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Plasma Radiation Shield:

Concept and Applications

to Space Vehicles

Ricuaarp H. LEvy* axp Francis W. FrExcu*
Avco-Everett Research Laboratory, Everett, Mass.

The plasma radiation shield is an active device using free electrons, electric and magnetic
fields for the purpose of shielding astronauts from energetic solar flare-produced protons.
The concept of plasma radiation shielding is reviewed in the light of current studies. The
available evidence indicates that the concept is physically sound, but important practical
questions remain in at least two areas; these have to do with establishment and control of
the extremely high voltages required, and with integration of the concept into a realistic space
vehicle design. Other aspects of the plasma radiation shield discussed include selection of
the shielding voltage, vehicle configuration possibilities, some aspects of the superconducting

coil system, and the vehicle power supply.

The effects of the plasma radiation shield on the

communications, attitude control, propulsion, and life-support systems of the space vehicle

are also considered.

Introduction

HE plasma radiation shield is an active device intended
A to protect astronauts on long missions in deep space from
the penetrating proton radiation that follows large solar
flares. The nature of this shield is such that it is not by any
means certain that it will be successful. However, if it is
successful, it offers the prospect of a comparatively low
weight, provided that certain of its features prove to be
compatible with broader aspects of the space mission profile.
Research on the plasma radiation shielding prineciple, al-
though far from finished, has yielded results sufficiently en-
couraging to make it worthwhile to consider the broader
problems that must be solved if the concept is to be useful in
a practical sense. The present paper 1) explains the funda-
mentals of the plasma radiation shielding concept; 2) out-
lines the present status of research and the remaining uncer-
tainties on basic aspects of the concept; 3) lists the problem
areas likely 1o arise in integrating the shield with a realistic
spacecraft design; and 4) discusses these problem areas in
general terms, quantitatively where possible.

The amount of solid shielding required to protect astro-
nauts against solar flare protons has been much studied.
A recent study? concludes that for a one-year mission at solar
minimum, the thickness of aluminum required to keep the
skin dose below 200 rem with 999 reliability was 5 g/cm?;
for 99.99, reliability the required thickness was 15 g/em?
The corresponding figures at solar maximum were 20 and
about 80 g/em?2  The total weight of a minimum spherical
“storm cellar” 1 m in radius shielded by 80 g/cm? of alumi-
num is 26,000 lb, so that very severe weight penalties may be
involved in providing adequate shielding for the entire crew
of a one- or two-year deep space mission. 80 g/em? of
aluminum will stop a 340 Mev proton.

The large weights involved in solid shielding clearly suggest
the desirability of finding an unconventional lightweight
means of providing the necessary shielding. Two such
methods, pure magnetic? and pure electrostatic?® shielding,
have previously been discussed in the literature. However,
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in our opinion, neither of these methods looks attractive; fur-
thermore, the limitations on both methods are of a sufficiently
fundamental character that it is unlikely that our conclusion
could be substantially modified by technological develop-
ments. This situation leaves the field of “active” radiation
shielding open to the only other scheme of this type which has
been put forward. This is the so-called “plasma radiation
shield,” described in Refs. 4 and 5. Briefly, the plasma radi-
ation shield is an electrostatic shield; the shielding voltage
is maintained between the space vehicle and a surrounding
cloud of free electrons; the cloud of electrons is held in place
by a magnetic field. The preliminary estimates of the
weight of a plasma radiation shield given in Fig. 1 of Ref. 4
suggest the possibility of constructing a plasma radiation
shield to shield a volume of 1000 m? against 200 Mev protons
for a total weight of about 2000 kg; this compares with
50,000 kg using pure magnetic shielding, and over 100,000
kg using aluminum. Although these figures are subject to
several important uncertainties, they still represent the best
available estimate of the weight of a plasma radiation shielding
system. The present paper is a brief review of the current
status of research on the plasma radiation shield.

Electrostatics

The electric field in the plasma radiation shield is estab-
lished between the space vehicle, which is positively charged,
and a cloud of free electrons surrounding it. The outer
edge of the electron cloud is at the potential of free space.
The charges on the space vehicle and the electron cloud are
equal and opposite, so that the arrangement can be con-
sidered as a capaczitor. The charge @, the voltage 17, and the
capacitance C are eonnected by the usual formula, @ = CV.
From geometrical considerations, ¢ will be on the order of
10719 or 107 farads. For a voltage of 10® v, the charge is
1072 or 107! coul, corresponding to a total of 10%7 or 108
electrons in the cloud. The electrostatic field energy is
around 10¢ or 107 joules. If the electron cloud around the
space vehicle occupies a volume of 10 m?® a characteristic
electron density in the cloud is 10 or 10! electrons/em?.
Taking a characteristic dimension of the electron cloud as 1
m, a typical electric field is 1 Mv/em, corresponding to a
stress on the surface of the plasma radiation shield of about
half an atmosphere. This stress, which represents the force
of attraction between the positively charged vehicle and the
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572 R. H. LEVY AND F. W. FRENCH

TYPICAL ELECTRON ORBIT

ELECTRON CLOUD

TYPICAL Yy
ROTON
RO SPACE SHIP

553 POSITIVELY CHARGED TOROIDAL SPACE SHIP
~——— MAGNETIC FIELD LINES
----- ELECTRIC FIELD LINES

Fig.3 Electric and magnetic field lines around a typical

shield. The principal electron motion is an azimuthal

drift around the axis of symmetry. The electrons may also

have lesser motions along the magnetic field lines and
around them in the manner shown.

strong tendency to collapse onto the plasma radiation shield;
from the thermodynamic point of view this tendency is due
to the very large free energy associated with the electric
field. The plasma radiation shield will work if it turns out
that all the ways of giving up free energy available to the
electron cloud operate at acceptably low rates.

The quantitative definition of ‘“‘acceptably low” turns out
to be very restrictive. Specifically, the electrons in the cloud
are held at a distance from the space vehicle by the magnetic
field; various mechanisms will allow the electrons to cross
the magnetic field at appropriate speeds, and to fall into the
space vehicle.  Such motion constitutes aloss current. . Plain-
ly, this loss eurrent must be extremely small if all the elec-
trons (and hence the protective electric field) are not to be lost
in a time short in comparison with the duration of a solar flare.
If we take this time to be 2 days = 2 X 10° sec, and take the
total charge in the cloud to be 0.02 coul, the loss current due
to all losses should be substantially less than 0.1 gamp. A
current of this magnitude crossing a voltage of 5 X 107 v
yields a maximum acceptable loss power of 5.5 w. Put some-
what differently, at a speed of 0.5 ¢, an electron will drift
around the plasma radiation shield in a time of about 0.1
usec.  Thus the mean direction of drift must be perpendicular
to the electric field to an aceuraey of roughly 1 part in 1012
(105 sec/0.1 usec). Although the difficulties suggested by this
very large nondimensional number are considerable, pro-
longed study has not brought to light any reason of a funda-
mental character why it should not be attained. Further-
more, pending full-scale demonstration of this degree of con-
tainment in the plasma radiation shield geometry, this double
negative is the best that can be hoped for.

Briefly, the argument in favor of the possibility of attaining
this degree of containment falls into two distinet parts. First
of all, there is the possibility that the dynamic equilibrium in
question is grossly unstable. By this we mean that some
collective effect in the electron cloud could cause the eloud
to fall across the magnetic field on a large scale. But the
times associated with inherent instabilities of the usual kind
would be expected to correspond to the inherent time scales
of the electron cloud. These time scales are typically on the
order of the time it takes an electron to drift around the
device (i.e., 0.1 usec), or, even shorter, the electron plasma
period, or even the electron cyclotron period. These times
are so extremely short that it is vital for the success of the
concept that the electron cloud be exceedingly stable. Itis
a fortunate fact that prolonged and careful study of the ques-
tion of stability has yielded consistently encouraging results.
The details of these studies are given in Refs. 6-11; a sum-
mary of the results suggests that if the inner edge of the
electron cloud is maintained very close to the surface of the

J. SPACECRAFT

space vehicle, stability can be attained. There is also em-
pirical evidence that a small-scale device (the Vac-lon
Pump)1? which is closely related to the plasma radiation
shield is successful only because electron elouds of our type
are in fact very stable. Our own experiments have also
suggested the same, but there is an important proviso: no
experiments have been done in the geometry demanded by
the plasma radiation shield concept. Since certain possible
modes of instability are strongly dependent on geometrical
factors, it will ultimately be necessary to test the stability of
the plasma radiation shield in a direct manner. At present,
all that we can say is that experimental, empirical, and theo-
retical evidences are all sufficiently encouraging to proceed
to other (generally slower) forms of loss on the assumption
that the hoped for stability is in fact present.

If it is accepted that the equilibrium of the electron cloud
is (or can be made) stable, the question of long-term con-
tainment reduces to keeping the various forms of classical
diffusion to sufficiently small values. These forms involve
collisions between electrons of the cloud and 1) other elec-
trons, 2) positive ions, 3) neutral atoms leaked or outgassed
from the space vehicle, and 4) particulate material such as
micrometeorites or interplanetary dust. Of these mecha-
nisms, only the third seems to pose a serious problem, and will
require a greater degree of control over outgassing and leaks
than is normally contemplated for space vehicles. The
reason for the stringent reguirements in this area arises as
follows: a neutral atom leaving the space vehicle and struck
by an electron of the cloud will usually be ionized; on account
of its mass the positive ion thus formed is not restrained by
the magnetic field but is accelerated away from the space
vehicle by the clectric field. If the event takes place at a
potential of 80 Mv above the potential of free space (ie.,
near the surface of the space vehicle), the ion will acquire,
and the electron cloud will lose, an energy of 50 Mev. Thus
a leak rate of only 10!? atoms/sec could cause a loss eurrent
equal to the maximum permissible value of 0.1 wamp. This
rate corresponds to the loss of gas on the order of 1 ug/day
from the whole vehicle.

This calculation is extreme in many respects but does indi-
cate clearly that control of leaks and outgassing will be a
serious problem in the design of a plasma radiation shield.
We cannot here go into the various means of alleviating the
problem,® but it appears that with a good configuration
(perhaps that of Fig. 2) and careful attention to detail the
requirements in this area can be met.

Voltage Selection in the Plasma
Radiation Shield

The two most basie parameters of the plasma radiation
shield are the over-all size and shape and the magnitude of the
voltage. In this section we discuss the considerations that
enter into the selection of the voltage.

The starting point is a consideration of the maximum per-
missible dose to which the erew may be subjected. In Table
8 of Ref. 13 are listed the biological doses sustained behind
various bulk shielding configurations for all the principal solar
flare events from February 1956 to October 1962. If one
stipulates some sort of dose tolerance eriterion, e.g., a maxi-
mum acute dose or a maximum cumulative dose over some
time period, one can then determine the thickness of bulk
shielding that will just satisfy this criterion. One can then
enter proton range-energy tables, such as Ref. 14, and deter-
mine the maximum energy of proton that is stopped by this
thickness. As a first approximation we may consider that
a plasma radiation shielding svstem should be capable of
stopping this same proton. For example, Ref. 13 shows that
the maximum surface dose behind 10 g/em? of aluminum
for any single event (actually three separate events in one
week) was 66 rad. Also, the same source shows that the
maximum cumulative dose during any two-year period for



-9A oY -e1dy o]qwydeodrur 'SI JUBLIEA B YINS ‘BOIGPA o)
109519} Ul SUI P[eY 21jeuFew OU 38y} Juswennbal oY) jo Isres
-9q ‘IOA9MOJ] "PloJo} 9yj 0} saxods ss9008 pue qny Juryoop
[el)Uo0 B popn[oul A[[BISUS oABY J9)18[ 2y} 38y} uorjdao
-X3 9y} yIm ‘pajsedEns waaq Asnoiaaid earvy 4wy} suSisep
[eI9A9S WO} JUSIOYIP 003 JOU SI 9¢ 'S Ul 9[oIyaA oY) }BY)
paojou aq ABw 9]  "uo1}BIS 208ds oFIB] LIoA € $B 9AISS PO
uonrIN3yuos s1y} pus ‘sefers toddn spryes younsy 9q p[nod
S}USWIA[S [BOLIPUIIAD Y, "SI0} POPIS-XIs B ULIOJ 0} 13y}aS0)
pauicl SIUIWS [BOLIPUIILD [BISASS SMOUS UYolym 0¢ "B Ul
umoys st yosoadds o[NpOW-3NUL 67} JO UOISI9A ISYIOUY

"uonBZI1qe}s JuapeId £11ABI3 owos opraocid
p[nos  uonBINIYuod SIy} ‘uone)s Suniqlo-yjres  ‘opninis
431y ® J10] WeISAS OY) SN 0} PIISSP SI 1 JT “sa[npout
9Y} JO BUO UI 3IN[IE] B JO 1USAS ) Ul £)9]BS MAID 0] II}[YS
1UBPUNPSI B JO 35R}UBADE [BUOIPPE 3Y] 31m ‘B¢ "3 ur umoys
9[npowr J[SUIS B} B S9FBIUBADB OWBS °Y) SBY UONBINSY
-u0d SIYJ, °PeIBAId® SI PRIYS uoreipel evwseld oy} uaym
SWOISAS U} WIOL) POYIEIPP PUB ‘UOIIONIISUOD [BUOIJUSATOD
30 oq pInoo spEuun) ss800% puw jr0d FwH0op SYJI, ‘NQI0 UL
polquIass®e pue T1-§ WINJBS B U0 ‘eourisur 1o} ‘dn poxarls aq
PNos so[Npow 9y, ‘SI[NPOUI [BPIOIO] PISLI OM) WWOX] PIIINIS
-U09d 9[IYDA 00Bds I0TIB] B SMOYS YHUM ‘qC "SI uI pajerysnyl
st Lypqissod yons ou()  9PIYSA 9318 B 1ONIISUOD O} SINPOW
PI3LL asn 0] ST 2A1}9BI))B atow sieadde 9B [BI3ULed Yjmo0a8
Sururejye jo Aem puodss v e8eyes] 0y ouoid Surag Ajqe
-qoxd sB [[om s ‘AUPITL PUB (1FULL)S [BINJONIIS 91SMDbAI 91}
Mov[ pnos 1 sB [eorjorad 003 jou A[qeqoad st ‘1osemoy ‘@o1a
-9p ® yong  "1qao ul paLo[dep PUB SWIN(0A [[BWUS B 0JUT PoSe
-yoed aq uB) 1BY] SNIG) S[(BIBPUL We asn 03 st odeys [BPLOI0)
alsBQ oyl Juiwrwlal (198 JyM [eryusiod yimoa§ Surureyye
JOo ABM 9UQ  9OIYIA YoUNB[ OY) JO 1)oWRIP 9y} Aq pajiwlf
8¢ 10U PINOYS J[ITYIA 9} 10] 9ZIS J[BMO[[B WNWIXBW Y],

‘Aysoxod [rem
~0] 8 pus squrof jo JoqunU WNUIUITW B YA SUOKBINSyuoo
$10A8] [9589A 3Inssold Y31} A[9Wal)Xa UB 10] PIDU Y3 10§ 313D
-uod Furppoiys uonerpel ewseld oyl 10f 9vuslrodurl Ie[MoN
-18d JO Q1B SUOIBIOPISUOS SB[ 9SAYJ, "PuUnoOIF oY) uo syBa|
I0] JNO paYodyy pus ‘sjurof Jo IoqUINT WNWIWIW B Yjm ‘[BLT
-9)BW PIFLI W] apewr 3¢ PINod aparysaA jo ad4Ay s1yy, -aSess

[1-S Wn)Bg B JO IS}3WEBIP 3} 1Y 01 1] €€ 1N0qE JO I9JoUBID
WNWIXBW B 9ABY P[NOd o[I[Ra B8 YoNg ‘opiyoa Lrgjousr(l
-I0UL 10 WoB)s 90Bds [[BWS B 10] S[GBINS 81 9BY} 9]IIYdA

‘BuLp[eIys PI[OS pue J11EIS0a130[2
Jo uvonjeurquioo v 01 ajeldoadde soaand goopeary ¢ "Si

(A®W) 39VLI0A ONICIIIHS NOILVIQYH YKSY1d

o8I 09 Ovl 021 ool

[o]:] 09 oy 02 OO

['s]

(A®W) AOHINI NOLONd

e

WNNINNTY (ZWD/Wb) 9NIQT3IHS QIN0s

's]

[o]
]

162

LS SATOIHHA HOV4S 404 dTHIHS NOILVIAVY VINSVId

[BPIOIO) JUWIS[d S[SUIS B SMOYS BG 2NJ1] *vovjdowos Jjoy
UTBIUCH [18 A9} JEIY) S1-0IN}B9J UOWILIOD -Hey3} 38U} PAIOU aq
P[noys 1]~ “sjugwRamboar uorpBIngyuod o) £s138s pnos 18yy
SUB1sep 4y819008ds oqissod oW0s 818 JG 0) BG "SI Ul UMOYY
"B
STY} UI SBapL 19Y}INJ 93BINWS (1M uonisodxa joLrq suy) 18y}
padoy st )1 pug ‘9AIIUYSP UBY} JBY}BI O1ISLINSY 8Q 0] PopuLIUI
SI UOISSNOSIP SUIMO[[0} 89U} 98U} PWIW Ul oUIOq 8¢ PNOYS 1]
‘Jusnraarnbaa styy AJsryes o} patodxe oq Avw jey) seyoeoxd
-de oqissod ewos ssnosip [ em pue ‘esoddns Apeijrur
PINOM 2UO SB SAIIDLIJSAL $B 10U SI 1UIWRIMDAI SIY] ‘I8A3MOY
‘snao} [eorgojodol v oq 9deouos Julp[erys uoneIpsl BUIsB[d
9y} sazin 18y} opPIYsA #d8ds ® Jo adeys ay) 9BY} 918IIp
PI9Y 9110USBW 9Y]) U0 SUOKIPUOD ‘passnasip L[snotaaxd sy

SOTMTIGISSO IIO!C]BJH%HHOD IPIIYI A

"92UDPYUOI YILM UON}
~BZIULUIW sy} waored 01 puBy I8 94 J0U 8I8 BIBP JUSIIPNK
"JYSIoM [B10]} 97 9ZIWIWIW 0} $8 ABM B OIS UL PI[OS PUB 2118IS
-OI}99[0 U23MI9( JUIp[EIYS [B101 9y} OPIAIp 01 pauwriojad 9q
pnos uwoneziwnydo ue ey} $18083ns § S ] ‘A[vI0us8 QFOTY
"UINS 9[o1YoA Y} JO 199JJ2 oy} Suwapisuod Aq A[qRISPISUO)
paonpaa 9q uro plerys uoryelpel vwsE(d oY) Jo a3} [0A [€)0) 2}
18U} 9I0JOIY) SI § "SI WOIJ UMBIP 9 0] UOISN[IUCD YT,

“gur
-PIoIYs PLOsS JO ;w0 /3 4 JO JUd[BAINDA B} SI p[BIYS UOIIRIPERI
pwise[d AN OF O3 ‘[949] ST} 9V Lud/F g L[uo saamhbag
uojoxd A9 Q11 B dojs 0] puB ‘AdJy (11 03 umop uojoxd Ad]y
0CT ® 1Mo (M pEIys uoyeipel gwse[d Ay oF ® g Sur
-pIo1ys prpos Jo ;wd/8 g1 saambox uojoad Aoy g1 B dojs 0
‘wiedy  Furpjelys pios jo ,wn /8 9 jo jusBAIho 9y) s pratys
uoyeIpsl Bwse[d AJA O0F oY) osuos 8 u]  -uojolrd AS[Y (0T ®©
doys os[B [[Im UIYs JO W/ F Jo prIYR FUIPILYS UCL}BIPEL
wwsBld ATV OF 182 L[snotaard mes om gl SuIppRIys prjos jo

;WO /B (1 sonnbar uojoad A9y Q1 ' dojs 07 ‘Brduexa 10

"SOLEIOUY snolsa Jo suojoxd jsurede porys uoryripwl Buusg|d
A uolu oF B ‘ABs JO $SOULAINSYD SANVB[AIL S} IOPISU0D
0} SL F 'S 18 Yoo 0) Avm Jopouy  ARApoadsar A
UOI[IW OF Pu®B ()9 JO $958I[0OA POYs uonBIpel Buwssld Y
GQUO/E a0 g Jo WS 9PIYYA ® Jo passnosip snf sopdws
-Xo oM} ¥y} puy A9 Q01 4310uo uojord, porewr aulf
39U} Suo|® Suryoo[ Aq ‘U om 1 wor F Tl ur pajuesoad
st ydeid siyy, ‘uojord usArd ® dojs [m jvy) ssauyoryy Sur
~PPLYs PLOS PUB 938I0A Plalys uonwIper Bwse|d [0 sUorBuIq
SWI0D JUIOPIP Yl Sumoyx Ydeid B JonIjsuos ‘so[qr} LS10us
-08uBL oY) JusN ‘uBd U0 ‘ABM Sy} ul Surpoanol g  suojoxd
TUapoUL ATy 00T d03s 0} 00IPns Os[B PINOM wiys Jo ;wo /3 §
JO 9PISINO pRIYS uonBIpsl BuIse[d ATV OF ® snyl -uoyoid
A21Y 09 ® dojs |[Ia SSOUNDIYL SIYY JBY) SMOYS <0[q®) LTI9U
—0BUBL VY] 01 JIUBIIJAI WD/T P S SSoUNDIYY UINS 9Y) ]
UIMS JO ,W0/F g 9yl Ul PBQIosqe usly) aJe AU\ OF Surureur
=l YT, ‘A9IY (00 Suwso] ‘95e)oA plalys uoneiper Bused
o) sossod) uojoad AR Q0T 1USPIIUL OY ], 199JJ0 pallsap a1}
QAIYDE 0] JOPIO U PIAIYS Uo)BIPE. Bwse[d 913 Ul [B13uoj0d JO A
uorjruu 09 opiaocad 0) LIBSSI0IU A[UO JIOJOIIY} ST ] “UO}
—oad A01\ OF B dois 1snl [im ssoudory) s1y) 18yl SMOYS S8}
ABIsu9-a5uBI 89U} 01 9IUBIBJAI WD /T g ST SSIUNOIY} UIYS 9y}
J1 vuoyoad asyy Q1 dois 0} peanbar st 1 1By ‘ojdurexe
10f ‘osoddng  wnuitunye  ,wn/3 g 18 L[ySnor peyBw
-1389 aq ABw Suiperys sry], Cruowdinbe Joyjo pue uIys $it
JO w0y 3y ur FuIP[SIYS PI[Os JO JUnowWB UIe}Iad B ssossod [im
UOBINIFUOI 9dIYeA ooeds Luk ‘Toyling 1uaIolge A[0A1IB[ol
$1 SUIP[OIYS PI[OS JO osh ay) ‘ASious mO[ 98 ‘A[9s194U0]) [N
-91sBM ApAang[Ra st suojoad dois 01 spijos Jo asn ayj ‘LIIoud
y3ng 4e ‘snyy, °4A31ous jo uonouny 3uisealrdsp A[8uoais v SI
J91y8w ur soo1pred s8] Jo £J48U8 JO SSO[ JO 93BI Y} ‘MON
‘suojoxd ASTy Q1 dois 0} a3enb
-9pP® SI SSaUDLY) SIY) 18Y) SMOUS s9]qe) £310u9-05uel 0] 20UD
-10J0Y  CWNUIWN O ;Wd/3 ] SI ssouyaly: Surpplys jnq
paainbal 8y} Uay) ‘9[qRIS[0) Ik SAINTY BSOP 989y 1BY) patuns
-8 S 11 JT Cpeld IS SBA UONBINSYUOd JUIPAIYS swes Iy}

8961 AVIX

|
|
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DOCKING PORT

A SINGLE TORUS

D."CYLINDRICAL" SPACE VEHICLE

E. SHROUDED COIL

J. SPACECRAFT

ACCESS TUNNEL

ENTRY VEHWICLE

&

C.TORUS OF CYLINDRICAL MODULES

8.TWO TOROIDAL MODULES

F.SOLENOID

Fig. 5 Some possible configurations of spacecraft that utilize the plasma radiation shield concept.

hicle shown in Fig. 5¢ has the ability to provide a measure
of artificial gravity for the crew by rotation about its axis.

There are also allowable spacecraft configurations that do
not look like conventional toruses but still meet the require-
ments imposed by the plasma radiation shielding concept.
Three of these are shown in Figs. 5d, e, and 5f. In Fig.
5d is shown a cylindrical-type spacecraft with a field coil
deployed from it. Such a coil could be deployed in orbit
from a vehicle that may be similar to proposed MOL or
Apollo Applications-type vehicles. Such an approach, how-
ever, presents several difficult problems in storing and erect-
ing the coil in space, as well as in adequately supporting it
once it is erected. This concept also does not make the most
effective use of the field. The vehicle shown in Fig. 5e is a
variation of that shown in Fig. 5d, with a shrouded coil re-
placing the deployable coil. This design eliminates the coil
storage and deployment problems, and provides better
support for the coil.

An interesting possibility is illustrated in Fig. 5f where the
vehicle has many of the characteristics of a solenoid (see also
Fig. 2). The feature of this design is that the preponderance
of electrons are concentrated in a relatively small hole
through the center of the vehicle. Because of the low den-
sity of electrons along the field lines exterior to the vehicle,
the outer surface may have less stringent requirements for
leak prevention and protuberance control. Thus, as shown
in Fig. 5f, the outer surface could contain solar panels, an-
tennas, hatches, docking ports, telescopes, etc. and be of
more conventional construction. The inner surface, how-
ever, would still require careful control of its leakage char-

acteristics and surface smoothness. Although this ap
proach has many attractive features, it should be emphasized
that it is speculative, being dependent on the unproven as-
sumption of electron concentration in the hole.

Tt has been mentioned previously that the outer surfaces
of the vehicles (with the possible exception of that shown in
Fig. 5f) should be relatively smooth and free of protuberances.
Just what constitutes an acceptable degree of smoothness
requires further study, and this criteria might well strongly
influence vehicle design and construction. Also influencing
the configuration is the requirement for a structure to resist
the magnetic field forces.

Superconducting Coil System

1t is clear that our whole concept depends on the hope that
large-scale superconducting coils can be operated in space.
It is easily demonstrated that the power requirements of any
room temperature or cryogenic (not superconducting) electro-
magnet would be prohibitive for our application. Supercon-
ductors, however, have the property of dissipating no heat
at all through resistive losses but they must be maintained
at very low temperatures. To achieve very high magnetic
fields, it is desirable to work at 4.2°K (boiling point of liquid
helium). But the plasma radiation shield may be operated
with relatively small fields over the relatively large volumes.
In this case it might be adequate to operate around 13°Kf

t+ For example, Niobium-Tin has a critical temperature of

over 18°K.
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576 ' R. H. LEVY AND F. W. FRENCH

posed by the plasma radiation shield. Several of these
systems that are most obviously influenced will now be dis-
cussed, and possible design approaches suggested.

Magnet Charging Power Supply

The total electric field energy is $CV?2 where C is the ef-
fective capacity of the space vehicle and electron cloud.
If we guess that € is 107® farads, the stored electric energy
at 50 X 108 v is 1.25 X 10¢ joules. The magnetic energy is
larger than this by roughly 872, so that if 8 = 4, the magnetic
energy is 5 X 10° joules. These total figures are subject
to considerable unecertainty both as regards the capacity and
the value of 8. We shall suppose, for purposes of illustra-
tion, that the uncertainty is a factor of 10, and take a repre-
sentative magnetic field energy as 50 X 10° joules.

The maximum time allowable to energize these fields is of
the order of the time interval between first detection of the
flare and the first arrival of appreciable particle flux. If
this time is taken as 11 hr, the power that must be supplied
during this time is about 10 kw for a 50 Mv 50 Mjoule sys-
tem. (This figure is in addition to steady power requirements
for the cryogenie system, and typically about 5 to 10 kw for
other spacecraft needs.) The power source for field energiza-
tion must be operative during every major solar flare (maybe
ten times during a mission) and must not (except possibly
in the configuration of Fig. 2) vent exhaust gases to the ex-
terior during its operation. The latter requirement rules
out several otherwise likely candidates, and a very large
solar cell array is ruled out because it would cut through mag-
netic field lines. A class of power sources that meet these
requirements and can be available in the time period of in-
terest is the fuel cell. Two types of fuel cells may be con-
sidered for the application discussed here, the hydrogen-
oxvgen and the lithium-chlorine types. The hydrogen-
oxygen fuel cell is currently available for powers of a few
kilowatts. These devices give off easily storable water as
a byproduct of the reaction, and operate optimally at a rela-
tively low temperature (90°C). A 2-kw unit will soon be
available that weighs 146 lbs.'® If more power is necessary,
the power supply should have a lower specific weight. Tak-
ing hydrogen and oxygen consumption rates of 0.1 and 0.8
Ib/kw-hr, respeetively, the weight of the fuel cell reactants
for the mission is then

1b .
w; = (0.1 + 0.8) 7= X 1.5 hr X

10 kw X 10 applications = 135 1b

Including the tankage, the total weight of the power supply
using hydrogen-oxygen fuel cells should be around 1500 1lb
for the 10-kw level, and would scale roughly as the field
energy. Lithium-chlorine fuel cells are still in development
but offer the promise of high power levels for short times at
low weight. Aside from their present unavailability, a dis-
advantage to this type of fuel cell is their high operating tem-
perature, 650°C. A reasonable energy density figure to be
expected from these cells for a 10-kw system with an operating
time of 1% hr is about 200 w-hr/1b.1617  Using 10 of these
units for the mission would result in a total power supply
system weight of about

10,000 w X 13 hr .. R
W= 200 wohr/1b X 10 applications = 750 Ib

In summary, it appears feasible to use hydrogen-oxygen or
lithium-chlorine fuel cells for the power supply with system
weights of less than 1500 lb. Integration of the magnet
charging power supply with the general spacecraft power
system would result in a lower-weight-assignable directly to
the plasma radiation shield, because the specific weight of
such power systems is smaller for larger powers.

J. SPACECRAFT

Communications

It is very desirable, if not essential, for the crew to be able
to communicate with the outside while the plasma radiation
shield is in operation. With the exception of the configura-
tion of Fig. 2, this must be accomplished by transmission
through the electron cloud that surrounds the space vehicle,
and without the use of lengthy antennas. To do this in the
radio range requires a frequency above the plasma frequency
vo given by vo = 9 X 1073(n,) V2 with vy expressed in mega-
eycles per second, and n., the electron density, in electrons
per cubic centimeter. For n. = (2.1 X 108)/em?, the plasma
frequeney is 130 MHz. Thus, transmissions at higher fre-
quencies (such as commonly used S-band) would be possible.
Another means of communication that could be considered
is by laser beam, since it is anticipated that this type of
communication, with its promised high data rate, will be
available in the time period of interest.

Attitude Control and Propulsion

The attitude control and the propulsion systems are con-
strained not to have an exhaust while the plasma radiation
shield is in operation. If it is necessary to change vehicle
attitude during a solar flare, such a change could possibly be
affected by the use of devices such as momentum wheels.
If chemical or nuelear rockets are used as the main propulsion
system on the space vehicle, it would seem that the probability
of having to fire them during a solar flare would be somewhat
small. If, however, the propulsion unit is a system that de-
pends on attaining a desired impulse by a small thrust applied
over a long time, the system would be required to be shut
down while the plasma radiation shield is in operation.

Life Support

In regard to the crew and their life support, the ecological
system must be of the closed-cycle type, at least for the dura-
tion of the flare. Although the plasma radiation shield con-
cept requires the magnetic field to be external to the space-
craft, it is fairly certain that some stray, extraneous fields
are bound to exist within the spaceeraflt interior. Although
the level of these stray fields can be reduced arbitrarily,
stringent requirements on the allowable level will cause the
magnet weight to rise. It is therefore worthwhile to examine
the effects of these fields on the crew and on internal equip-
ment.

Medical evidence has been negative as to the effects of
magnetic fields, at least of the magnitudes anticipated in the
spacecraft, on human beings.? The effects of magnetic field
gradients are somewhat more obscure but it is felt that
gradients of the magnitude occeurring in the spacecraft will
also be safe for humans.

Effect of Stray Magnetic Fields on Electroniec Equipment

With respect to the effects of these stray magnetic fields
on internal electronic devices, the situation is not so op-
timistic. It is anticipated that field strengths could con-
ceivably be strong enough to require shielding or careful posi-
tioning of devices such as tape recorders and oscilloscopes.

Turning the Plasma Radiation Shield On and Off

It is intended to turn the plasma radiation shield on by a
scheme called “inductive charge ejection.””® In this scheme,
which has worked well in scale experiments, the electrons
are ejected from the vehicle while the magnetic field is being
built up. Basically the electrons are placed on magnetie
flux surfaces near the vehicle, and then these surfaces are
carried away by the increasing magnetic fleld. In this way
the power supply energizing the magnet also energizes the
electrostatic field; the process is analogous to the charging
of a Van de Graaff machine, with the magnetic flux surfaces
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