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decay-energy release at shutdown is approximately 6.5 Mw
and at the end of 66.8 hr, 8 kw. To conserve hydrogen, the
decay heat is absorbed primarily by discrete mass-flow pulses
operating* within a 100°R temperature band. However,
some continuous flow of hydrogen at low-mass flow rates is
used to keep the reactor structural support elements from
overheating during the early part of pulse cooldown. Later,
this continuous flow is terminated, and there will be long
periods of zero-flow plus discrete pulses of flow. In Fig. 10,
the small continuous flow is 0.40 Ib/sec (thrust = 190 Ibf)
from start of cooldown to the seventh pulse which occurs 0.44
hr later. The large pulses, which are superimposed on top
of the continuous flow, have a total of 1.7 Ib/sec flow rate
(thrust = 790 Ibf) until the seventh pulse, after which it is
changed to 0.70 Ib/sec. The pulse frequency is very low at
the end of cooldown, as illustrated. This pattern of pulses
can be varied considerably by changing maximum and mini-
mum temperature limits and, therefore, should be considered
as only illustrative.

The impulse characteristics of cooldown are illustrated in
Fig. 11 for Burn No. 1, which was discussed above. This
shows the effect of the rapid rate of energy release during the
very early stages of cooldown relative to the later times.
The total impulse during this cooldown amounts to 2.8 million
Ib/sec (or 2.35% of the total impulse of Burn No. 1). The
maximum ideal velocity increment is 380 fps. Most of the
cooldown impulse (90%) is realized in the first 20 hr of cool-
down operation. The cooldown impulse is considered as
part of the useful impulse, and in the above case (leave-Earth
burn), it can be considered to be similar to an extended veloc-
ity trim system that that could be useful for trajectory correc-
tion purposes. After other burns, when approaching Earth
or lunar rendezvous orbit, it can be used to gradually trim
into the desired orbital position. The nuclear shuttle is

assumed to have a chemical reaction control system that will
be used for precise rendezvous and docking maneuvers.

Summary
Various potential missions are being studied to determine

NERVA engine requirements; one of the most demanding is
the Earth-lunar reusable-nuclear-shuttle, eight-burn mission.
Ultimately, the reusable nuclear shuttle may be serviced
and supplied by a low-cost, Earth-to-orbit, reusable chemical
shuttle; but for design purposes, it is presently assumed that
Saturn launch vehicles and Saturn derivative nuclear stages
will be used. However, the long-range objective of low cost
is influential in reaching current design decisions, as illustrated
in the selection of an engine throttling mode. Other char-
arcteristics of the engine design are a specific impulse of 825
sec at a thrust level of 75,000 Ib; a 10-hr lifetime with up to
60 restarts; restart capability at any time; zero-NPSP dual
pumps for supply-tank pressures of 15 to 30 psia; capability
of supplying tank pressurization gas; high-accuracy controls;
thrust-vector control; man-rating; 0.995 reliability; five-year
ground and three-year space storability; propellant-feed-
system malfunction mode; emergency abort mode for flight
safety; and space maintenance of critical items.
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An Active Radiation Shield for Cylindrically Shaped Vehicles
S. H. LEVINE* AND R.

Northrop Corporate Laboratories, Hawthorne, Calif.

An effective magnetic shield design has been developed for protecting a cylindrical space ve-
hicle from space electron radiation. It employs a few coils of equal diameter (and approxi-
mately twice the vehicle diameter) located coaxially about the vehicle. The magnetic shield
simulator (MAGSIM) has been used to develop engineering data for designing this shield.
The data are presented nondimensionally and can be used to design a cylindrical shield of any
size; as an example, an active shield for a 10-ft-diam, 30-ft-long vehicle is designed, assuming
a current density in the superconductor of 2.5 X 106 amp/cm2 at 10°K. This shield protects
against electrons with a 7-Mev cutoff energy, produces ^500 gauss inside the vehicle, and
weighs 525 Ib.

Introduction

AMAJOR hazard of manned space travel is radiation dam-
age to both the crew and some electronic components of

the vehicle. For many Earth-orbit missions, the principal
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radiation hazard is that of the natural and artificial radiation
belts composed of trapped relativistic electrons and high-
energy protons. Because of the tremendous weight penalty
imposed by passive material shields and the potential weight
savings afforded by active electromagnetic shields, numerous
studies of active shields have been made, with promising re-
sults.1-3 Their advantage over material shields is greatest
when the radiation hazard is limited to the relativistic elec-
trons. The relatively low mass of the electron makes it easy
for moderately intense magnetic fields to deflect electrons
away from the vehicle, and thus the hazardous bremsstrah-
lung radiation that is produced in any material shield (and
requires additional massive shielding) is precluded in active
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Fig. 1 The magnetic shield simulator MAG SIM.

shields. However, the active shield is not without its prob-
lems, including shaping of the protective region to match the
shape of the vehicle (or vice versa). Since the divergence
characteristics of the magnetic field always produce toroi-
dally-shaped protected or forbidden regions, active shield
designs, to date, have been limited to toroidal vehicles. On
the other hand, almost all U.S. space vehicles designed for the
next decade are principally cylindrical. For this reason the
magnetic shield simulator (MAGSIM)3"5 has been used to
design an active shield for cylindrical vehicles.

The MAGSIM is, essentially, an analogue device, which
utilizes the Stormertron principle6 for scaling charged-par-
ticle orbits in externally-deflecting magnetic fields. It was
developed to measure the protected regions produced by
active shields of complex shapes. Figure 1 shows its arrange-
ment with two point dipole magnets suspended in the screen
grid. The wires of the grid are coated with fluorescent ma-
terial, so that the impenetrable or dark regions about the
magnet in the plane of the grid are clearly outlined by the
electron excitation of the wire.

This paper presents a) the techniques for taking and 'de-
picting the data in nondimensional parameters and b) an

MAGNET COILS

example design of an active shield for a 10-ft-diam X 30-ft-
long cylindrical vehicle.

MAGSIM Data and Shield Design
The optimum active shield configuration found to date is

shown in Fig. 2. Individual coils are mounted parallel to,
and coaxial with, the vehicle. The MAGSIM has been used
to establish the size and spacing of the coils by providing an
outline of the dark protected region as shown in Fig. 3. The
ends of the cylinder are not protected by this design; however,
practical designs for present space vehicles have equipment
compartments at both ends which provide natural material
shields for the central living and experiment quarters. It also
should be noted that, in general, electrons spiral about the
Earth's magnetic field providing an anisotropic source distri-
bution similar to that of protons.7'8 Such electron motion,
combined with forced space orientation of the vehicle, has
been shown by MAGSIM data9 to provide partially-protec-
tive regions at both ends of the cylinder for this shield con-
figuration.

Relatively low currents are used in the coils to produce the
protected region shown in Fig. 3. Note that in this case there
is a slight bowing out of the protective shape so that the
radius in between the coils, rw, is greater than that adjacent
to the coils, rv. At even lower currents in the coil, the shape
of the protective regions bows inward making rv > rm. In
this latter case, if the current in the coils is increased, a condi-
tion is reached wherein the protected region becomes that of a
perfect cylinder, i.e., rv = rm. Long cylinders will require
more than two coils; consequently, a three-coil configuration
was built and tested, and the third coil extended the protec-
tive region as expected.

It may be noted that the dark or protected area is not
symmetrical with respect to the axis through the coils. The
minimum or smaller area is always attained on the side op-
posite the electron source, consistent with previous MAGSIM
data. A cylindrical volume having the cross section of the
outline of the smallest symmetrical protected region is the
protective region. Thus, the minimum forbidden volume is
symmetrical about the coil axis forming a spool-type shape.
The cylinder representing the shape of the space vehicle,
scaled down to the size of the MAGSIM apparatus, is repre-
sented by a radius r0 and must be totally enclosed within the
spool-type shape. Because of the bowing the protective
volume is greater than that of the vehicle except for one coil
current.

Two scaling factors, L and G, are now defined:

LJ — TQ/&I — riQ/Cij (JT — d\/o/i == ci/d (1}

where r0 and RQ are radii of forbidden volumes used in MAG-
SIM and on the space vehicle, a± and a are wheel radii of the
coils used in MAGSIM and on the space vehicle, and di and d
are the lengths of the forbidden volumes between pairs of
coils used in the two cases.

Values of L and G from the MAGSIM data are plotted in
Figs. 4 and 5, respectively. The solid curves of Fig. 4 present
L vs coil current i for several values of G which can be used
directly in the design calculations. The dashed curves show
the bowing-out effect in Fig. 3 where rm > rv, and the solid
curves refer to the minimum radius for all data. The data in
Figs. 4 and 5 were taken using a pair of identical coils having a
wheel radius ai = 4.125 in. and spaced 4, 5.125, 8, and 10 in.
apart. These data were taken with the ends of the coils
blocked to simulate spacecraft shielding, and the minimum
volumes were obtained by varying the orientation of the
vehicle relative to the electron gun.

For scaling a\ and the coil current t, the parameter

Fig. 2 Schematic of magnetic shield for cylindrical
vehicle.

X = ai/Cstl = a/Cst
is used, where the Stormer radius10-11 Cst is

(2)
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C.t = (3)

The subscript 1 refers to the MAGSIM parameters; other-
wise, the parameters relate to the actual space vehicle and the
electron radiation in space. In Eq. (3), q is the particle charge
(for an electron q = 4.8 X 10~10 esu), c is the velocity of light
(3 X 1010 cm/sec), p is the momentum of the particle, and M
is the magnetic moment of the coil (irla2/l0, where I is in
amp-turns). Substitution of the values of the MAGSIM
parameters in Eq. (3) yields

X = 3.28(y/72)1/4 (4)

where V is the electron gun accelerating voltage (350 v) and
/ = 615 i, the 615 referring to the number of turns in each
coil. Thus, with these values, Eq. (4) further reduces to

X = 0.571 « (5)

which permits a determination of X directly from the coil
current.

We will assume a maximum electron energy of 7 Mev
(cutoff energy) for the space electron environment. The
trapped electron energy spectrum falls off extremely fast
above a few Mev, so that the contribution to the spectrum
above 7 Mev can be neglected. This approximation is par-
ticularly valid here since the active shield continues to pro-
vide partial shielding for electrons with energies above 7
Mev. Using the momentum of 7-Mev electrons (3.74 X
10~16 g-cm/sec) in Eq. (2), we obtain the relation for the
corresponding ampere-turns in the space vehicle coils, i.e.,

7 = 7.41 X 104X-2 (6)

Let us use Eqs. (5) and (6) to design an active shield for a
10-ft-diam, 30-ft-long space vehicle. Three coils spaced 15 ft
apart are required. The various parameters have been calcu-
lated for several coil radii (Table 1). The data in Table 1 are
used to compute the mass of the magnetic shield system,

MT = M Mp (7)

where Mm = mass of the magnet (3 coils), MCTy = mass of the
cryogenic cooling system, and Mpc = mass of the ancillary
support equipment. We shall determine the masses of these
three principal subsystems for one coil radius, a = 10 ft
(20-ft diam). The other coil radii listed in Table 1 produce
somewhat greater masses of the total system.

Mass of the Magnet

The mass of the magnet comprises the masses of the magnet
superconductor (Mc), the surrounding helically wound copper
spacer (Mss), a titanium tube for piping the helium coolant
around the superconductor (M8t), and coil support cables

Mm = Me + M,s + M,, + Mse (8)
The copper spacer positions the superconductor in the cen-

ter of the titanium tube to permit unrestricted flow of the
helium coolant around the superconductor. The spacing be-
tween the superconductor is chosen to be 0.200 cm; conse-
quently, the diameter of the helical copper spacer is 0.200 cm.
For the three coils, it can readily be shown that

Mss = 5.16 X 10-2 a(lb) (9)

Table 1 Data for three parallel coils

a, ft G amp /, amp turn

9
10
12
14

0.556
0.500
0.417
0.357

1.666
1.500
1.250
1.071

1.170
0.895
0.650
0.490

0.528
0.604
0.706
0.816

2.80 X 105

2.14 X 105

1.57 X 105

1.17 X 105

Fig. 3 Forbidden area in meridian plane of two-coil con-
figuration.

Letting Ri and R% be the inner and outer radii of the
titanium tube,

where pTi = density of titanium, and R^ = R\ -\- 0.076 cm.
Standard stress calculations, which account for the mag-

netic field-coil current interactions, show that a TV-in.-diam,
flexible, corrosion-resisting, stainless-steel aircraft cable can
withstand the load on the end coils; this cable has an allow-
able load of 480 Ib and weighs 0.75 lb/100 ft. Therefore, the
mass for all three loops is Msc = 6 Ib.

The mass of the conductor is inversely related to the cur-
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rent density j:
Mc = (H)

where pd is the density of the superconductor wire and/j, is the
packing fraction of the coil. We assume that a coil can be
constructed which attains j = 2.5 X 105 amp/cm2 at a tem-
perature T of 10° K. Special manufacturing procedures and
special studies regarding quality control will probably be
necessary before such conditions can be attained. Current
densities measured with small-diameter, NbaZr wires by
Betterton et al.,12 have been 1 X 106 amp/cm2 in a 4000-
gauss field and 1.8 X 106 amp/cm2 in a zero-gauss field at
4.2°K. Higher/s have been found with Nb3Sn conductors.
For 4.2°K < 14°K, the critical current for Nb3Sn super-
conductors can be expressed:13

- 7714) (12)

where j0 is the current density at 4.2° K. It should be possible
to attain an effective current density in Nb3Sn coils of 2.5 X
105 amp/cm2 (j0 = 4.3 X 105 amp/cm2) at 10° K. A depen-
dence on the higher powers of (T/Te) in Eq. (12) would only
make the present estimates relatively more conservative.
Using Eqs. (8-11), Mm is found to be 125 Ib for the 10-ft-diam
coil, of which Mc = 87 Ib (R0 = 0.520 cm) using fp = 1.
Calculations also showed that the coil could withstand the
self-induced hoop stress.

Mass of the Cryogenic Cooling System

Mciy = + MR + Mp + Mra (13)
where Mi = 67r2a(R3

2 — R^)pi} where Rs and R% are the out-
side and inside radii of the superinsulation wrapped around
the titanium coolant tube, and pi is the density of the super-
insulation (1 lb/ft3 for Dimplar material). The heat leakage
into the helium coolant, Q, can be expressed as

Q = (14)
where Ke = effective thermal conductivity, LI = total
length of insulation, and ATi = 7\ — T0 = temperature
drop across insulation, where T0 = superconductor wire
temperature, and TI = average temperature on outer surface
of insulation. Considering the effects of sunlight, earth
albedo, space vacuum, and thermal radiation from the vehicle
external skin on the outer insulation layer for the magnet
coils, it turns out that T± = 200°K (360°R). Using R*/R2 =
7, the heat leakage per foot at T0 = 10° K is Q/Li = 0.018
w/ft, and M! = 20 Ib.

We obtain MR and the power requirements from the curves
presented in Fig. 6. These curves are considered near state-
of-the-art and represent anticipated power and weight require-
ments for a refrigerator based on Arthur D. Little's14 design
criteria for a l-w, 3.6° K, 100-lb, rotary-stroking refrigerator.
(This rotary refrigerator is, itself, designed for satellite
purposes). To use the curves of Fig. 6, it is necessary to
establish the power requirement from Eq. (14). For the 10-
ft-diam coils, the design requires a Q of 3.3, and conse-
quently MR = 82 Ib, and.the power requirement for the re-
frigerator system is 1.05 kw. Using the conversion factor 0.1
lb/w,14 Mp = 105 Ib. We assume that the raditor mass is
0.12 Mp, in accordance with A. D. Little's findings14; conse-
quently, Mrad = 13 Ib and Mcry = 220 Ib.

Total System Mass

We will assume that the power conditioning equipment,
start-up power supply for energizing the superconductor, and
miscellaneous items that will have to be added to the system to
integrate the magnet system into the spacecraft, increase the
mass of the system by approximately another 50%. Thus,

+ Mcry) (15)Mpe =

and
MT = l.50(Mm + Mcry) (16)

Using Eq. (16) and the component masses, MT = 525 Ib.

We can subdivide Mcry into the mass of the insulation MI,
the mass of the refrigerator MR, the incremental mass of the
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Fig. 6 Refrigerator mass and power requirements data
curves (5 yr state-of-the-art).

Conclusion

Despite the characteristic toroidal protective regions
generated by the magnetic fields, the MAGSIM has been ef-
fectively and efficiently utilized to determine a shield con-
figuration for protecting cylindrical vehicles. The total
shield mass of 525 Ib—required to protect the large size
vehicle considered from relativistic electrons—is relatively
low, particularly compared with the mass of an aluminum
shield surrounding only the cylindrical section of the vehicle.
A 4.5-ton aluminum shield, of the configuration stated, is re-
quired just to stop 7-Mev electrons, and this does not include
any shielding of the resulting bremsstrahlung radiation.
Thus, for protection against space electron radiation, the
active shield promises excellent weight advantages over
material shields.

Calculations have been also performed to determine the
mass of these shields for the other coil radii listed in Table 1;
however, the 10-ft radius is close to the optimum size for the
10-ft-diam vehicle. The 30-ft length, however, is not the
optimum length for spacing the three magnets on the space
vehicle, but two magnets by themselves will not suffice to
protect the full length of the vehicle.



JULY 1971 RADIATION SHIELD FOR CYLINDRICALLY SHAPED VEHICLES 777

The optimum temperature of the superconductor coil is
near 10° K; at higher operating temperatures, the current
density begins to drop, causing the mass of the magnet and
insulation to increase more than the mass of the radiator and
power supply decreases; at lower temperatures, the opposite
trends occur.

A digital computer program has been used to determine the
magnetic field intensity inside the space vehicle. The maxi-
mum allowable value probably is of the order of 500 gauss;
higher values affect the operation of standard relays and
many other devices. Increasing the radius of the coils will
reduce the magnetic fields inside the vehicle at some cost in
shielding mass. It may be more advantageous to incorporate
special shielded regions inside the space ship for housing the
sensitive components. It should also be mentioned that
future advances in super-conductivity and low-temperature
cooling systems will greatly benefit active shields, whereas
no avenue for significant improvement in material shields is
foreseen.
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Accelerometer Calibration in the Low-g Range by
Means of Mass Attraction

KONRAD REINEL*
Deutsche Forschungs- und Versuchsanstalt fuer Luft- und Raumfahrt e.V., Oberpfaffenhofen, Germany

Mass attraction is used as an acceleration input to calibrate an accelerometer. The upper
limit of the acceleration by a reasonable mass size is 10~~9 g in orbit and 10~"7 g in the laboratory.
The calibration has been carried out in the laboratory for an electrostatic suspended single-
axis accelerometer (MESA) with a variable mass attraction. The tilting of the test pad was
avoided by a vertical movement of the attracting mass and always checked by a very sensi-
tive tiltmeter. The mass attraction input to the accelerometer was a sine wave with the
amplitude of 23 X 10~9 g. The response of the accelerometer to this acceleration input by
mass attraction was obtained by computer data reduction. The results of the experiments
agree with the scale factor of the accelerometer for higher acceleration inputs. Application of
the mass attraction principle as a calibration method of accelerometers for very low accelera-
tions in orbit is proposed.

Nomenclature
a = acceleration of the proof mass along the input axis
A — accelerometer data
d = distance between center of proof mass m and surface

of attracting mass M
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g = Earth gravity (981 cm /sec2)
I = measurement number
k = edge of lead cube
K = harmonic number
m = proof mass of the accelerometer
M — attracting mass
N = number of data
r = radius of a sphere
R = distance between two mass points
xyz = coordinate system fixed to center of proof mass with

x axis along the input axis of the accelerometer
X,Y,Z = position of the attracting mass in the xyz system
7 = universal gravitational constant (6.67 X 10 ~8 cm3

ai = acceleration of the proof mass during measurement
number /

a0 '= amplitude of the sinusoidal acceleration


