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Motivation: Can humans survive the radiation of space?

A RENEWED
SPIRIT OF DISCOVERY

The President s Viston for
L5, Space Exploration

NASA Authorization Act of 2005

NASA's GOALS:

1.
2.

Complete the Space Station.

Develop and fly the “Crew Exploration Vehicle”
now called, ORION, no later than 2014.

Return to the Moon no later than 2020.

Extend human presence across the solar
system and beyond.

Initial budget ~$16.2B,
Total budget > $100B

Most of the technical problems have envisaged solutions.

Except for the susceptibility of living tissue to the increased radiation
bombardment of interplanetary space.

This talk concerns a possible means to solve this problem.
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hat is the Crew Exploration Vehicle (CEV)?��09.19.05 ��The CEV is America’s new spacecraft for human space exploration. It will be able to ferry crews of three astronauts (plus additional cargo) to and from the International Space Station, but has the capability to carry as many as six crew members. It will take four crewmembers to lunar orbit, and even return up to six crewmembers to Earth on the final leg of a human Mars mission. 


Introduction

Background to spacecraft protection

Results from the LinX Linear plasma eXperiment
— Interaction of plasma beam with static dipole field

« Comparison with results from computer simulations
 Summary and conclusions
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The radiation hazard to astronauts is much greater
outside the Earth’'s magnetosphere
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A photograph from the Odyssey space craft looking back at the
Earth-Moon system when the spacecraft was on route to Mars
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The Apollo astronauts were lucky not to be killed by radiation

The radiation levels of Solar Proton Events that occurred during the Apollo Era

Apollo MissionNo.| 7] 81 @ 7001 A2 13 14 15 16 _ I

|
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Source: NASA year

Need to bring the dose levels down to acceptable risk level
Trip to Mars 18 months

Radiation hazard of energetic protons in particular is Mission
critical — described by NASA as the only possible “show-stopper”?

1 Frank Cucinotta, Chief Scientist for NASA's Radiation Research Program at the Johnson Space Center
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Limited number of options available for spacecraft protection

1. Build a wall — material shield.
2. Help biology cope better — Biochemical.

3. Active shield (magnetic, plasma, etc)
cf Star Trek deflector shield....

All approaches are likely to be needed since no individual method is likely
to reduce the risk to an acceptable level.

Active shielding is the subject of this talk.

Could an active shield possibly work from a physics point of view?
If they can, would it be practical from an engineering point of view?

In this work, we will begin to answer the first question in order to start to
address the second question.....
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A%]tive shields offer the potential to mimic the shielding effect of
the Earth’s magnetosphere
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Coulombic mean free path ~ 1AU thus collisionless
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SW Low beta ~0.01 to 0.5 “cold” plasma b<< 1   plasma pressure /magnetic pressure 

Physics of the very small scale

Size of the spacecraft is very small compared to all plasma parameters : much less than Debye length or ion Larmor radii


The large dimensions of space have to be compressed
self consistently into the laboratory scale

= Space
BIG dimensions - - |-  Laboratory
T g S\ ensiot 4
= . Direct I
simulation |
of lab |
conditions |
Validate 1
code I
Computer simulation of Space I

3D, PIC, hybrid code _

dHybrid

Heritage: ICE code on JET, AMPTE
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LinX provides a excellent platform for laboratory

astrophysics

Magnetic field coil  Visible imaging

camera
Plasma
source Target plate

 Linear plasma eXperiment
(LinX )

« Magnetically confined plasma
beam propagates along device
to a target chamber:

Axially

mounted
Tapered Dipole field

Plasma beam Orifice source

Reciprocating Radial
Langmuir Probe

A

»

1.5 m

Beam: 10-20 cm diameter, B ~ 0.07T axial , T~ 5-15 eV, n~ 10'% to 10" m-3, hydrogen, MACH> 3
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Impinging plasma beam has Mach number ~3

lon density and temperature radial profiles
at axial position=0mm
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Upstream plasma density profile reveals beam width
of the order of 10-20mm

Electron temperature profile rather flat with peak
temperature of ~2.5eV

In the absence of direct measurements of the parallel
ion energy, we infer flow velocity from the sheath
coefficient, alpha, defined by

(pp = (pf+ Cr7—e

For isotropic, subsonic hydrogen plasma we expect
a = 3.3, but the upstream plasma in LinX has a = 1.7

A full treatment including effects of probe collection
areas for ions and electrons and secondary emission

predicts a form for a 1
o= —Eln(Zﬂy\le\/l “(L+ 7/52))

From which we infer that the plasma in LinX has
Mach number M~3
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Pfasma stream is deflected in an apparently stable
narrow layer around the magnet

barrier sheet
3-4mm
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Photograph of (predominantly H Balmer emission) caused by plasma interaction with background neutral gas



Corresponds to regions of plasma density


Spatial profiles can be created by systematically

scanning a reciprocating probe and the dipole source

Visible camera

Steady state operation
allows detailed
measurements of plasma
— dipole field interaction

Stable Plas-

Initial experiments
studied using spatially
resolved Langmuir probe
measurements and
visible light imaging Reciprocating Langmuir probe

i
Amplifier and
data acquisition
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2-D maps of floating potential and ion density indicate that the

width of the plasma layer is much less than ion Larmor radius

Dipole
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« 2-D maps obtained by radial scanning Langmuir probe and axially scanning dipole field source
«  Structure of potential and density confirm visible imaging: plasma is deflected into a narrow layer of
scale length << ion Larmor radius
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lons are confined in local potential well
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Detailed radial profiles reveal local potential well, “depth” is well matched to expected

perpendicular ion energy
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The density scales are very different downstream clearly, as the sheet is deflected around

From previous measurements have indicated that the perp ion energy is of the order of a couple of volts and the potential is of the same order




Axial profiles reveal potential barrier in

dipole field region and cavity devoid of plasma

Region above

the magnet
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Form of potential above magnetic pole may be associated with local
plasma structure as indicated in visible imaging
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Plasma is slowed to subsonic velocity
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« reduction in plasma flow in dipole field region is consistent with
potential barrier

« Mach number indicates substantial reduction in flow velocity
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As shown previously Mach number of flowing plasma may be inferred from sheath coefficient

Sheath coeficient is observed to rise from ~1.5 upstream to >3 in the dipole field region

Interpreting this in terms of Mach numbers indicate substantial reduction in plasma flow in dipole field region, consistent with potential barrier 




hybrid code modelling most appropriate for modelling

laboratory mini-magnetospheres

e & Te

Plasma physics of the intermediate scale

— Size of the spacecraft is << ion Larmor radii
Using particle-in-cell hybrid simulations using the code dHybrid".
Fluid electrons, kinetic ions.
Full kinetic not feasible as yet, due to the time and scale lengths
Visualization performed with the osiris? framework

Used to understand and to optimize present day lab experiments
but also to link the simulation and experimental work to the space
plasma environment

It was found that the magnetopause distance to the dipole origin
increases with increasing magnetic field intensity of the dipole and
with decreasing kinetic pressure of the flowing plasma, as expected
from theory.

1 L. Gargate, etal Comp. Phys. Commun. 176, 419 (2007)

2 R. A. Fonseca, et al, Lecture Notes on Computer Science 2331, 342, Springer-Verlag, Heidelberg (2002)
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Since the typical time and the length scales in the mini-magnetospheres in the laboratory are large, three-dimensional kinetic particle-in-cell simulations, whereboth ions and electrons are treated kinetically are not feasible. We resort instead to hybrid simulations, using the code dHybrid [12]. Hybrid models are commonly used in many problems in plasma physics (for a review see, for instance, ref. [14]). The hybrid set of equations is derived neglecting the displacement current in Amp`ere’s Law, considering quasi-neutrality and calculating moments of the Vlasov equation for the electrons in order to obtain the generalized Ohm’s Law. In dHybrid, the electron mass, the resistivity and the electron pressure are not considered; thus, the electric ﬁeld is simply given by E= −Ve ×B, which can also be expressed as 




dcﬁ]ybrid simulation results show narrow boundary and plasma

cavity devoid of incident plasma

Modelled ion density of the laboratory experiment
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In order to conserver mass at the interface the entropy goes up

Dissipative => micro turbulence

Transport barrier BUT 

collisionless (mean free path >> vessel)

And with a shock

 Electric fields are responsible

Size of the spacecraft is very small compared to all plasma parameters : much less than Debye length or ion Larmor radii




Thie intuitive analogy is with Rutherford Scattering on a
“macro particle”

lons from the Sun of
100’s keV to 10’s MeV

o
....................................... O >

In a Coulombically collision less plasma
the inactions tend to be collective effects

The dipole field therefore is acting so as to
create a “macro” particle with an
electrostatic field pointing outwards in the
frame of reference of the incoming particle
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For head on collisions between alpha particles and the nucleus, all the kinetic energy ( ) of the alpha particle is turned into potential energy and the particle is at rest. The distance from the centre of the alpha particle to the centre of the nucleus (b) at this point is a maximum value for the radius, if it is evident from the experiment that the particles have not hit the nucleus.

Applying the inverse-square law between the charges on the electron and nucleus, one can write:

 

Rearranging:

 

For an alpha particle:

m (mass) = 6.7×10−27 kg 

q1 = 2×(1.6×10−19) C 

q2 (for gold) = 79×(1.6×10−19) C 

v (initial velocity) = 2×107 m/s 

Substituting these in gives the value of about 2.7×10−14 m. (The true radius is about 7.3×10−15 m.) The true radius of the nucleus is not recovered in these experiments because the alphas do not have enough energy to penetrate to more than 27 fm of the nuclear center, as noted, when the actual radius of gold is 7.3 fm. Rutherford realized this, and also realized that actual impact of the alphas on gold causing any force-deviation from that of the 1/r coulomb potential would change the form of his scattering curve at high scattering angles (the smallest impact parameters). This was not seen, indicating that the gold had not been "hit" so that Rutherford only knew the gold nucleus (or total of gold and alpha radius) was smaller than 27 fm (2.7×10−14 m)

In 1919, a very similar experiment in Rutherford's laboratory showed departures from Coulombic scattering from different energy alphas on hydrogen nuclei, with a departure radius (indicating a true "collision" or change in force characteristics) occurring at about a calculated impact parameter or closest approach of 3.5 fm. Further investigations of alpha scattering on nitrogen and oxygen in Rutherford's laboratory convinced Chadwick and others by 1921 that at these scales and energies, forces which were other than simple coulomb repulsive forces were at work in close nuclear interactions.




Summary & Conclusions part 1 of 2

* It has been demonstrated in simulation and laboratory
experiment that can create an effective transport barrier
to supersonic plasma flow.

 Interior of “hole” in plasma stream is essentially devoid of
plasma.

* Boundary scale length is much less than the ion Larmor
radii scale ~ 1/10th.

* Thus the magnetic “bubble” needed to act as a shield can
be much smaller ~100m compared to the > 20km
considered previously.

« Fundamentally this demonstrates the critical need to
consider plasma particle kinetics at boundaries.

* The LinX experiment offers an ideal platform to stud%/ a
range of fundamental plasma physics phenomenon that are
of relevance to astrophysical contexts.

20
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The power needed from a space craft likely to be modest ~ 1kW compared to MW


Summary & Conclusions part 1 of 2. Future work

« So far have established proof-of-principle only.

* Need to do systematic measurements in many regions and compare
these with simulations.

 We have initial data on impulse response showing some very
interesting physicss also showed that particularly with the addition of
the time dimension and reactive response, great care in the
interpretation is needed.
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There are conceptual solution to dealing with the

radiation from the poles

The action of the dipole field
does not just deflect particles
but also funnels some particles
preferentially into the magnetic
poles, just like that which
creates the Earth’s Aurora.

Possible solutions include:

Formation flying

Torus space craft

MAGNETIC

........
T B i

CRYQGENIC
INSULATION

" SPACE SHIP
INTERIOR
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Thie intuitive analogy is with Rutherford Scattering on a

“macro particle”

lons from the Sun of
100’s keV to 10’s MeV

o
....................................... O >

In a Coulombically collision less plasma
the inactions tend to be collective effects

The dipole field therefore is acting so as to
create a “macro” particle with an
electrostatic field pointing outwards in the
frame of reference of the incoming particle
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For head on collisions between alpha particles and the nucleus, all the kinetic energy ( ) of the alpha particle is turned into potential energy and the particle is at rest. The distance from the centre of the alpha particle to the centre of the nucleus (b) at this point is a maximum value for the radius, if it is evident from the experiment that the particles have not hit the nucleus.

Applying the inverse-square law between the charges on the electron and nucleus, one can write:

 

Rearranging:

 

For an alpha particle:

m (mass) = 6.7×10−27 kg 

q1 = 2×(1.6×10−19) C 

q2 (for gold) = 79×(1.6×10−19) C 

v (initial velocity) = 2×107 m/s 

Substituting these in gives the value of about 2.7×10−14 m. (The true radius is about 7.3×10−15 m.) The true radius of the nucleus is not recovered in these experiments because the alphas do not have enough energy to penetrate to more than 27 fm of the nuclear center, as noted, when the actual radius of gold is 7.3 fm. Rutherford realized this, and also realized that actual impact of the alphas on gold causing any force-deviation from that of the 1/r coulomb potential would change the form of his scattering curve at high scattering angles (the smallest impact parameters). This was not seen, indicating that the gold had not been "hit" so that Rutherford only knew the gold nucleus (or total of gold and alpha radius) was smaller than 27 fm (2.7×10−14 m)

In 1919, a very similar experiment in Rutherford's laboratory showed departures from Coulombic scattering from different energy alphas on hydrogen nuclei, with a departure radius (indicating a true "collision" or change in force characteristics) occurring at about a calculated impact parameter or closest approach of 3.5 fm. Further investigations of alpha scattering on nitrogen and oxygen in Rutherford's laboratory convinced Chadwick and others by 1921 that at these scales and energies, forces which were other than simple coulomb repulsive forces were at work in close nuclear interactions.
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Vacuum field simulation
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lons confined electrostatically

The target

Dipole

magnetic
lons
confined by
electrostatic
field

Axial B magnetic field of
the LinX device external
coils Electrons confined by magnetic field
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Plasma stream is deflected in an apparently stable narrow layer
around the magnet
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The experimental apparatus

LinX : Side View
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Tip of Langmuir probe

Equivalent plane of probe measurement
(actually magnet was moved)
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