Extractlon of Antlpartlcles_ '




' ~ Personnel Involved

o Team . ' -
- — William Sohmltt PhD (Draper Laboratory) -
— Joseph Kochocki, PhD (Draper Laboratory)
'_'_— Walther Speldvik, PhD (Department of Physics, Weber State University)
— Oleg Batishchev, PhD (MIT Space Propulsion Lab) | .
-~ — Harlan Spence, PhD (BU Center for Space Physics)
. Specral Thanks -
- — Galina Pugacheva, PhD (Space Research Institute, Moscow Ru35|a)
— Anatoly Gusev, PhD (Space Research Institute, Moscow, Russia)
~— Richard Selesnick, PhD (The Aerospace Corporatlon) |
— John West (Draper Laboratory)
— Don Fyler (Draper Laboratory)
— Rick Metzinger (Draper Laboratory) :
— Peter Miraglia, PhD (Draper Laboratory)
- —. Darryl Sargent (Draper Laboratory) -
— Marc Weinberg, PhD (Draper Laboratory)
-— Jeff Hoffman, PhD (MIT Aero/Astro Department)
— Sharl Bickford -

,,‘ﬁj H f Hr‘\ ' . - Jim Bickford | ' N’Ac
/j r\* WJU .. . -March 8, 2006 .' ] -




Motivation

e Appllcatlons for Antlmatter

—. Aggressive hlgh AV space exploration

- High energy density fuel (10 orders of magnitude better
than the best chemical propellant) :

- Catalyst for nuclear reactions (nanogram range)
— “Medicine :
~ «» Tumor treatment, medrcal dragnostrcs :
L . Homeland Security
— Basic Science

’ ; . : " : Traditional Manned Mars Mission
Conventional Production i ' (Braper/MIT CE&R concept)
— - Limited to high energy particle accelerators '

+ GCERN, Fermilab S il
— ‘Inefficient and energy intensive | | s Energy Density (J/kg) Notes
«  $160 trillion/gram collected (Lapointe, 2001) Batery o Tl % | Liihida Ien
— Limited production capability ' : oy —
- - Dedicated accelerator production rate currently | Chemical © T 14x 107 ; A3/, .
_ in the ~nanogram/year range (Schmidt, 1999)- _
' Fission 8.2x 10" A 0
~+ - Antimatter Storage 2 R _ AT o IR
e Very limited quantities stored for ~days Bimion [ R DT
' - Vacuum limits (annihilation losses) : : — - — :
L Current technology ~10" kg/MGgoreq : = Antimatter 9.0 x 10 “E=me?
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~ Concept Vision

‘Magnetic Field
-« Antimatter Collectlon
17 RN ~ — Magnetic scoop
| | collects charged

particles over large
expanses of space. -

O . + Jim Biktord | - NEFALC
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~ Concept Vision

‘Magnetic Field
| | Antimatter Collection
‘o * Antimatter Storage

| — Positively and negatively

charged particles held in mini-
magnetosphere.

— Leverages the large scale
F | vacuum provided by the .
- - ‘natural space envwonment

— Particles and their antlpartlcles
can coexist in the field due to .
the very low annihilation rates
at hlgh energy and low densﬂy.

I Bickfod - NIALC
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~ Concept Vision

‘Magnetic Field
Antimatter Collection
_ ~« Antimatter Storage
_ (h -« Propulsion System

TN | . — Directs ejecta from
catalyzed nuclear reactions

— Differential extraction of
- kinetic energy? = -

Rl e NIAC
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f C_o_.n'ce_pt Vis'.'i'on.

~ Magnetic Field =~
. Antimatter Collection

.« Antimatter Storage

' « Propulsion Sys’te_m:

. Radiation Shield

— Intrinsic protection-

against charged
- _particles.
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- Atmospheric Annihilation

- The first question Falways get — why don't fhe:antipartic':les just annihilate with the-atmo_sphére_?

o 1-10 N {‘ T 1 I .1 = T 1 T : T
g :
7 * MSIS-E-90 model of typical atmosphere .| |
oo, N » Cross sections from Moskalenko et. al.
Ay
Z -s | 4
g0
—
9p]
5
B E =400 MeV
—
oy
‘E .
= -3
< 1wt F
S
@)
g .
o - L L
e E =10 GeV
50
s
—
- : . |
1.10710 1 1 L - I 7 3 =T Ca I .
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Altitude (km)
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Initial View (Emplrlcal Data)

APBMIN OMNIDIRECTIONAL FLUX (PROTONS/CM —SEC)

Energy >10 MeV

« _Total Belt Mass Content - e £ | T
— Integration of AP8/AES radiation models. “
— Protons : ~2.5 kg (E>1 MeV) RO
~ — Electrons : ~8.5g (E>100 keV) A
- Empirical satellite/balloon data | |

— Antiparticle formation from pair production : Btoums andMociellt 3003)
frOm GCR paSSIng through 5 7 gm/Cm2 Of —— Extragalactic Antimatter ——

Interste”ar materlal : : 1045_ B]aclsHole evaporation -\\‘\_‘_—/‘:_;
.+ Total pbar/p ratio : ~10* e, e,
: g O 3 : R e
- Total e*/e: ~0.1 T D G vr,:' e
— Belts and GCR antiproton flux both formed ~ £" | : ;Yrtr T
from nuclear interactions with GCRprotons. § | = f#; . iessoo
= e ¥ —pbar
« Implied vast trapped ant|part|cle reserves 0 + 4% wBEsse
- Focus of this study. L] e . e
P S ¢ “ Bogomolov 1987-1990
% Buffington 1981
_ i . : AI Golden 1984
" S T -1 10

Kinetic Energy (GeV)}
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Proton Belt Source

. Cosmic Ray Albedo Neutron Decay
' __'(CRAND) o : _ : « [ -
— - Albedo neutrons decay within trapping | : %?;f*iﬁt s O L Ve
. region to populate the belts. R N - -
. — Primary generation source for high energy
*  inner belt protons (E > 30 MeV) _ , Ak N | : 2" e
. Diffusion of Solar Protons . ' A Albedo Neutron
T e B t,, =614 sec
— Magnetic fluctuations allow low energy Z I N L2

solar protons to diffuse inward

~— - Relative contnbutlon g|ven by Jentsch
-model (1981)

04} -

Difrusion / Motal

o
N

e 1 1 ;
10 20 30 L0 50 60 70 80 90 100

Proton Energy (MeV)
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®  Albedo Spectrum

. Preliminary Geant4 simulations predict an antineutron
albedo flux about 7 orders of magnitude Iower than the
corresponding albedo neutron flux. -

Geant4 Simulation : | | Geant4 Simulation
Neutron Albedo Spectrum ' _ _ Antineutron Albedo Spectrum
1.E+Ij4 ; 1.E-03 ¢
_F1.x107 greater: ] : i
T EH03 -t e e —_ il -
> g : : it S - el i ;
[0 s -3 x10° greater: : T : :
O | ! s ! O TE-04 Premgeommmnoo b B R '
R R L e e o e o Jivierri ottt e W s .l ; e
& 3 s 1 7 - ' o |
R Rt E ' e i :
= 't : | : e = 1ED05 ------------------- g
CVEHDD foeenee R g : ' T
1E01 + ] i : 1.E-08 : =
A 1 10 100 : 0.1 1 10 -100
Kinetic Energy [GeV] : : o . Kinetic Energy [GeV]
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AIb_‘edo'A'ntin'e_Utrons '

Antineutron Atmospherlc Productlon Spectrum

; 1 E-01 ¢
- Narrow downward angular o wro el
distribution of GCR pair produced > et
antineutrons produces limited o
numbers of albedo anti-neutrons. ;)
-+ Significant loss in efficiency g 1E0
~ relative to neutron backscatter =
— Preliminary Geant4 simulations :
show the rati]f) is about 1 albedo e 1 " R e
-anti-neutron for every 10°-10° s '
albedo neutrons. Energy (GeV)
« -Pugacheva et al. (2003) provided i, SPUTIDY
a s?milar estimate(at 10%)F?\/Iev. 0.07 Alaylal Distribution
— Antiproton flux reduced by this o081
fractional efficiency _ S
« Proton flux provided by AP8 s
~« Contribution of solar protons = o
bt -prowded by Jentsch model. &
"« Effective fluxes calculated by g i
~combining the above emplrlcally g
- derived models | . 1

0°°10 20 .30 40% 50 BO 70 B0 G0
Angle (deg)
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Int'e'rnal_._Antiprot'oh.' F_IuXe's__- |

CRANbarD Induced Fluxes (p+p — _ & - - Direct Internal Source Fluxes (p+p —
3 fibar+n+p+p) ' & - pbar+p+p+p)
[ e 30 MeV | ~ 1.20E-01 - o P —E=50 MeV
~ /nbar=10° o
= e ~—— 40 MeV o —E=100 MeV
2 9L & g
< . FooEn — E=500 MeV |
g e o —E=1000 MeV
E 2 e ——E=2000 MeV/|’
= E s00E02 - :
s = | =——=E=5000 MeV
[-; 154 T . 6.00E-02 4 :
: é § Based on Spjeldvik
g0 & sooeiz] et al., (2005)
< =
S 05) % 2.00E-02 |
(] —
A A 0.00E+00 .
: 1.00 120 140 1.60 180 200

L Shell A % L Shell

Calculated inner belt antiproton fluxes can exc;eed the GCR fluxes by an order of -
magnitude or more depending upon energy. Atthe 2 GeV GCR peak, the '
internal source flux at Earth is about 5X higher than the interstellar one.

- Jim Bickf(.)rd . ' _ N’Ac
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- Trapped Inner 'Bélt Mass

o5 Antiprotons (E > 10 MeV)
“:E 1 1 .I I 1
03} - -| — Local Pair Production Only | _
025} <
=
() ]
=
m (.2 .
L d
=
- :
= 015} -
E ~0.15 ng
01 n/nbar=10° .
0.05 .
. “ ; | 1 | | | | y
. 1. 12.. 14 . 16 18 2 22 24 . 26

L Value

The estimated _quaéi-s',tatic antiproton belt mass in only about 0.25 nanograms around the Earth.
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~ Antiproton Loss Time__s_c'ale__s'

Antiproton Sink Time Constants

-10° T . — — T
-;, Coulomb Losses (2 GeV) LeetT
- 3 -, : g -
1-10° .-b. = .- e » . -
s - e Atmos. Annihilation (2 GeV)
=z 110° = N 5T
M o el Atmos. Annihilation (30 MeV)
> : - 1
N, Lent e, ;
() 3 et St : -t
= 110 : /' e e
Q : . . ; ALY YK AN
e - . Radial Diffusion (Quiet Sun). - car?” Srwra..
S - 100 . . :
o p— 4
b
3 10 -
5]
L ‘
=
Q -t
B2 ir - . =
Q -’ - [
= S
E - R .\ Radial Diffusion (Active Sun)
. F 4 . ) =
O ¢ Coulomb Losses (1 MeV)
0.01 it : -
'
¢
-3 A =2
[-10 g
: p ) _
L1074 : L I ] I L L L
p) p . P 26

| A & SR W 16 1.8

L Shell

- The antiproton radiation belt is replenished over the timescale 6f years (<< 1.ng/yr). Given these '
rates, the trapped Earth supply does not represent a practical sourcé of antiprotons for mining.
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Positron Estimates

Interesting positron measurerr'ients el g o 5 Picozza and Morselli (2003)
— Measured GCR e*/e"= 0.1 h : | S :
* — AMS-98 measured an excess of positroris around | S ‘%
- L=1.05 (e+/e ~4) | rilp f
-+ Explained by Gusev et al. (2000) as the result of trapping =~ 1o’ | _.--een e o] 1 ﬂ.-: . e
~ pion decay products produced during hlgh energy proton e e Y/ .
: Interactions with the atmosphere. o : : Rt 4 1 T°|s
. — RHESSI measured positron annihilation lines inthe & e CAPRICEDS l 8lis 5 WREE
Sun following a solar flare (Share et. al., 2003) o v "AMS ; ‘ ! g
L -5 = * CAPRICED4 ] 'S ) N, ik e
' ' = 4 HEAT94495 = I —— E ¥ \
2 O Clem etal. 1996 " »
o m TS93 e T1.- ™, :
< 4 MASS89 ’ & : M S
o ;02| @ Golden etal. 1987 : | - R
- ¢ Muller & Tang 1987 | :
® Daugherty 1975 ; r
® Fanselow 1969 3 e
o i S
i Energy (Ge-"u")
_ o . - AMS-98 Flight : Aguilar et. al. (2002) -
it . : : -. S : = 4 . (a) ‘ShortLived - (h) L-P'.”Q Lived -
Analysis Cases e e H ) st 3 s 4
—  Local production only? : | af ; . + : +
: .. e/e=4 (1.05<L<1.2)? : o, 2
~« Total : 11 pg (E > 100 keV) _ o e P 3 . e + +
.+ Total: 45 ng (E > 1 MeV) EERe L R
— Inward diffusion from external source - ] SO _ - - G
 et/e=0.1 (12<L<6)’?'?’? unllkely : Sy A i s
.. TOtal 840 mg - . = (GeV)

UMMM ® @ e NIAC
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Antiproton Scaling Hﬂe‘-l'atiOhShipS '

Jovian to Earth Radiation Belt Scaliﬁg

of: -0 D” 8f + Sources — Losses

or OL| I’ aL

* .CRANbarD . Nbar Decay Direct Pair Production

Radial Transport ;
~ {(atmosphere) - (rings & gases) (atmosphere &-gases)
Loss Cone Decay Time : Productlon Rate Peructlon Rate - _ Productlon Rate. -
" "(reduced) - .(TOF increase) (surface area increase) (direct vs. atm. albedo)  (surface area increase)

(S,1/S ey = (TV22000, (TV2-Cleartn ),
. S /Semh"' (I' I 2)()\earth

/ )\pcut)

cut

S ./ o (I' ’/r 2)()\6 arth /A

p3 ca rth cut pcul)

(S oS carn)” = M/M

earth

Sp4/sp3 & (anar/anaralt;)(Aring/Ap)-(pa-tm/pring)

See baékup slides for additional detail...

J M f r\ _' : _ i JimBiCkard | ' N’Ac
. | ‘ -March 8,2006 :

E:ﬁ“rf y




Jovian Esti'mates

. Domrnant Antiproton Soufce
— . Fraction of antineutrons which decay in Jovian magnetospheres
« dupiter i
— Smaller supply than orrgrnally antrcrpated due to the- cutoff of the
“GCR production spectrum by its large magnetic field. :
— Approximately 1 ugm spread throughout its magnetosphere
-+ Saturn

.— . Rings are the largest source of locally generated antiprotons in the
. solar system. Nearly a half milligram of antiprotons are trapped. -

— Primarily formed by the decay of ring produced antineutrons in the
magnetosphere. Antineutrons generated in the A&B rings (20-100.
gm/cm?, Nicholson and Dones, 1991) do not have to be
backscattered for trapping which drastically increases the efficiency.

—  Rings are also a significant source of antiprotons which are directly
-Broduced but which are reabsorbed by the rings after one or more-
ounce periods.

(Sp/Searth) : (Spl/searthl) (SpZ/Searthl) (Sp3/searthl) + (Sp4/Searth1—3) + (SpS/SearthS) :

Sl-3/ Searth SI/ Seart‘h Szl Searth Ssl Searth ' S4/ Sl-s. F Ssl Searth Méss
| Nbar Related | Loss Cone | Decay Time | Production Area | Rings'(Nbar) | Direet Pbar | Trapped Pbar
Earth 1 : 1 1 iE 0 1 ~0.25 ng
Jupiter | >6x100 | <12 |. ~140 A ~ 45 ~lpgm |-
Satu@ >3x100 | <12 ~25 ~ 90 T | o~90 ¢ :
Uranus | > 110 <12i:] ¢~ B s A T ~ 18 g
Neptune |  >75 $12 25 T L Cish AR 2 Eo ) s ¥ 13ng

Note : Values shown are very coarse engineering estimates based on extrapolations only.
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http://solarsystem.nasa.gov/multimedia/gallery/saturn_occultation.jpg

TranS|ent GCR Anhprotons

-1

10
Solarmlnlmum : : - : Solarma)umum
- GCR Antlproton Content -
: Implnglng on Planetary: = - o | ians L e
Magnetospheres 8ol L R
— Created from GCR passing . ¢+ =[]
through 5-7 gm/cm2 of matter s A | =
| |n the galaxy .g :Isn:ler 1M||rFIL_J T
— Can planetary 510 :
~magnetospheres help =~
concentrate the GGR flux to _
“assist in collection? Bt
; : 3 " Antiproton Kinetic Energy [GeV]
Planet Standoff Distance - ~ Antiproton Rate Yearly Antiproton'impingément
._ o (2pv? = B72,) (1GeV < E<10 GeV) . . (~inner magnétqsph’ere) ; '
Barth 1R, 0.13 pg/sec 0.004 kg
Jupiter 45 B s 287 pglsec 9.1 [
Saturn 20R . 41 pg/sec k1.3 kg
Uranus 26R_ 12 pg/sec. 0.39 kg
Neptune 25R e 10 pg/sec 0.33kg |
fl r'\ ' - Jim Bickford ' '-
J ﬁ ‘ . March 8, 2006 : N’Ac
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) GcRSimUIatioh_

» - Variable time step explicit | i s B R TROEE SR
Runge-Kutta ODE solver used to . QuasiTrappes Anrton Tty (£ =2 GeY, 61 =47 52
propagate high energy charged N L
particles through the inner
'~ magnetosphere

- — - Integration of Lorentz equation’

-10

- — - System of first order ODEs
— - Static inner field dipole model of
Earth and Jupiter simulated.
. E=0 |
«  Ability to expand on work first
- performed by Carl Stormer.
— Modern desktop computers can :
duplicate 18000 hours (9 years) X Position (Earth Racli)

of graduate student work In
‘about 3 seconds.

7 Position (Earth Radi

- Position (Earth Radii)

H | H e ) | ".Llai:;cﬁig{;%r& N NIAL




~ Transient GCR Antiproton Flux_

Transient Antiproton Flux (1.F(m2 GeV sec at E = 2 GeV)

¥ Position (Earth Radii)
Z Position (Earth Radii)

-6 4 -2 0 2 4 6
¥ Position (Earth Radii) X Position (Earth Radii)

Jim Bickford
-March 8,_2006




Jupiter GC_R Fl_ux COnC_e_n_tkatic_)_'h

Relative GCR Antiprotan i:.lm{ at Jupiter (E =2 Gev)

Z Position (Jupiter Radii)
o o

1

[mu)

—
]
1
[ny]

¥ Position (Jupiter Radi)

- High concentration factors near poles.
. Juplter s forbidden region extensive relative to Earth due to strong magnetlc fleld

: Jilln Bickford . 5 NEAL
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_-GC_R Flux Augm'e'_n'ta_ti_oln

~« - Observed quaS| trapped GCR flux _ . -
due to erroneous simulation where - Rt GOR ppon P 7 GoV <000

the particle energy was allowed to o - e
vary by about 0.01% - .

. — Induced flux was about 25X -

. greater than GCR background
around L=2.75 at 2 GeV. L

- Artificial Augmentation

— This could be artificially induced
(and possibly increased) by - -
artificial means.

. RF source from surface
« Electric fields in orbit

— However, inducing these éffects 4 | 0 | L _
over such a large area does not R : ; -

- seem practical. : :
 Possibility of natural mechanism : X Postion (Eath Radi)

~ but unlikely-to inducé meaningful
fluxes.

15

Z Position (Eanh Radll)
=

10

3 Jir.nBickf(.).rd . N’Ac
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Optlmlzatlon of the productlon process
has been proposed numerous times
before.

— About four orders of magnitude
improvement in energy efficiency
appears feasible.

-Space based production’

— First proposed in 1987 by Haloulakos
-and Ayotte.

« Offers certain |ntr|n3|c advantages for
space propulsion, namely that the
- antiprotons do not have to be stored and
- transported from Earth.

In Situ Trapping

—  Generator placed within magnetlc
bubble or magnetosphere will collect
generated antiprotons with high-
-efflc:lency

" Configuration enables wide angular
distribution and energy ranges to be .
- captured with minimal complexity.

- Leverages high vacuum environment.

Local Production Augmentation

CERN Fermilab In Situ -
Incident Proton Energy (GeV) - 26 120 200
Generation Efficiency {pbar/p) 0.4% 47 % " 8.5%
Angular Capture Efficiency 20% . 30% 100%
Momentum Capture Efficiency 1% | 1.2% 85%
Handling Efficiency 5% 18% 80%
Total Efficiency | pbar/p) 4x 107 3x10° 0.058
Overall Energy Efficiency | -14x10° | 25x10% | 2.7x 10+
Rate at 100 kWe (Prometheus) - 9.5 pgl/yr
Rateat 1 .GWe : 95 mg/yr

Based on Forward (1985).

-~ Jim Bickford
- March 8, 2006
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Antiproton Collection

: Magnetlc SCOOp | -p12 Sinz(at-) p22 Sinz(az) :
— Charged particles are concentrated as they e B i B EIX EFY B
follow magnetic field lines towards the dipole 1 2 + 1> Pi
. A““

. source. o ; . ;

Scoop Efficiency . :
— Limited by magnetic reflection & gyro rad|us
limitations
.. Particles reflected when their pltch -angle (a)
reaches 90 deg : . ‘
« Gyro radius must be smaller than the radius of .~ ' B..p
influence to ensure the particle does not spiral o
out of the field region before being trapped f
~ — Related to relative magnetic field intensities
and particle momentum.

« Applied E and RF fields can be used to pull
the particles towards the collector and extend
the maximum obtainable acceptance.angle.

Collection. - N
. Particle can be ¢ollected (trapped in fleld) )Y _ : ; \ :
degrading its energy and/or using a P4 AR\ N
supplementary field (E-field easiest) to move : A RN YN\ R\ N
the particle to a closed field line. - PR \ S e

— Restrictions on stable trapping based on \X \ e
- particle momentum and field characterlstlcs ; : : : E

RN ' Jim Bickford
Ut/ fl | | -1\?250?5,_2(();)6

t /t\
.\ ‘(ARTT' YRY
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CoIIe'cti'on 'L'i_mits '

o Limit of magne’uc influence restricts the: potenttal antiproton collectlon reglon.

« Acceptance angle limits the collection efﬂmency
° — This can be improved by increasing the particle momentum
« Apply E and/or RF fields
- Efficiency scales linearly with final particle momentum (2X p gives 2X angle)
- Feasible at lower energies but probably not at the GeV energy scale.
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Ring Radius Tradeoff

. Mass values assume no qux concentratlon from planetary phenomena

— Background GCR flux only.
— Multiply by relative integral flux to obtaln planetary collection rates.

- Collection rate and efficiency (collection rate versus ring mass) increase with loop diameter. .
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Ambient Field 'Tkadeoff '

i MaX|mum colleotlon rates and efﬂcnency at Iow
amblent field strengths

4 ' b GCR Flux 7]
: ' © E_,=1GeV

E ..=5GeV
NI=10° A
- w2 =2r :

. Antiprotons Collected (Hgm/yr).
. Specific Mass (mt,,/Ugm/yr)

S ) =10m A/

3 ke i p = 5000 kg/m’ ]
‘Dc_-- : : llD . :lo 3|c- : ;c- 3 50 : o 1|c- : :Ic- 3|D - 4|D <30
: Ambient Magnetic Field (UT) g : i Ambient Magnetlc Field (uT) |
IRARE H e - Jim Bickford | - N’ Ac
PR\ | ‘March 8, 2006




10

0.1

Ring _C_Urrént 'Tfadlef :f .

‘Larmor radius limits collection when NI'< ~ 10° A
Magnetic reflection limits efficiency above ~10° A
Best efficiency (coil mass relatlve to collection rate) in Larmor Ilmlted region.
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Technology Development

« Technology Gap - Low mass, high strength. long strand. uItra-high current loops
5 — ‘Requirement : High temperature superconductors with J, > ~10'° A/m2at 90K and L>100m.

— Priority : Essential for collecting from natural low flux antiproton background hlghly desirable for
systems with artificial augmentatlon

e Technology Gap In orbit power
-~ — Requirement : Space qualified nuclear reactor with P >= 100 kWe
-~ Priority : Highly vaIuaI_oIe though solar- power is potentially another option. _'

« - Technology Gap : High efficiency, orbital antiproton generator
— Requirement : Orbital particle accelerator with beam power = 200 GeV.
- — Priority : Essential for artificial augmentation, not needed if naturaI antiproton sources are used.

« Technology Gap : Passive cooling systems

— - Requirement : Reduced mass multi- Ia{Jer thermal bIankets for- passwe temperature control of
. largé structures with T < 90K at 1 A

- C Priority : Improvements in reducing mass or operating temperature vaIuabIe reduces
requwements on HTS :

-

« Technology Gap : Affordable L|ft
. — Requirement : Reduced cost to orbit. ($/kg).
— Priority : Not required, -but helpful.
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Summary (1 of 2)

- Earth has a minimal:(< 1 ng) trapped supply of antiprotons. This is
replenished over a period of several years. The low level is due to
inefficiencies in backscattering albedo antineutrons from the atmosphere.
Significant fluxes of positrons may exist, though the exact magnrtude IS st|II
uncertain. A quasi- statlc supply < 1 pugm is most Irkely

'Saturn has the largest trapped antiproton supply in -the Solar System -
(estimated at ~400 pgm) due to high antineutron production from GCR
interactions with its ring system. The flux of transient antiprotons produced in
“the ring system is also predicted to be significant. A refined radiation transport
analysis should be completed. .

JUprter has a lower than expected trapped antrprotoh supply since its magnetic -
f|eId shields much of the atmosphere from the. |nput production spectrum

H|gh energy (GeV) antlprotons in the natural Galactlc Cosmrc Ray (GCR)
~background are very tenuous but are partially concentrated by planetary -
magnetic fields. Though not as desirable as collecting them from stable

| fradlaét)llen belt-supplies (MeV) extractlon from the GCR background is also
. feasible .
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. e S‘umma'ry ('2_ef-2)'

«  Local transient antiproton fluxes from planetary rings (Saturn), comet tails, and
other phenomena may S|gn|f|cantly exceed background GCR fluxes

. A magnetic funnel formed from passwely cooled high temperature |
superconducting loops can be used to collect significant quantities of antiprotons
from low GCR background levels or in regions of high intensity local production

- (Saturn). However, significant improvements in superconductor performance’
 (A/m2) will be requwed before this is practical at a large scale. ' -

. A magnetic bottle formed from the same superconducting loops can be used to
safely store antiprotons for long Eerlods of time. Particles and antiparticles at
~ various energies can coexist in the same device since the large trapped volume
I(km?’or more) and natural vacuum afforded by the space environment minimizes .
0sses .

e Art|f|C|aIIv generating an’uorotons in magnetospheres (natural or otherW|se)
- would be very valuable and efficient. By effectively locating the particle -
- accelerator within the ma?netlc ‘bubble’, the system can produce and trap
antiparticles within high efficiency which can then be used for propulsion.
- Leveraging the development of a space qualified nuclear reactor (Project .
‘Prometheus) or 100 kWe solar array would enable ~10+ pgm to be collected in
orbit per year.
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