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Los Ahxoo Nxtionol tAorscory
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ABSTRACT

Hcmy cxporlxmmtc involvo Lho lnj.ctlon of noutrsl
gaaoo into tha up~r ●tmoophoro. Examples ●ro
crl:lool vdoclty ●xporixontoo NND wva gonora-
Cion. iwmphoric hole production, plamx stria-
tion forxotloa, ●nd lon traclns. Nony of theoo
oxporlaoata ma dlocuaocd in othor sooaiono of tho
Act2vo Xxporlxonto Conf@ronce. This popor lhlto
itu dloeusoloa to 1) tho madoling of tho neutral
ss. dynoxlco ●ftar lnjoctlon, 2) ●ubaoquont forao-
tlon of Sonoophoru bolos, ●nd 3) usc of such holao
●- ●xporkxntal tool..

Keywords: Ionospheric Nodlficatlon

1. INTnmtJcrIoN

A toahnlquo for ●rtlftelally d&otvrbln~ tho
●arth”s plain ●nvtrotmont lnvolvoo tho raloasa UC
aauural s00. oneo rolooood,
lon18Q

●a 8s8 8p4clo8
Vla aolllclonol or photo prceoooos,

inorsoolnB tho phoxa aonoontration. Othar
SOC81W, howovar, react chmlaally to noutrdtm
th~ oxblont plaom , daoroocln~ tho pla890
eoncon%ratlon, Thus, neutral s0s rola.oos MY ba
uwd for oontrollod porturbatlon of tho lonlmd
atxmphoro.

A ttwxbor of xmttral ●nd Ion sas dynamics problams
●ra ●ncouatorod durlnB ttto ●olymlo of iottoo#torie
oodlftmtlox by noutrsl sas rtleawi. After ●

vapor la oxpollod into tht re:* fkd Uppct
●txoophoro, it 18 ●ubjoat to gho aftmtc of
aoodaooatioo,●omolonol hootlx& Ohodcal roau-
thwo ditholvo transport. Tho diC&md pl~mc
roglona ●ro lnfhoxood &y ahodkmry, daro-
ln@tabi@lMO fhid+ypo Cradlont lnct~blAitloo,
and ●xblpolar dltfwoloo.

Tho ●kjootlm .f thlo ~pxr is to prmont ●m
●vorvlmt ●f tho tiallq roqulrod to dmcrlbo
loxoophorla m0dlf180t10n by xoutrtl injoetlott. AX
●XOO@OO, ehoaAmi miOOM@ frox tho ti~~O Shuttl@

,, . ,A.w, .. ,.,.,- ... b

will bo consldarad. Th* modaling will bo llmlted
to ro:oosoa which produco plasm holoa via
choulcal roactlon. Tho thcorlas ●aploycd,
howovor, should bo ●ppllcablo to ● wider rang, of
●pplicatlono. FolJowins tho dlscusmlon of how
ionosph~rlc holao ●ro forood, thctr influonc~ on
hi-h Powr radiowavao L@ dotcrlbod.

2. NEWCAS DYNAMICS

Tho chamlcalc 0f20t ~z, N20+~20 ●tc.) found ‘n

tho rockot ●xhauot roacc with O ●nd ●loctrons An
tho Lonoophoro to produco noutrallsatlon.
Conooquontly, tho roakot m@mo can b- u~od ●.
tools for Lonwphoric xodlflcatlon (Ref. 1). In
thla ooction, tho ●xhaust flow from the SpacQ
Shuttlo ●n@neo is dmcrihod uoint tha rooultc of
gam dynom;co theory.

2.1 Cnndonoatlon in Roek*t Cxhauot. . . .. . . . ..- — —... . —---- .

Condamatlon dropl~tt NY furx so ● roault of tha
raplJ ●xponolon ●nd coollnB of tho wpor. ●fter
roloaco. In tho condcnoatlon procaoe, th~ latant
heat of aond@noatlon 1s llboratod. TPo prlxory
offoat of condonostlon la tho removal of aolacul~t
f;- tho vapor ●tat@. A socondory ●ffoct 10 tha
lnaroaoa in tho vapor tomporatt!rc, ●ffcctlng th~
rat9 of gas ●xponolon.

Cotlxctlon of tho dotraa of condonmtlon !.n vapor
r910aooo 10 important for cov9ral reasonc. t’lr8t,
knowlod-o of tht ●xount of mxtorlal whlc!, roxoinm
in vapor form 10 nocomsary to prodlct th~
conoaquonooo of ttka roloaoo, ?or ●xamplo,
ttoutrallsatha of !onoophork plasm lIWOIVQ : tha
ahomlcal rtaatlon of th~ roloaoad SM with O Inns
In ths P-hyor, A hlSh dqgroo of condonostlon
rodueos tho ●ount of xotorlal in vapor form ●nd,
consquontly$ llaltacho ~ffact on tho Ionooph@rc.

9oaond, tho Cato of Mix lnjoctod wbotonco 1s
dawndwt of it. phyolaol atato. RQ aondontsta
My fall to low ●ltitudoo to bo ●vsporatod by
radlatlvo LInd aoillalonol hoatino$ Third,
cluotars of injoct~d vapoti BO1OCU1OC MY ●ct ●c
aondctuatlon aontora for clotd fmmctlon,

In tho report by Bmnhordt ot sit (R~f. 2),
aondoaoatlon coiaulatlono hovo boon dono for tho
tpoao $huttlo Ndn Znslno (BBW] ●nd tho Sp@cQ
Shuttlo Orbital Rxnouvorlnrn System (OHS) .ngln@a.

,.. ,, . . . .-
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The degree of condenoatlon 1s taken to be
Independent of the number of ●glnos per vehicle.
The ambient beckgroultd -greaoyre was ●ssumed to be
10-6 Torr (1.333 x 10 NT/m ) which 1. typical ot
the Sarth’a ●txosphare ●t 200 km ●ltltude. T%e
final condensation will changt for dlffcrent
background preosuree. The cluster growth process
stops becauoe of hestlng of tho ●xhauet vapor by
int~ractlon with the background atxosphore.
Highar background prBeeureO (1.0., lower
●ltltuda$) raduce
condenaatlon.

Table I gives
●ngines.

Table

IWlne

Sxhmmt spOCiOS

the

1.

the ftnal dagreee of vapor

calculated reeults for the two

Exhaust Condentistion

Hess Fraction of
H20 Ln Supply

Noscle hit:
Pr@osurs (Torr)
Tem~ratur* (K)

final ?40s0 Wsction
of Condenaatc (kg/k#)

Cluster Mdlus (lO-lOn)

Standard Oeviatloe i
-!Cluctarhiii (10 ‘a)

Cluoter Tampmatum (K)

SSUE—.

H*O, fi~

.964

294.7
1278

0.312

S6.4

3.0

1s8011

Ons-..

HO, H,N2,
Cl* , d

.236

7.76
921

0.068

2.02

0.3

100.77
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fiture 2. Calculated temperature ●nd degree of
condmmtlon ●lOng the NH? plume
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..
amount of mmtarlal which condan.~s cax vary from O
to 35%.

2.2 tillt@.10Ml Interaction with BackAround—. ——.-.. —.. —
* tl-lle~~

- ~ticula which roacin in vapor form ●rc
mcarly colltdomlcoa until thay interact with th~
bcckcround ●cma~phcro. A kinstic -d-l of nautrel
gcc flouhmo bear, uood to modal the transition
from COIllmmlota to collioion lon doalnctmd
●xpcnoiom (Ret. 3)0

Ax ●n axcmph, consldcr cha flow for the CC+
componont of the Speco Shuttlo duet. TtIo
vohlcla is movlms ●sstucrd ●t 7.7 km/8. Iha
Shutth c~imca

“r* ‘r&””t”d d--rd’”1”ct’39CO withe vmlocityof 3.1 Ire/s ●t ● rato Of 10
mm ,Culaalm.
,i!ldimg ● ttma~~~~:%; d~g +I:%i:: ‘“~;
source produces the flow pxttorn shcum in ?itur. 4
●t ● tin 10.2c ●ltar the ●art of tha burn (0.2
● ●ftw the ~huctls ●slnca ●rc turned off). Host
of the vapor ic iel tho free-mra8uiw pltmc 78 km
to tha mot Of the start Of the burn (PQu?o Ah).
The frmc=ctrmami~ vapor is movins ●t ● hi$h
vclodty (Msuro 4c) ●nd will travel for mcny tan.
of kilomctars bcforo bclns collisiomlly stopped,
~a the V~Hr ●ntaro ● dlffuoivc @tat@.its
lom$th will b dtntbla

—.
thct shoun in tho fisuri.

2.3 OlffUoiVo Expsnnlon—...-.- . - —----

Aftoc tht tnjactoa S*O has tharmmllsed with the
background, ditfuolon govsrns tha expmnolon. A
thrca-dhenoloqcL model hcs bean developed to
computa the dlffuslvo ●xpcnoion of several gasea
in ● multicoaponont, nonuniform, chamically-
raactiv@ ●tmosphora (R-f. 4). lbe dlffuslon 1s
mora rapid ●t tho top of ●n Lnjcctod gas cloud

bccauoo cha background ●tmosphere it lGSS dense at
kl$hcr ●ltitudco. Uncaquantly, the location of
mctrhum concentration decrmoaa in ●ltitude with
time.

An ●mmpie of tha dlffuolvs ●xpansion 1s shown In
?iguras 5. A larco rocket reloasin~ 2 x 1028 H o
molaculaalsacond at 400 km ●ititude itravc a
horkontally ●t 7.? kdeac. At tc.mc25.8 tecond.

~ ,o*c#-*
●ftcr th, tha mtxiaua conccntretlon la 6

near 400 km ●ltitudu (Fisurc h). One
hclf hour ●fter tha

to 3xl:~c.-YxiH
rc leas9 ,

eQncentr8tion ig reduced
●itltuda of tha mexhum la 225 km (?lgure $b).
7ha orighclly circular cross ●octlon of the
cylindrical cloud bccomc clllptlcol with a tarse
donoity gradimt om tha bottomoido.

In most CMSOO, ●ffoctc of the ionodphdro such ●.
ion dras ●nd ion-neutral chamlcol rocstiono have
ngslisiblc ●ffect on tho rclcamd neutral gas
cloud. Ccmcaquantly, the neutral gas flaw can bc
computed independently of tho ion cpecico. The
plsmm flow ●d compocitton, hauever, 18 usually
domlnctd by tho nwutral vapor.

- . . . . .
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Tiauro 4. C02 sxhaust trail produrod by the
Epaca 8huttla tiving ●t 7,7 km/s,
Clrinf lto ●n@inoc downward with ●n
Qxhcust Vcloclty of 301 W-.

W●Iuln@@ bum for 10 ● ralsacinu 10
molceulcc pcr mcond.
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Fisura 5. Horixontsl burn
Uataraolacula.
producoo ●pparent
Cloud.

3. ION GM DYNANICS

Po yatodc pooltlva
4

ions such ●t K20’}, 0+, ~+,
~ & N2UN ara produmd by 04’ roacti~ with H 0,

and M2, r,spactivcly. Thaoa pooitlva ono rapidly
react with ●l-ctrons ylalding neutral product
apacloa . Ftlyatalc na@lv~ ions ●uch ● SF -
●ra produoad by ●l@ctrona r@actin8 with 9?6$ J.
fmgstlv~ ion subccqcmntly raacto with tha ●mbiant
o+, ylalding nautralrn. In ●ll casas, Larao
danclty #radiants in tha placmc ccutcontratlon ara
fwmcd.

3.1 ~lfl~nmica of ltosatl~~~non—.

The sltnificsnt shcmlcal rasctlonc stlwlatad by ●

8#6 ralaaoa into th~ ?-region ●r@ llotod in Table
11 irmf. 5).

--

Uiaatronc •~ cowcrtod into MWCLVQ ions which
●vmtuclly rcaat with @ ion. to produac ocutrsl
●pccia8.

As ●n ttzamplo~ aonsldw th- rcloaoa of S?
orbltol valoalty ●t 300 kE sltltuda, borw:;:
first ftu caoondo, the neutral 8P6 aloud will Wvo
horlsontally, unlapodad by tho background
●tmophora, on esm ●mfaca of tha oloud,
●l@ctrone will tm uonwart~d into haavy, n~sativa

.,

w -,1 OMTANCC (bin]
CAST

.—— .

d@pO@iting 6 K 1030
Nonuniform diffusion
cottltnR of tho sac

lono. lhrlng the tlrn that th~ ion-neutral
collision fraquancy is ●uch Craator thar. the ion
Cyrofroquoncy, tha nqatlvo ionti u1ll movo ●crocs
tha mcsnatlc Ciold,

Raaulta of co&tatlons for tho nasatlve Ion
concantratlon ●t 0.1, 1.0 snd 10*O saconda ●fter
the wlaaom of 100 kS nf SF6 is shown .ln Figure 6.
TIM ●bccloma on tha phcto 1. 8/c - va vhar~ s 1s
dlntanco from tha point of roloaoc Ln ka, V. 1s
the Lnjsctlon valocity (7.7 kdmc) and t Is tlma
in e~condo. TM rel~aac occ~rm ●t 300 km ●ltitude

with ● background ●l@ctron and chamlatry, ion..
●i~ctron dlffuoion ●nd tha build up of s plaoma
layar on th~ front of th~ 8~6 cloud. The SF; +
8?~ ion concwttr~tlon lncro~soo to ovor ● factor
of t~n mbova tha mbiant ●laetron concentration.

Onca ntsatlva Lon cloud. ara formal, thay can
produe~ elactrlc currmtc ●nd flclda which ●fftct
thclr ~tion, ‘fh ncturo of thaaa tffcctc dapendo
if thay ●rc high-11 or lo-m plasM clouds. Tho
ratio of tha ktnctlc ●nor-y donolty to Msnotlc
•ior~ donclty is

,—..-



Table 11
SF6 Chcmlstry for the F-Region

SF6 +

s?< +

SF6 +

s< +

sFf +

ibactton

●-+sF;+F

0++ SF5+Oor

0+ + SF;+ OF

e-+ SF4+?

w; + SP4 + sr~

—..

here nt - ncuatiwe ion conc9ntratlon0

Sate

kL - 2*2 x !0-7 ~p3#/*

SF, + 0? k2 - Lw’.:3K3 ‘x’ “7701=

k3 - 1.5 x 10-9 cJf8

k6 - 2.0 x 10-7 Cl113fS

IL5-4W 10-8 CII?18

.-— ..-.. ... . .

B 1s ion
mees, : h ve16city, a 1s tha an@e bet~en ~ ●nd
g, D is magnetic flux donolty ●nd p is the
ma~atic permeability of fr~c ●WC8S Por the
roleem of SP6, ●(b#-) = 127 ●m, v = 7.7 k=/8@c.
a - 6S0, and B u .3S ~. tlsin~ thes. pars
have $ > 1 requiroo then ni > 9.4 x ,Oflt:%:

Tha talc ●tionr g vc ● paak ion concentration of
1.4x10Y~ ion./.~ which corraeponds to B - .15
for S~.

A faCtOr of thr,o increase in initial ralaaoe
could yield ● hish B plaome. TIM ion cloud so-
tbn, for conditiotx of high P, has beaa discuosed
in Ref.(6). Tlm -ving plaama clou$ builde up

●loctric fialds due to charge ●ccunul=on ●t tha
●idoo @f tho cloud. Tho ●loctric field 1s
perpendicular to tho plana containing both the
magnetic field woctor ●nd the cloud veloclty
vector ●t the point of rolcaoo. The polarization
currant ●rioing from this ●loctric fiok
●ccdorstao tho ●mbient plasma. ● diametnotic
cavity lC formed. Thie disturbance la tranamittod
●long the aagnetic flold ●t the A!fv4n velocity.
At hwar ●ltitudoa, in tho E-re8ion, tha ●lectric
flald producgs ?edcrson ●nd Hall currant. Y&ret
moaentum 1s tranoferrad to cha neutral ●tmosphere
vla ion-neutral collisions. The ion cloud 10
dacalwatad ●o monentum is trmwforred to tho
background plasma md naut ra 1 ●tmspharo.
Oboervablas intludo tko retardation of the
injeetod cloud ●ud tho mcgnc?~c flald fluctuations
uhle~ MY result from aagnetic field fluctuation.
which may rooult frrm currents induced ifi tha
ionocpkrc by the iajeated cloud.

3.2 ?hma :%:@ ?otuclon—. -. —. — -----

Ionoophrmic heAo formation ●nd recov~ry ha. been
d~oaribed in datail in ● maker of theoratlcul
papers (Wfs. 7, 6, 9)0 Th intaractioms between
neutral ●nd ion conotatratlonu, ion valocitiac,
●nd ●irtlou intamitho followins s ~2 ralaacc

i
are shoun in ? guro 7. ‘m diffusins C02 8$8
roaats with O to produaa ths molQcul r lon O .
(TtM aoleoular ion i- dmtotad by N$L in t
figure.) TIM ~ ●nd clcetrons spQcieo rambin~t
noutrallsi~ the plasma. ‘2kQ ahamioal r-mtions
●ra t

O++ COZ+O$+CO e,- 1.2uio-9ca3/#

~M- + O*+O*e ●i=2.2n10-7(300/TQ)O’8 am3/e

10’

10’

.
%
~

g 10’
=9

n-

10’

10

<1o”, , I I 1

s/t-v, {hmh)
..-. —.- ...— —-.— ..— --—. --

~ig{~re 6. Negative ion conctintration, ●lectron
concentration nautrcl SF,

concentration re:~five to a SF’ cl”ua
movina to the right at 7.7 kmls.

Hsura 7. F1OK chart d@ncrihlnR ionoaphoric
modification by C~2 releasoc.
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net effect of ● C02 relemae 1S the reduction of 0+
and ●lectron concentration ●nd she enhancement in
the ●lrglow. lhe recovery of the Ionosphere le by
pleoma trensp~rt ●nd, during the dey, by
photoionizmtion. Und*r certain condltiona,
ionoopharlc holee cm ●tlmlate fluid instabili-
ties (Ref. 10). The uee of manaade plawza hole.
for the intmmificatioa of high power radiowaves
Le described in the next section.

b. PLASNAHOL8S AND ZONOSPHERICFOCUSED HEATINC

Nany ueee have been found for artificially created
ionoaperic holee. Diffueive trancport ie studied
by flow into the zmdified region. The plaema
therael heat balance ie upoet h the depleted
Ionosphere producing large enhencemanta in
electron temperature durlnq deytlna. Nrglow
●tlmulatlon ●nd quanchina la ●tudied by o~.~erving
opticel rediatioa frtw ●peciee ●xciced by the
modificatim chemistry. Xonocpheric holue have
been ●mployed to modify currente in the ●urore ●nd
to ●ced Inetnbilities ●t the equator. some of
these topics ●re diecueeed in other pepere of the
Active Exparimante Syxpoelum [Ref.. 1, 11, 12,
13].

In thie section, we preeent ●n ●pplication which
combinen ioaoepheric modification by high power
radiowevee with ionospheric modification by
neutral Sae releesee. Existing ground baeed CM
trsneaitt~rs Illminate the F-region Ionosphere
with, ●t meet, 100 pvlnz. In order to study

.- ..—— .-
TIM = 20.011 HEWS

ELECTRON CONCENTRIIT1ON tl~W CfI~~-31
400,. 1

200. 200.

tCn I en {

240

phenomena such aa par~metric inocabllitles,

.~eutrel breakdom, ●nd ●lrglow excltstion, a new
method of beam Intensificetlon ham been devieed.
This method LB celled ionospheric focueed heating.

IonoapherLc focueed heating employs ●n
artifichlly 8efIereted hole in the pleama to ac c
like a convergent lens, focusing the high power
radlc beam. Simulations of the focusing proceaa
hava been conducted using computer madela
previously deecribed in ..afa. (8,14), The
ionospheric hole ie formed by releeaing 73 kg of
C02 at 250 km ●ltitude. Chemical reactlon8
between C02 molecules, 0+ ions and electrons
produce a localized reduction in the plaama
cor.centration.

A 5.19 NNz radio beam with an effective power
density of 100 @II/82 launched from the ground by a
transmittin~ ●ntenna having ● radiation pattarn
with ● two degree half angle ia paaaed through the
Ionospheric hole. the reeulting perturbation in
the electron danaity la illustrated with contour
in Figure 8 The concentration minimum of 4 x 10;

3electrons/cm ie due to the chemical relnaae. The
narrow hole in the Ionospheric peak at 320 km
altituda ie the radiowave beam burning through the
plaama.

The ionospheric hole produces ● factor of 10
increaae in the radiowave power density. Contourm
of logarithmic power denaicy era illustrated in
Figure 9. The ionoaph~. hole Dro!i.ucea ● well

400

380

360

340

~ 320

260

240

220
0. ~o. !

220

2ooL- 1 , d
-60 -60 -40 -20 0 20 40 60 w
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forxed beam ●xtandlng from 280 k~ to above 400 km
●ltitude. Tlm width of the beam is four km. A
croso.,~ecglon at 349 km altitude of tha focu,ad
beam (ool~d lime) ta compared with the unfoc!i led
beam (daahed line) In Figure 10. Due to limlta-
tlona in co9puter xe90ry, only ● two dlmanalonal
aimultatlon of ionospheric focused heating waa
conductod. 21M radioweve ●nd the plasma ●re
●eaumed to be infinitely ●xtanded in the aaat-wezt
direction. Mdimg tha third dlmenaion to the
almulation would have lncreasad the power gain
from s factor of 10 to ● factor of 100.

?ncreasing tha power denair.y in the radio ~am by
two ordera of wtsnitude wiil ●timlate new inter-
sctiona between the high power radloqavea ●nd the
●paco ●nvirfmmant. The threshold for the two-
plaoxom decay iMt*hi~ity will be ●xceeded for the
first tlma. The threeholda for the parnmatric
decay, stiwlated -n, ●tigulatad Brillovln ●nd
oacillatlng two stream instabilities will be
●xcaeded by factora of 100 to 1000. The elactron
tamperatur~ in the ionosphere will be alevated
●bove 10,000 Kand the radlowave beam will be
outlined in ●irgloW. Under condition. of strong
ionospheric focused heatl~, the neutral breakdown
threshold may be ●xceedtid. TIM ionospheric
focueod heating ●xperiment may alao ●xcite plaama
phenoaena not previously predicted.
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