 5000 km with less than 1% loss.
Similar superconducting ring structures are being considered [14].

Lastly, Launch Loops may be constructed off Earth. A 200 km Launch Loop on the Moon can be
operated entirely on the surface, without elevating ramps. Accelerations would be lower than present mass
driver designs, and the Launch Loop would be easier to construct. Launch Loops can be built on orbiting
structures, providing in-space transportation without expending reaction mass, if traffi c in all directions is
properly balanced. Passie capture ribbons can be placed on orbiting structures for capturing material
launched from Earth and Moon.

Conclusions

More study remains to determine the details of a Launch Loop operation; the idea may prove imprac-
tical because of instabilities, expense, or political obstruction. Regardless of its success, it is hoped that
others are stimulated to think of low-cost approaches to Earth launch using existing physics and existing
engineering materials.

The rocket has served us well during the last few decades, and will continue to fi nd uses in new appli-
cations and at the frontiers of space. The traffi ¢ necessary to justify even a minimum scale Launch Loop
must be established before its construction. Rocket launch vehicles are establishing this market. Low-cost
space utilities such as the Launch Loop will replace rockets in high volume applications, making space set-
tlement and industrialization economically practical.
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