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INTERPLANETARY RADIATION ENVIRONMENT

Main Components:
(Atomic Nuclei)

Galactic Cosmic Rays (GCRs)
* Median energy ~1800 MeV/nuc

* Continuous flux, varies with
the solar cycle

Solar Energetic Particles (SEPs)

® Sporadic, lasting hours to days
* Soft spectra with highly
variable composition

Ni~Ne~ 6 CM-3

Galactic Cosmic Ray Spectra

Integral fluence, protons/cm?
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Uncertainties in Radiation Risk Projections
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Shielding Solutions must

 Reduce radiation exposure

* Be lightweight

o Safe

* Practical

* Achievable in time for Moon Missions

There are two basic types: Active and Passive Shields



Spacecraft Limitations

Passive shielding can reduce the exposure by only about a

factor of two due to weight constraints.
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Active Shielding Solutions

 Electromagnetic Shields
— Magnets (>73 papers since 1961)
— Plasma (>18 papers since 1964)
— Electrostatic (>16 papers since 1962)

Traditional Spacecraft Design

Cosmic
Ra
y 'y

Shielding
Volume

Slides provided by Jim Adams, Langley

Concentric,
oppositely charged
spherical electrodes
for shielding against
galactic heavy ions.
Electrostatic
generator keeps ‘@’
at a high voltage
with respect to ‘b’.



Why Not Electrostatics?

— Debye Length ~11.5m

« Assumption: The charge on a
conductor is much lower than
the charge in the surrounding
volume.

— Extreme voltages are
required and
surrounding a
spacecraft or lunar
base with a
conducting shell is not
realistic

 The same effect can be
generated using an alternate
geometry.

“Protected Zone”

NASA Design

2 spheres at +2V,

Center Sphere 2 spheres at +3V,

at+V,
@ @
3V, | -V osv, oy, Y, ‘ 3V,
5at-2'V, Sat-2V,
5 m radius
30m 100 m
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Radiation Intensity
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Radiation Intensity
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Some Possible Electrode Geometries

Thin Film Polymer Conductive Conductive Arbitrary

with Conductive Mesh Screen Wire Mesh Geometry
Inner Coating Sphere
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Electrode Geometry Used in ASRC
Lunar Electrostatic Shield Model (LESM)

Thin Film Polymer Balloon with
Conductive Inner Coating



Theory of Design

Lorentz Force

F=qE+qvxB



Theory of Design

Coulomb Force

F=qE+qvxB



Theory of Design

Coulomb Force
F=qE

Electrostatic Shield: Use only a time independent
electric field, i.e., B=0




Design Strategy

STEP 1: Determine an Ideal Electric Field to Repel
Charged Particle Radiation (primarily positive
ions and electrons)




Design Strategy

STEP 2: Find a Way to Generate an Approximation
of the Ideal Field




Design Strategy

STEP 3: Perform Mathematical Modeling and Computer
Simulation of Proposed Configurations




Design Strategy

STEP 4. Perform Experiments and Testing on a Scale Model

Particle Detector

Lunar Shield Model
Under Test

High Vacuum Chamber
Pe {107,107} [torr]

Accelerator Grid

Broad-Band Energy
Distribution to Simulate
SPE Distribution
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Electrostatic Shield Design Constraints
Electrical

Non-Electrodes

 Electric Field Strength everywhere must remain well below
a breakdown threshold value:  E(X,Y,2) < E;(X,Y,2)
In the case of non-conductors, Eg(X, Y, Z) 1s related to the
Dielectric Strength of the materials subjected to E(X, Y, 2).

Electrodes

 Surface Charge Distribution must remain well below a
threshold breakdown value:  o(X,Y,2) < ox(X,Y,2)
In the case of conductors, when o (X, Y, z) exceeds og(X, Y, Z),
the Coulomb force expels charge from the surface of the
conductor.
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Electrostatic Shield Design Constraints
Mechanical

Forces

» The Coulomb forces between electrodes must not exceed
the mechanical strength of the materials. In the case of thin
film polymers, for example, the tensile strength can not be
exceeded.

Size and Weight

« Size and weight are limited by considerations related to
transportation to the lunar surface and by practical assembly
and construction activities.



Electrostatic Shield Design Constraints
Power, Dust, and X-Rays

Power

« Collision of charged particles with electrodes leads to a
current, which must be minimized in order to constrain
power requirements.

Surface Dust and Free Electrons

* The design must avoid attraction of surface dust and
clectrons to the high voltage electrodes.

Brehmsstrahlung X-Rays

* Solar wind electrons accelerated by high voltage positive
electrodes, must not be allowed to decelerate due to
collisions with the electrodes.



Four Positive Sphere Electrodes
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Front View of Lunar Habitat and Positive High Voltage Shield
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Voltage Potential Profile — Assume: Grounded Surface



d(z)[MV]

Voltage Potential Profile — Assume: Grounded Surface



Radiation Intensity

4 Radiation Flux: Grounded Lunar Surface
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d(z)[MV]

Voltage Potential Profile — Assume: Floating Surface



d(z)[MV]

Voltage Potential Profile — Assume: Floating Surface



Radiation Intensity

Radiation Flux: Floating Lunar Surface
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Voltage Potential Profile — Ground Ground Shield



d(z)[MV]

Voltage Potential Profile — Ground Ground Shield
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Passive Shield to Stop Low Angle Particle Trajectories

If the lunar surface Is zero potential,
I.e., electrical ground
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A Radiation Fluence, Shield Transmission,

- Biological Response, and Dosage
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A Radiation Fluence, Shield Transmission,

- Biological Response, and Dosage
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A Radiation Fluence, Shield Transmission,

- Biological Response, and Dosage
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A Define a Shielding Quality Factor
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Test Confic uration




Simulation Run of Lunar Electrostatic Shield Model (LESM v1.2)
— User Interface and Sphere Configuration File

x| Shield OFF

— Model Length Parameters — Plot Parameters LT es (unpowered)
Ra = |20 m  Re'=[a0 [m] ¥ Disengage Shield fyPlat.bmp Wy
[T Suppress Trails
thoD = [4 [m]  rhoP = [a0 [m] Js2Fiot brap I w2
I_I,IzF'IDt.I:ump v uz
 Charged Patticle Eneray I Siiced Plots ON B Sphere Configuration File
Partlcle#‘l El:l = IEDD [ME"‘-"‘] SIEIE = I Ell:l [ME‘I\'II] tha-Start Radiuz of Slices = ||:||:|— [ITI] Shaded Entrles Correspond TO Image
: : Charges Below Lunar Surface
Particlef2:  Eo= |5-|:| [Mev] sigk = I 0[] Separation Between Slices = I‘I i [rn]
— Particle Composition Base Filename = IHh.;. 20 Number of Spheres
Particlettl: Me = II:I Mp = |1 Mr = |I:I [~ Sphere Paotertial Plot Shading 0N vV [MW] R [m] x [m] y [m] z [m]
Paticleft? Me = |1 Np = ID M = ID - Becursion Parameters 150.0 3.0 5 0 0.0 8.0
delta_t=|1.0 [nz]  max iterations = I'IEIEIEIEI 150.0 3.0 2.5 4.33 8.0
—Maonte Carlo Parameters I— 150.0 3.0 -2.5 -4.33 8.0
# of partic 10000 d=[425001 = ol ~>0.0 4.0 10-0 0.0 12-0
of particles = zeed =
F — Clazsical # Relativistic Mechanics :388 38 :2 g _g - gg i; 8
¥ Semi-Sphere |sotiopic Fadiation [Lunar Yersion] ¥ Relativistic Acceleration QM _50:0 5 0 0 0 0 0 16:0
-50.0 4.0 -15.0 0.0 8.0
~ Eragram Output Log _50.0 4.0 7.5  12.99 8.0
w[1] = 0. 3582 [2] [initial particle velocity, fraction of ¢, corezponding to Eal1]] -50.0 4.0 7.5 -12.99 8.0
w[Z] = 0.33578 [2] [initial particle velocity, fraction of ¢, coresponding to Eal2]] -150.0 3.0 5.0 0.0 -8.0
: i -150.0 3.0 -2.5 4.33 -8.0
lic = 41 . 98000 [%] [total particle £ sphere collizions] -150.0 3.0 2.5 _4.33 8.0
ft = 3. 23000 [%] [percentage of particles ariving at thol protected radiuz] 50.0 4.0 10.0 0.0 _12.0
Wit = 0. 16051 [c] [minimum particle v of all particles, as a fraction af c 50.0 4.0 -5.0 8.66 -12.0
wInax = 0. 33354 [2] [masimurn particle v of all paticles, az a fraction of 288 ‘518 _gg ‘g- 26 _12 8
= 0. BED4A i i i - 5 . - -16.
Wawg [2] [awerage particle v of all particles, as a fraction of 2] 50.0 1.0 _15. 0 0.0 8.0
: 50.0 4.0 7.5 12.99 -8.0
Fun Statuz: Done Proceszing Exit | 50.0 4.0 7.5 -12.99 -8.0
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Simulation Run of Lunar Electrostatic Shield Model (LESM vl.2)— Red dots are
intersection of electrons and blue dots are intersection of protons with lunar surface
(z=0). Gray circles are x-y projections of unpowered electrostatic spheres.



~ Shield OFF
 (unpowered)

e

Simulation Run of Lunar Electrostatic Shield Model (LS vl .2) —Red dots are
intersection of electrons and blue dots are intersection of protons with a 4 [m] radius
sphere (protected area) centered at x =0, y =0, z= 0. Gray circles are x-y projections
of unpowered electrostatic spheres. Yellow-gray trails are particle trajectory paths.
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Simulation Run of Lunar Electrostatic Shield Model (LESM v1.2) — Red dots are
intersection of electrons and blue dots are intersection of protons with a 4 [m] radius
sphere (protected area) centered at x =0, y =0, z= 0. Gray circles are y-z projections

of unpowered electrostatic spheres. Yellow-gray trails are particle trajectory paths.




Simulation Run of Lunar Electrostatic Shield Model (LESM v1.2) — User
Interface and Sphere Configuration File

Lunar Electrostatic Shield Model {LESM) v1.2 ' x|

— Model Length Parameters — Plot Parameters -
Cutput Filenames
Fio = |2|:| (] Hahe |3|:| [m] ™ Dizengage Shield I:-:_I,IF'I:::t.I:ump W
[ Suppresz Trails
to0=[s  [m] theP=[30  [m] JszPiot bmp w2
IyzF’Iu:ut.I:ump v uz
~Charged Farticle Energy I Sliced Plots ON W Wids Faints Sphere Configuration File
Paticlettl: Eo=[50.0 [MeV] sigk =[10.0 [MeV] R e |nn— i Shaded Entries Correspond To Image
: ; , , Charges Below Lunar Surface
Particleft?: Eo= IE.EI [Mev]  =igE =| 0 [Mev] Separation Between Slices = I-|_|:| [m
— Particle Composition Easze Filename = IHh.;. 20 Number of Spheres
Particletfl: Me= |E| Mp = |1 Mn = |EI ™ Sphere Patential Plat Shading OM VIM] RImMI x[ml vy [ml z [m]
Paticlet> Me= |1 Np = ID M = ID - Becursion Parameters 150.0 3.0 5 0 0.0 8.0
delka_t = I1.EI [ns] max iterations = I'IEIEIEIEI 150.0 3.0 2.5 4.33 8.0
— Monte Carlo Parameters el e |E'1— [l 150.0 3.0 -2.5 -4.33 8.0
# of particles = |1 aan zeed = |425EIEI1 ~0.-0 4.0 10.0 0-0 12.0
— Clazzizal / Relativistic Mechanics _388 jg _g g g gg i; 8
¥ Semi-Sphere |sotiopic Fladiation [Lunar Yersion) ¥ Belativistic fcceleration ON _50:0 5 0 0 0 0 0 16:0
-50.0 4.0 -15.0 0.0 8.0
e D s o -50.0 4.0 7.5  12.99 8.0
w[1] = 0. 31682 [c] [irnitial particle velocity, fraction of ¢, coresponding to Eo[1]] -50.0 4.0 7.5 -12.99 8.0
wi[Z] = 0.99578 [2] [initial particle welocity, fraction of o, carezpanding ta Eal2]] -150.0 3.0 5.0 0.0 -8.0
fo=  25.48999  [%] [total particle / sphere collisions] :128'8 g'g :g g _j'gg :2'8
ft = 0. 20000 [%] [percentage of particles ariving at thol protected radiusg] 50:0 4:0 10:0 0:0 _12:0
i = 0. 00265 [c] [minimum particle v of all particles, as a fraction of c] 50.0 4.0 -5.0 8.66 -12.0
YINas = 0. 93353 [c] [masimurn particle v of all paticles, as a fraction of c) 50.0 4.0 -5.0 -8.66 -12.0
Yawg = 0. 57319 [c] [average particle v of all particles, a5 a fraction of 50.0 5.0 0.0 0.0 -16.0
50.0 4.0 -15.0 0.0 -8.0
; 50.0 4.0 7.5 12.99 -8.0
Run Statuz: Daone Proceszing Exit | 50.0 4.0 7.5 -12.99 -8.0
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Simulation Run of Lunar Electrostatic Shield Model (LESM v1.2) — Red dots are
intersection of electrons and blue dots are intersection of protons with lunar surface
(z=0). Gray circles are x-y projections of powered electrostatic spheres.
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Simulation Run of Lunar Electrostatic Shield Model (LESM v1.2) —%Red dots are
intersection of electrons and blue dots are intersection of protons with a 4 [m] radius
sphere (protected area) centered at x =0, y =0, z= 0. Gray circles are x-y projections
of powered electrostatic spheres. Yellow-gray trails are particle trajectory paths.
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Simulation Run of Lunar Electrostatic Shield Model (LESM v1.2) — Red dots are
intersection of electrons and blue dots are intersection of protons with a 4 [m] radius
sphere (protected area) centered at x =0, y =0, z= 0. Gray circles are y-z projections

of powered electrostatic spheres. Yellow-gray trails are particle trajectory paths.




Model Simulation Results
Four Electrostatic Spheres and One Magnetic Field Coil

Spherical Solenoid
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Simulation Run of Lunar Electrostatic Shield Model (LESM v2.3) — User
Interface and Sphere Configuration File

Lunar Electrostatic Shield Model (LESM_Animin) 1 Shield ON
Model Length Parameters [all unitz in [m]] — Plat Parameters S S (powered)
Ro=[30000 Ro'=[a0o00  helx=1% | Disengage Shield [ Piot brop Vo
rhally = |0.000 [ Suppress Trailz [v2Fiot bmp -
= = . -z
thoP = |g0.000  rthal = |4.100 thollz = [25.000
|_I,IzF'I|:|t.I:-n'||:| v -z . .
Charged Particle Energy ™ Sliced Plots ON T Sphere Conﬁguratlon Flle
Paticletfl:  Ea=[07100 [MeW] sigE = [0.010 [Meb] tho-Start Fiadius of Slices = [0.000  [m] Shaded Entries Correspond To Image
_ _ : Charges Below Lunar Surface
Farticlet: Eo=|30.000 [Me¥] =gk = | 000 [Men] Separation Between Slices = |3.000 [m]
Farticle Composition Baze Filename = |Pho 8 Number of Spheres
Farticlef1: MNe= |1 Mp = |E| M = |EI [ Sphere Patential Plat Shading OM VM R[m] x[ml vy [m] z [m]
R iot P t
Particle#f2: Me=|0 Mp= |1 Nn= |0 SRRl 100 4.0 0.0 0.0 25.0
delta_t = |1.000 [ne]  maw iterations = 10000 50 4.0 8.66 5.0 20.0
Maonte Carlo Parameters 50 4.0 -8.66 5.0 20.0
le!"IEI_:-: = (0.500 [I'I'I] 50 4.0 0.00 -10.0 20.0
H of patticles = |4 seed = [425001 Classical / Relativistic Mechanics -100 4.0 0.0 0.0 -25.0
: _ T _ - -50 4.0 8.66 5.0 -20.0
¥ Semi-Sphere |sotropic Radiation (Lunar Yersion] v Relativistic Acceleration 0N -50 4.0 -8.66 5.0 -20.0
-50 4.0 0.00 -10.0 -20.0
Program Output Log Solenoid Parameters
vO[1] = 0. 550EG [2] [initial particle velocity, fraction of ¢, carresponding to Eal1]] al = 12000
wO[2] = 0. 24843 [c] [initial particle welocity, fraction of ¢, corezponding to Eal2]]
d« = |0.010
fc = 25 . 00000 [%] [total particle / zphere collizions]
ft = 0. 00000 [%] [percentage of particles armiving at thol protected radiug] Mz = |3
fo = 0. 00000 [%] [trajectary timeout - incompleted] b =|0.005
fg= 100 00000 [%] [percentage of particles interzecting boundary zurface] d= = [omn
WIn = 0. 18487 [2] [minimum particle v of all particles, as a fraction of ] Mz = | BOO
¥Imas = 0.33334 [c] [masimum particle v of all particles. as a fraction of c )
vavg = 0. 91735 [c] [awerage particle v of all particles, as a fraction of c i = 5000
Fun Statuz: Done Processing Exit




Model Simulation Results: X-y Plane
Two 30 MeV Protons and Two 1 MeV Electrons
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Model Simulation Results: X-zZ Plane
Two 30 MeV Protons and Two 1 MeV Electrons
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Model Simulation Results: Y-z Plane
Two 30 MeV Protons and Two 1 MeV Electrons
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Model Simulation Results: X-y Plane

30 MeV Protons,
1 MeV Electrons
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Model Simulation Results: X-zZ Plane
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Model Simulation Results

One +100 MV Sphere and
Three +50 MV Spheres
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Model Simulation Results
30 MeV Protons, 1 MeV Electrons
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Model Simulation Results
30 MeV Protons, 1 MeV Electrons
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Mathematical Model

Electric Field Due to a System of Conducting Spheres

The field due to a system of N point charges at a field point r is:

N
E(r)= (1)
47[50 Z‘ |r I |
where r; is the location of the ith point charge g
If the ith point charge g; is implemented as a sphere with radius R;and a
uniform charge distribution at potential R;, Equation (1) can be rewritten as:
N r—
E(r=) ViR, Py 2)
i=1 LT



Mathematical Model

Equation of Motion of a Charged Particle

A particle of charge Q, velocity v and rest mass m,, in combined static electric and
magnetic fields, is:

QE(r) + Qv xB(r) = &

d
= — m.,v
dt(7 0 )

=y mo(\&+ )/2 v ’2‘&Vj

3)

C

where, y = (1 —V’ /Cz)_l/2



Mathematical Model

Solution to Particle Equation of Motion

The acceleration of the particle, a =&, of the particle is calculated by re-writing Equation (3):

Q

C-a=——(E(r)+VvxB()) @)
y my
where, )
V V.V V.V
1+7/2_>; 7/2 X2y 7/2 xzz
C C C C C C
11 12 13 2
C=|c, C, C,|=|y’ Yy 1+7/2V—y y’ Y (5)
21 22 23 o2 c? c?
C31 C32 C33 V.V V.V V2
2 2 VzVy 2
Yy v vy
C C C




Mathematical Model

Solution to Particle Equation of Motion

Solving for a in Equation (4), a= Q c'. (E(r)+ vxB(r))
y my
1 A, (6)
= K Ay
A
where,

Ao - (C13C22C31 - C12C23C31 _ C13C21C32 + C11C23C32 + C12C21C33 _ C11C22C33) mo7 (7)
A = (C23C32 E, —CyuCyF —CiiCyy Fy +C1,Cs3 Fy +Cp3Cy F, — €500 F, ) Q (8a)
Ay = (_ €3Gy, Fy + €y Cy3F, +C5C, Fy —C1Cs3 Fy — €3y F, + ¢, CxsF, )Q (8b)

A = (C22C31Fx —CyCyFy — C12C31Fy +C;,C5, Fy +C,C, F, =€, ,Cyy Fz)Q (8¢)
F,=E +Vv,B,-V,B, (8d)
Fy = Ey +v,B, —v B, (8¢)
Fz = EZ +VxBy —VyBX (81



Mathematical Model

Trajectory Difference Equations of Particle Motion

Based on a Taylor series expansion about time point K, a set of difference equations for
position and velocity can be expressed as:

V., =V, +&At

~V, +a,At O

., =T, + &AL+ &AL o)
~T, +V At +1a, At’

where At a constant time step.



Mathematical Model
Magnetic Field due to a Current Loop

The magnetic field from a single current loop is:

f B.(X,Y,2) = e (@ +RHEWK) -’ K(K?)) (100
EER -y B,(X,¥,2)= Czyzz((a2+R2)E(k2)—oe2 K(kz)) (10b)
a 20{ ﬂp
Circular Current Loop. 2 2 2 2 2
B.(X,y,2) = a-—R)E(k)+a” K(k (10c)
(X, ¥, 2) 2M(( )E(K?) +a? K(k))

where E(k?) and K(k?) are the complete elliptic integrals of the first and second kind,
respectively, and:

pl=xt+y? a’=a’+R*-2ap k*=1-a’/p’
RP=p*+12° B>=a*+R*+2ap C=uy,ilx



Mathematical Model
Magnetic Field due to a Spherical Solenoid

(M=) M, -1 2 2
BX(X, Y, Z) _ Cxz Z Z ((amn + Rm)E(kmn) _ a2 K(krfm))

(11a)
frfx 2p° m=-L(M, 1) n=0 B
2b
- Cyz &’ M@ +R2)E(K?)—a’ KK
L mmyn-S2 S SlEsbre cxe)
2p m=-1(M,-1) n=0 A Pron

. L

Stacked multiple layer spherical coil.

L O C 3
o0

IM,-1) M -1
BZ(X,y,z):% (a2, -R? )E(k D)+ K(K2))

(11c)
o m:—%(MZ—l) n=0 amn mn
U where E(k2) and K(k2) are the complete elliptic integrals of the first
) and second kind, respectively, and:
(;) 2 _ a2 2 2 _ 2 2
4(\_( ] c ,02 = X2 + y2 A =8y + Rm _2amn/0 kmn =1_amn /ﬂmn
(30 R;Epz-i-(Z—mdz)z ﬁrﬁnzarin—'_Rri_'_zamnp CE/«lol/ﬂ'
The radius of each loop is: a,, =nd, +./a’—(md,)’ (12)

where, md,<a, and 1(M,-1)d,<a,



Mathematical Model

Initial Particle Velocity calculated from Initial Particle Energy

Total energy of a particle of rest mass mj is:

_ 2
E=mc (132)
Total energy is the sum of rest mass energy and kinetic energy:

E=E +T
=m,c’+T

(13b)

Solve for T in term of v: T=mc? - E,
(13c)

=y m,c’ —m,c’ =(y —1)m,C’

where, y = (1 —V’ /Cz)_l/2

m,c’ _CY1+2¢8

Solve for vin term of T, with & = : V=——"— (13d)
qT 1+ &




Present Radiation Shielding Studies at KSC
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Problems already being addressed by NASA

Shield Configuration and Design for spacecraft

Shield Effectiveness

Material Tensile Strength/Dielectric Strength

Other Material Issues-Mechanical (Attachment, etc.)

Other Material Issues-Environmental (Temperature, UV resistance)

Other Material Issues-Misc. (Leakage current, Gamma resistance, Thickness/Weight,
Crease resistance, Conductive coating (CNT or CVD Au), Aging)

Shield Forces

Net Shield Charge

Shield Discharge Calculations-Leakage, Corona, Plasma.
Charge Buildup on outside of Spheres.
Power Supply Feasibility-Voltage
Power Supply Feasibility-Current
Field Extent in a Plasma

Particle Entrapment

Safety-Total Stored Energy
Safety-Shield Stability
Safety-Electron Dosage Issue



Future Work required for a
Lunar Solution

Lunar Shield configuration

Lunar gravity

Lunar surface may or may not act as a

sufficient electrical ground. [Power systems
may have the benefit of free charges that a
spacecraft will not have access to.]

Lunar Shield will have to contend with
Lunar dust.



Proposed Validation Experiment

Particle Detector

Lunar Shield Model
Under Test

High Vacuum Chamber
P e {10,107} [torr]

Accelerator Grid

Broad-Band Energy
Distribution to Simulate
SPE Distribution
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