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0 Research on Magnetic Sails and Magnetic Plasma Sails,
which are propelled by receiving solar wind plasma
with a magnetic field



Self Introduction

* Doctoral course, University of Toyama (1996- 2000)

* Numerical Study of Collisions of electron and positron
placsl.mas near pulsars and black holes using Full-PIC
Code.

Y kajimura, Generation of magnetic field and particle acceleration during collision of electron—positron
plasmas. The Astrophysical Journal(letter), 498 183-186, 1998

e Simulation of electromagnetic waves observed near
electron plasma frequencies in the polar regions of the
Earth's magnetosphere

Electromagnetic fluctuations near the electron plasma frequency from an electron/electron instability
Y Kajimura, JOURNAL OF GEOPHYSICAL RESEARCH-SPACE PHYSICS, 105(A5) 10537-10542, May,
2000

e Private company (2000-2004)

e Research and development using general-purpose
thermo-fluid numerical analysis software (STAR-CD)
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e University—JAXA, (2004-2011), NIT(Akashi 2012-)
e Laser Fusion Rocket, Magneto Plasma Sail, lon thruster
e Magnetic shield

Magneto Plasma Sails
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Outline :Magnetic Shield

0 Background of the Present Research: Magnetic Shielding

00 Numerical Simulation for the Evaluation of the magnetic
shield performance

0 Chamber experiment for the Evaluation of the magnetic
shield performance



Background

Cosmic Ray (alpha, beta, X, gamma, neutron rays, protons (solar flares), etc.)
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Energy and Source of the space radiation

Ref. Kazunobu Fujitaka Radiation science, 40 (4), 124, 1997
A method to prevent 0.5 MeV or more cosmic rays is proposed.




Past researches on magnetic shield

- Magnetic shield concept using superconducting coils . 20mcoll

(Levy,R.H.,1961)

* Behavior of charged particles in a dipole magnetic field
(Stormer region) (Shepherd,S.G.,2007)

For protecting the super relativistic cosmic ray — 108 [A] is needed

* Numerical Simulation: Test particle simulation for 0.5MeV
(Nariyuki, et. al, Symposium on Space Environment 2010.)

Present research: Research of the magnetic shield
for protecting from the high energy radiation with e
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0.5-1000 [MeV]. Nariyuki ,2010




Particle tracking Simulation

Particle tracking method

* Motion equation of cosmic ray charged particles
(4th order Runge-Kutta method)

mv' = q(Z'+ U X B)
‘Dipole magnetic field

B = erl _ erz
dm|r [P 4wl |
Q.,:Magnetic charge of a magnetic dipole

*Code Test: Mirror reflection Code Test




Simulation Model

Coil radius C A Magnetic Cosmicray
[m] urrent[ ] charge Qm - T T~ R (charged particles)

N
Initial velocity | Particle Energy -
v, [Im/s] [MeV]
.._..‘ ‘o,__.' P X
107 0.525 Magnetic dipole

-

108 57 T---
2-2.6% 108 320-1000

Distance from the spacecraft decided to have
invaded

»Within 10 m radius
»invaded position is indicated by + marks 7~




Simulation Results (0.5MeV)

s Invaded position marker “+”  Qm = 1.0 x 10
(r = 2[m], I=1.27[A] )
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Simulation Results (0.5MeV)

e Invading position marker “+"  @m = 1.0 x 10°
(r = 2[m], =25 .4[A] )

Initial condition

Total particle numbers : 250000 Number of invading
particles : 3607




Simulation Results (0.5MeV)

o Invading position marker “+"  @m = 1.0 x 10°
(r = 2[m], I=127[A] )
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Number of invading cosmic rays (0.5,57,320[MeV])
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Number of invading cosmic rays (0.5,57,320[MeV])

o A 1000MeV
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How do we strengthen the shield?

Ring current inside earth magnetosphere

» Performance of the Magnetic shield

» Depending on the coil radius

and current

F 2 ' Y
| | , .|.
Ring current

Magnetic storm occurrence by ring current
(Ebihara, Kyoto University)

How strengthen?

Use of the ring current generated by the injecting®' |- Magnetic Confinement Fusion Bevice

plasma from spacecraft

Cosmic rays

“Imagnetic _shield
protecting from
cosmic ray

Solar wind'

Magnetic field
generated by

the coil Magnetaspheric plasma confined in BT-1
g (Yoshida, Tokyo Univ.)




Ring current production process

e Thermal plasma injection gradually into dipole magnetic field (thermal
cathode plasma source)

e Particles are trapped in the magar'i‘e'tic field and the gyro motion + VB
drift are pqrfo;med to form a ring current.
YA
VAN -6.2 .,
H * " “a.q |
\ l\ l
\~
’~\ ’~\ 8.2
A ’ )
Iy \
" “ -a.4
” || @ Available for protecting against high energy, time-
1y ’l' varying solar flares and radiation
‘\\\/l’ \ <,/ ® Reduce the influence of the magnetic field on the
./ A R4 spacecraft because it is created outside the spacecraft




Required ring current (Radius, Current)

Energy[MeV] Coil Current [A] | Coil Current +Ring
r=2m Current [A]

0.5 127
57 127X100 250A + 10m, 200A
1000 127X1000 2500A + 10m, 200A

1 )

Requires 50 times increase in
magnetic moment

What is the upper limit of the ring-current current formed by
plasma injection from the vicinity of the coil?



Numerical Simulation for Ring Currents

e Assumed design parameters é:\{;.:\ TRV
. I 1
o Coil: r=2m 10° AT #LR}} -1
~ \[ Y Y
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One-Component Plasma

Assume electrical quasi-neutrality, electric field = 0 Initial plasma configuration
(no consideration of wave motion)

Solving the equation of | @

e Equation of motion of ions Z:;i);szﬁs A
(av, y
m; = qi(# +V, % B) —> PIC method ng curren
) dt steady.
. Ye
aX, _ v Steady state — displacement current 0 —
J i Calculate A
[ at Debye length < < scale length VA- 1]
* Maxwell's equation (vector potential A) _|M)
(72 V-A=0
ViA =l B=VxA
=V
B = V X A Gyro motion
] ’% el -@f}?}‘unce ction Steady magneti
V- A — O e due-to mirror icld
e / _hiagnetic field
E=0 OVE driftmation” Yes




Initial plasma distribution

* Open system with no outer walls
» Particles that leave the simulation
area are replenished

initial thermal plasma Symmetry Plane



Simulation Parameters

parameters Values

Bthermal 0.1~100
r/L 0.01~1.0
Evaluation Magnetic moment ratio

Magnetic moment ratio (definition)
= magnetic moment generated by plasma current /
magnetic moment of coll
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Simulation Results
e Maximum value: 45 times (=20, r,/L =0.01)
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2 1 E+00
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Magnetic moment
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1.E-05
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Using a coil with r=2 m and current of 10> A turn, the magnetic moment is expected
to increase by a factor of 45 with a steady-state plasma injection (35 mg/s) of N =

Ratio of magnetic moment v.s. Initial
(boundarv=700m, 2m~30m region)

—e— M/MO(rL/L=0.01)
- -M/MO(rL/L=0.1)
= o= «M/MO(:L/L=1)

-—————--_-_-
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B 44 X 102" [m3]and T = 1eV.
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Summary of Simulation for Magnetic Shield

- Magnetic shielding and ring currents are used to protect against
1000 MeV cosmic radiation.

« Coil (radius: 2m, current: 2500[A])

- Ring current (radius: 10[m], current: 200[A]): magnetic moment
45 times

- Using this value, it is predicted that a cosmic ray of 1000 MeV
almost can be reduced.

- On the other hand,
- the ring-current magnetic field needs to be taken into account.
it is necessary to consider the solar wind magnetic field.
- Chamber experiments for magnetic shield and ring current formation.




Outline :Magnetic Shield

0 Background of the Present Research: Magnetic Shielding

00 Numerical Simulation for the Evaluation of the magnetic
shield performance

O Chamber experiment for the Evaluation of the magnetic
shield performance



Chamber Experiments

e Schematic diagram of experimental equipment

Ar plasrna

source for

MPD Arcjet ring current
. Hydrogen plasma
cosmic-ray
charged Plasma Particles
particle
mm
source 80 ]

1250 [mm]




Chamber Experiments

HWE JSNN cosmic-ray
)\t N charged particle
| :|

Retarding Potential '
Analyzer (RPA)




Layout of equipment for experiment

—

Thermal
Plasma Source

\MPD

Plasma flow

—

arcjet

Thermal
Plasma Source

Coil

Chamber Chamber
1250[mm] i 1250[mm] i
Plasma flow LaB6 | LaB6 _ |

i :
, ] 80[mm]

\RPA




Retarding Potential Analyzer (RPA) for

selectively measuring the energy of plasma

£ 8 _f — Second Grid
. = Third Grid

Fourth Grid Plasma flow

Collector

30V - 30V
i ‘

Cross-sectional view of RPA

1 dIi(V
lon energy distribution function: f(V) = — I—%
Lo

I;, : lon current without energy limitation

Plasma flow

I(V) : Ion current through a potential




Demonstration of ring-current formation

MPD Coil current Ar plasma flow rate for ring Plasma source LaB6 current for
voltage[kV] [A] current [sccm] ring current[A]

2.0 100 3.0 100

Imaging results during ring current formation
( Parameters of plasma for ring current : 10'¢[/m3],

7[eV] vy, =7[km/s],rL/L~0.02)



Experimental results of Energy

distribution of invaded particles

+000 05MeV  57MeV  320MeV

3500

3000

2500

2000

1500

1000

—o—vx=1000

500 ——-vx=10000
0 ——vx=20000
10000 100000 1000000 10000000 100000000

80eV or less — decrease Shielded by magnetic field

80-200eV - Increase due to trapping by magnetic field




Experimental results with and without ring

current (coil current 50 A)

Thermal plasma source

Ring Current

e Coil current 50A with ring current

o Less than 120eV — Decrease; Shielded by

magnetic field

Cosmic Ray Source

o 120eV or more - Increased; trapped by
Ring current generation

magnetic field L9e0s

§ 50A w/o ring current
Shielding performance § '*®

- 50A w/ ring current
due to the formation of ¢ °™"

2 — — —100A' w/o ring current

° 5 6.0E-03

ring current has the same 3

® 40803 | \~-"T" "7~
trend as that of increasing :

g 2.0E-03
coil current om0

0 50 100 150 200 250 300

Energy [eV]




Experimental results with and without ring

current (coil current 100 A)

o Coil current 100A with ring current Because of the stronger magnetic field,

even high energies (around 150eV) are

o Below 80eV — Increase shielded

. 80eV or more — decrease Shielding from magnetic field

1.0E-02

8.0E-03
6.0E-03
4.0E-03
2.0E-03

0.0E+00

— 100A w/o ring current
Ring Current: Same trend

—100A w/ ring current

= = =125A w/o ring current

as the performance when

increasing the coil Current

lon energy distribution function




Summary of Experiments

The energy distribution of charged particles invading a magnetic

shield with an additional ring current was observed.

» Depending on the energy of the charged particles, the behavior of
the invading particles was found to be different. The experiment
confirmed that low energy particles are shielded, while high energy

particles are trapped by the magnetic field and increase.

* These results are consistent with the results of the previous numerical

analysis.

* It was found that using ring current had the same effect as increasing

the current in the coil.




Future Plans

* Optimization of shield performance by changing parameters

of ring current (numerical analysis, experiments)

* Measuring the number of invading particles by changing the
radiated charged particles and the coil magnetic field;
conducting analysis with a 3D hybrid particle model and

comparing and verifying the results
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Magnetic Sail

¢ consists of a simple hoop coil

¢ propulsive force generated by the interaction between
the solar wind and artificial magnetic field

g ' =%
S
Solar W?nd

¢ proposed by Zubrin in 1990

dCharacteristics

Propellant less

Use of solar wind energy
(Natural energy)

Simple structure

Simple method for
changing the thrust
vector

an
w



Magsail—Magneto Plasma Sail

¢ propulsive force generated by the interaction between the solar wind
and inflated magnetic field by plasma Jet injection from the spacecraft

PRI £

¢ Proposed by Winglee (Washington Univ.) in 2000

¢ Redesign by MPS working group in Japan in 2004
% Coil size is realistic (~m), thrust performance :(250mN/KW) is 10 times _

_. higher than that of lon thruster. (To Jupiter, 3.5 year — 2year) I



Thrust performance of electric propulsion

1000 -

Resist J

/

100

Thrust power ratio (mN/kKW)

Hall thruster

Ton Thruster

<+— Electric Propulsion Efficiency
=100%

10

| | [ | [
1000 2000 3000 4000 5000  Yamakawa (JAXA)




Thrust generation mechanism

l
Old @ | e

A7
= Induced Cumrent

EEEEE R

The pressure on the magnetosphere is transferred to the spacecraft via
Lorentz force between the magnetic field B,,B, generated by the
induce current and the current J,,J, along the coil of the spacecratft.

F < Induced B ¢ Induced J o Size of Magnetosphere




Interaction : Solar wind and Magnetic field

e Definition of L

» pressure balance between the dynamic pressure of the solar wind
and the magnetic pressure.

e F ('Zl'hrust) strongly depends on the area of magnetosphere S (=
TtLe).

) Induced Current

» -> lon kinetic Scale)

—> Electron - ons have been
—— > 5
— & b= Forc L=¢—F 5
E—
e 87 ynmy,
> - M: magnetic moment,
~ Proton (Ion)
—— > ' '
Solar Wind Plasma n: density of solar wind
Magneiic fie m : mass of hydrogen ion
[
v, . velocity of solar wind




Hybrid Particle-In-Cell code

B
Position of each particlex'' = x + v/""? At

Position of each velocity v/ =A™'S

-

- Electric field (Plasma Region)

1 T
E”:i ! (VxB))xB" ——J/xB" ——=Vn/
n |12, Ze e

Electric field (vacuum region)
. V’E=0

Electron energy equation is not used.
(Te=const)

{Ion particle : Leap-Frog method

EM field: CAM-CL method (By Matthews)

Harned, D. Journal of Computational Physics, Vol. 47, No. 3, 1982, pp. 452-462.




Thrust evaluation of Magnetic sail

Solar Wind Plasma

Induced Current

®ml

BE+BT

BE+BT

4E+B5

EE+BT

BE+B8

-2E+85

—4E+85

-B6E+B5

-BE+B5

Thrust F, [N]

Ideal MHD (Nishida, 2006)

—— Hybrid-PIC (Fujita, 2005) (r, /L > 1)

= Hybrid-PIC (Fujita, 2005) (r, /L < 1)
O Our simulation results (Hybrid-PIC, Kajimura 2011)
B Experiment (Ueno, 2009)
A Simulation result for experiment (Kajimura, 2010)

T T T T
3 456 2 3 45606

10

1.5E+85

1.8E+85

5.0E+B4

8, GE+08

KIml

-5.8E+04

-1.8E+05

-1.5E+05 |

-5, GE+B4
-

0,BE+@0




Ground Experiment in JAXA

Wire
Magnetic Field Line
e L L é I
MPD Arcjet p
|Solar Wind Simulator (SWS) = é
Anode .
f ,-"::-h. J’ 2
¥ P F'\"L .l'f"'"_-" T
1 i [ N
— > Jesomm | iGN 5
: ;" u‘l\ 1‘. 1‘ ; ’I :‘ ‘:-';I' m
/ N :
N Al Laser =
Cathode Solar Wind -i MagSail =
| Simulator-~--- Lager
X | (MSS) Dikplacement
l Sehsor
-+ . S0t S,
‘ Z 600 mm |
v |
Space Science Chamber { =2.5m)




Ground Experiment in JAXA

Plasma flow \, injection plasma

=

IDirect measurement
Of thrust
V.S. Simulation




Simulation model and parameters

X
plasma flow A _
\ cqll $=50mm
\ 4
. magnetic field

AV

Y
Y
3 >le » 300mm
400mm 400mm

Simulation parameters
dx 0.1 c/wp;
dt 0.01 (1/o)
Number of particles per cell 150 /cell
Mesh number 80*80*80

Laboratory

|
Parameters ) Space I Simulation

experiment :

Solar wind parameters :

Plasma Proton Proton 1 Proton

|
Velocity : u g, km/s 2547 400 | 25

|

) 3 1.2e+19 + I
Density : 71 5, m 5.0E+06 | 1.2E+19

4.7e+17 I
Electron temperature : 7., eV 0.9 10 : 0.9
Ion temperature : 7', , eV 30~70 : 0.9
Mass flow rate, g/s 0.4 : 0.4
Electric conductivity, /Qm 2000 : 2000

|

Coil parameters :
Coil radius, m 0.025 ! 0.025
Colil current, A 210 : 210
Number of turns 20 : 20
B -field at the center of coil, T 0.11 I 0.11

|

o |
representative size of 0.066 120,000 I 0.066

magnetosphere : L , m :

|

Dimensionless parameters :
Mach number 3 8 : 3
Ratio of Ion Lamor radius to L 0.83 0.83 : 0.83
Magnetic Reynolds Number: Rm <15 1.0E+08 | <15




o Experimental Results
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dar&
& regiont..--Boundary 2

Theoretical: L
——

-0.5

-0.23 -0.18 -0.14 -0.09 -0.05 0.00 0.05
Distance from coil Cegtg

Z [m]

Boul

-0.2 -0.1 0
Distance From Coil Center
Z [m]

005

1 -0.10

I 015

Set+19
4e+19
3et+19

2e+19
let+19

density[/m?]

Simulation and Experimental
Results (Magnetic field)

: 25
= * — 2
- 1 —
m 1
! ' T 1.5
: TEAN
ﬁ :"""'-5-- 1
/AN
*\.} E | ﬁ;j . 05
1 Y , 0
0.5
03 -0.25 -0.2 -0.15 -0.1 -0.05
Distance from coil center
Z [m]

—+— 0=0.3 (Simulation) = Experiment




Result: Experiment vs. Simulation

Magnetic moment vector

0.1 -0.05 zﬁn] 0.05

Size of magnetosphere L - good agreement
What happened in dark region? —plasma density is high
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Simulation Result

Contour plot of Ion Number density

~and magnetic field line
PiE density [m-3]
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Simulation and Experimental Results

Simulation
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Simulation and Experimental Results

¢ Direct measurement in Exp 0.3 == 0.05 Nj* -
¢ Simulation Result: 0.34%= 0.01 N 10 -
/‘\
0.6 ) .
— Thrust (Simulation, ¢=0.3) ) ) 107
0.5..... Experiment with error bar SlIIllllathn /\
—_— — 1
Z 0.4+ N /Zy Performed parameter ..
g ™ matching between .
2 0.3 - 100 — experimental parameters
= 024 = and real solar wind
= =
0.1+ Exp. and Error bar — 10
eeee Ideal MHD (Nishida, 2006)
0.0 1072 —|— Hybrid-PIC (Fujita. 2003) (r, /L > 1)
I | l | l I 2 —— Hybrid-PIC (Fujita, 2005) (r, /L < 1)
0.0 0.5 1.0 1.5 2.0 2.5x10 i3 O Our simulation results (Hybrid-PIC, Kajimura 2011)
Time [s] (1.0e-6s: 100_t) 10" | m Experiment (Ueno, 2009-2010)
“ " A Simulation result for experiment (Kajimura, 2010-2011)
10 I I I I LI II I I I LI II 1
2 3 456 2 3 456 2
0.1 | 10
ri/L

The time averaged value of the thrust in the simulation is 0.34% 0.01 N which is
within the error of the experimental result, 0.3 & 0.05 N. The 1on-neutral collision
is one of the important issues that influence the difference between the

. experimental and simulation results. (w/o collision : F_simulation=0.4N) I



Thrust estimation of magnetic plasma sail

Injection direction,
parametric study

injection volume

Magnetic Sail(r=2m 10°AT, L=1.6km,0.2mN

solar wind plasma X
coil p=4m
agnetic field
Iq 2B
/— 7 12418
#: —_— — :i:: L
| — —_— :i:g 5‘
g | A = [/
Y
Y
< 5 = 40km
40km Inj deted plasma -
MENE]
10000 . 10000
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- pai: G
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E o
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Thrust estimation of magnetic plasma sail

3D hybrid MPS

4.0E-03

Thrust F [N]
L]
=
s
=
L)

2.0E-03
1.0E-03
0.0E+00
0 0.05 0.1 0.15 0.2
Time [s]

——F(CASE3-thermal-1keV)——F(CASE3-thermal) — F(CASE1)

20 times the magnetic sail thrust (2m radius, 10°AT-4mN)




Summary (MPS, Magnetic Sail)

e |t is found that the dark region around magnetospheric boundary appearing in the
experimental photograph corresponds to the region where the plasma density
increases due to the plasma trapped by the magnetic field.

 The width of the magnetopause current layer has a good agreement between
the simulation result and experimental result.

» The predicted thrust value of 0.3 N obtained by the hybrid simulation agrees well
with the experimental result when simulation is carried out by considering the ion-
neutral collision effect.

e It was found that a thrust of 4 mN could be obtained for a magnetic plasma sail
using plasma injection. This is 20 times higher than the thrust of the magnetic sail.
However, this result is one order of magnitude lower than the performance of the
lon engine.
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