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Wi[hin  the last two years, in 1994-95, a spacecraft callc(l  lJlysscs  transi[ed (I]c Sun’s polar

rc:ions  for the first time, ‘1’his accolt~l)lislllt)ct~t  is con~parable  to the Lmching  of the Ilar[h’s

poles within this century which brought the exploration of [}IC 1 ku(h’s surface to its conclusion.

As in tllc  case of liarth,  the Sun’s polar caps weJ”c among the last regions [o bc explored. in

tllc past, all spacecraft sent into intcrplmc(ary  space have been Iestric(cd to the region near the

SUII’s equator  which  contains the orbits of (IIc l~:lrth and O[})CI p]:IIICIS. ‘1’}Ic ICaSOrIS  for this

lmlg wait and the means of cwcrcoming it constitute an interesting episode in intcq)kmctary

navigation. More inlpor[mtly,  the scientific rcsu]ts being returned have. shown just how

ilnportant  it was to ovcrcomc the many obstacles met along the way.

l~mnl the firs[, the focus of the lllysses mission has been on [he Sun ;tnd its effect on our

intcrstcl]ar envimnmen[,  When viewed from ]iar[h by the naked eye or through  a telescope, the

Sun appears to be a bright,  sllal’l)ly-t)oLlt~clccl  disk. I lowcver,  on tl~osc  occasions when the

Moon covers the Sun’s disk to cause an eclipse, a diaphanous outer atmosphere c:illcd  t]lc solar

corona can be seen extending into space. It was a surprise when, in (})c early 1 950’s,

Ca]c.u]atiom showed that the corona actud]y reached out to, and past, the orbit of Ilarlh. At

about []le S:II1lC time, scientists Icti]izcd  th:Lt  the, gLNCS trailing in [hc w:kc of comets in the forll)

of a long tail pointed continuously away from the Sun because the corona was not only present

but was flowing rapidly outward. ‘1’hc “SO]{~r wind” had been cjiscovcrc(].  ]: Llr(hCL’  thoLlght  ]cd

to the conclusion that the many sun-like stars must commonly give rise to stellar winds of

which the solar wind is bLlt  one example. in the interim, numcrolls  spacecraft have left the

region controlled by the Iiarth, tbc so-callc(l lll:~gl~ctc)s{)l)clc,  d entered the domain of the fast-

flowing solar wind so that it could be sa]~]plcd directly. “J’hc nuljor goal of lJlysses has been to

extend the know] c(lgc accun)l]latc[l by these car]icr Inissions into [he SUn’s polar regions.



‘J’he.  existence of the solar wind has a profound effect on the interstellar mc(liLml  in which (he

St~i~z~t~(l  its])l~lt)ctary  systcr~l  arce1~lbc(l(ic(i.  Ir)tl)c absc~lcc  c) f:~r~cxtcll(ie({  coron~\flo\vi1~g

outward into space, the common cons[itucn[s  of in(ersteilar  spnce, consisting of gas, (iust,

Inagnctic  ficl(is, anti coslnic rays, woul(i pcnctratc close to t}lc SLIr~ anti  fill the space bctwcxn

tile plallcts. IIowcvcr, the soiar win(i,  which carries a magnetic fici(i  along with it, ciears the

solar systcm of t}IC blllk of in[crs(c]]at n):ltcria] pushing it WC]] beyond the outermost pianet,

}’luIo, to form a region (iomina[ed by [he solar winci cailcci  tim hc.iiosphcrc.,  Of spcciai

imporlmce to lJ1ysses  is the effect of the, soiar wind on cosmic rays, atomic  nuc]ci  which have

been accclcra(cd  to near the speed of light elsewhere in our h4ilky Way galaxy, ]n spi[e of

opposition by the solar wind, an unknown fraction of the intcrsteiiar  cosmic rays penetrate

(iccp]y  into the hcliospbcrc  where, e.g., they bombarci  the I{arth an(i have been un(icr scicn[ific

observation an(i stu(iy for over a century. It was specuiatc(i  that most of the cosmic rays in the

solar systclll ar[jvcci  by way of the SUI~’s polar rcgiorls, :1 possibility that a spacecraft might bc

sent to investigate.

‘J’he scientific justification for a mission like LJiysses which wouici escape the plane of Ihe

J krth’s orbit about the SUI), cailcci  the. ecliptic, was recogniy,c(i  from the outset of the space age.

1 lowcvcr,  the Ineans were not a(icqmte to such an un(icrtaking. To Scnci spacecraft Ollt of the

cciip[ic,  it is necessary to overcome [lie rapici motion  of the I{arth, consi(icrcxi  as a iaunci)

platform, about the Sun. Given this initiai high velocity, even the most cncrgctic rockets could

not launch a spacecraft (iirecti y into an orbit passing over the Sun’s poles.

that a flight path by a large planet, namely Jupiter, cou](i  bc LMe(i  to cancel

velocity component and propel the spacecraft into an orbit that was highiy

It bccamc cvi(icnt

ti]is equatorial

inclineci  to the.
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cciiptic.  After the two spacecraft, I’ionccrs 10 and 11, sLtcccssfLdly  flew by Jupiter in i 973-74

an(i dclnonstratwi  that solid-state technology coui(l  weather that p]:~tlc(’s  intense raciiation  belts,



the way was open for the mission which was subseqLmntly  nand Ulysses in honor of the

classic CIrcck  adventurer who also tmvclc.cl to uncxplorcc]  regions.

Although the mission was approved in 1977 as a joint  venture of the 11S and 1 iL]ropcan space

agencies, the launch dicl not actually occ. LIr until Oc(obe.r, 1990. “l’he intervening years were

occupied with the design, fabrication, and testing of the spacecraft and experiments as well as

several major changes in launch vehicle ancl a series of political bat(lcs in the. lJnitc(i  States to

avoid cancellation of t]lc n~ission,  ][ h:~(]  been tJ~c in[ent to IU:~kC usc  Of [he, NASA S]lUI[]C

supplemented by powerful secondary rockets, originally the liquid-fueled Centaur. 1 lowcvc.r,

a fcw months before the scheduled launch  of LJlysses in 1986, [hc designated Shuttle, the

Challenger, suffered a catastrophic failure, A dc]ay in Shutt]c launches of several years

fol]owc.d ciuring  which the CentaLlr  was rcp]acccl by a safer three-stage solid rocket. A qLlcLlc

had CICVC1O]>UI involving planetary launches and lJlysscs  had to wait for Magc]lan  and Galileo

to b~ launchccl.  ‘1’hcsc  events account for t]lc thirteen year c]c]ay  be[wccn  (]lc approval of the

ou(-of-ecliptic. mission and the actual launch of lJ]ysscs.

‘1’hc mission was put at risk, politically, shor(ly after having begun. in the first years of the

Reagan administration, a clecision  was made, by NASA to cancc.1 the IJS contribution to what

had hccn agreed to as a two spacecraft mission, one spacecraft to bc built by I iSA an(i one to bc

built by NASA. ‘1’he latter containcc] all the imaging investigatiotls  and one-half of the

cxpcrimcnts  provicld  by Iimope. In the late 1970’s, the 1 louse Appropriations Committee

rccolnmcndcd  complete cancellation of the mission. ‘J’his threat was successfLdly  ovcrconlc  by

juciicious lobbying of Congress ancl the staunch sLqq)or[  of the 1 louse Authorization

Committee. Although cancellation of the lJS spacecraft cause(l  much consternation in I{uropc

and Icd to an unsuccessful appeal by the liwoJ>can  Ambassaclors  to the IJS State I)cpartmcnt,  it

was finally dccidcd  to proceed solely with t}lc, 1 iuropean-built  spacecraft and with an

cxpcri mcnt complement that was half 1 hropcan and ha] f Amcricxm. ‘J’hc collaboration then
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consisted of NASA launching and acquiring clata  from the. I iuropcan  spacecraft which was to

bc opcra(e(l by IIuropcan personnel using NASA facili(ics.

‘1’hc me(lium insi(lc  the hc]iosphcre bcil~g  investiga[d  by LJlysscs is unusual as compared to

our own atmosp}mre.  Not only is the composition cliffercn(,  being approximately 90%

hydI’OgCll  r’athcr than oxygen and nitrogen, bLlt the cxtrcmcly high coronal tcmperatLlrc  of

ap]mxinmtcly one million dcgrccs insures that no neutral atoms arc present. “1’he corona and

solar wind are electrica]]y  ne.L\tr:~]  bllt IIla(lc up of cqLlal  numbers of ions ancl the clcc[rons

which have been removed from the nc,Ll[ral aton~s to create t}IC  ions.  }~urthcrlnorc,  I]IC (lcnsitics

arc so low that once ionization occurs, subsequent collisions are. unlikdy. in the absence of

co] Iisions, [lIC ions anc~ c]ectrons are bound [ogc(he.r  by electric ancl lnagne.tic  fields. Such a

lllcdi Llm is callccl  an ionimc], collision]css  “plasma”. As sLlch, it represents a fourth state of

matter, in addition to the usual gases, solids, and liquids, one which is thollght (o be found

CO] I~mOnly throughout the universe in other hot, low density regions. “1’hc opportunity [O

investigate such a medium i~z sitf4  is, in fact, a nlajor motive in s(Lldying (he heliosphere.

observations by in-ecliptic spacecraft have shc)wn that the solar wind (1OCS nc)t come froll~

CVC] ywllcrc  on [tic SLln but from regions associated with specific corona] strLlcturcs. One of

the most ilnportant  strLlctLmx takes [he form of bright, often lool)-like extensions of the corona

that reach high altitudes in the vicinity of the solar cc]uator cspc.cially  near stlnspot  minimum.

‘] ’]lCSC strLlctLucs,  ca]]c(] s[rcamcrs, arc imposd by the global magnetic  field of the Sun WhiCh,

like. that of the l~,ar(h  is gcncratcci  by currents ciccp insi(ic  its flui(i  interior. It can exten(i wcii

above. the surface an(i consists of loop-like ]incs of force that begin in onc hcmisp}wre an(i cn(i

in ti~c. other. Another dominant coronal strL)ctLwc appcm at high latitLl(im  near sunspot

nlinimum  mci tends to cover the polar caps, It appears in images  as an absemcc of coronai

matcriai anti  is, therefore, called a coronal hole.  I ]OICS  arc regions from which fast solar win~i

has come which accoLlnts  for the abscncc of brightness. coronal  holes arc also a manifestation
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of the Sun’s magnetic field which points ou(wmcl  in such regions without looping back to the

opposite hemisphere. Such ]ine.s of force of the magnetic field, which have onc cn(l on the Sun

and the o(her end cat-rid off by the solar wind, arc said to be “open” in con(rast to the loop-like

fields which arc “clcmcl”.

“1’hc solar wincl  that comes from equatorial regions adjacent to the. streamers is SIOWCI  than tk

wild  from the polar corona] holes. Bccausc the sy]nmctry  axis of the SLm’s magnetic field is

tilted relative to its rotation axis, the solar wind in the c.cliptic  altcrna(e]y  comes from the

streamers atd is slow and from the coronal ho]cs and is fast. I)cfore the slow wind has time to

reach the orbit of lku”[h,  it is overtaken by the following fast wind and is con~prcssed  and

spccdccl-up.  ‘1’hc fast wind is also comprcsscct as a result of its collision with the prcce(ling

slow wine] and is slowed clown.  ‘1’bus, neither rcprcscnt  a sample of solar wind whose

properties can bc rcadi]y extrapolated back to their source re.~ions  on the Sun to un(icrstand the

physical origin of the solar wind and possibly the hca(ing of the corona.

‘J’he high tcmpcratLwcs associated with the. corona which account for its great extension into

space }lave  always been a pL]z,zle.  It is known that so]ar radiation alone cannot be responsible

an(l that some alternative heat soLmc  must bc involved. A favorite hypothesis is that the

con(inLlal  stirring of the Sun’s visible surface, similar to a pot of porridge on a hot stove,

gcncratcs mechanical rather than clcct[oll]:~g[lctic  wave.s which ]N opagatc upward into lhc upper

at]]) osphcrc where they clcposit  their energy. Another possibility, not inconsistent with the.

forul~er, is that intense small-scale magnetic  fields located al] over the SLIn represent a sollrce of

stored mcrgy  which is sporadically convcrte(i  into heat. II }KIS  ]011~ been SLlppOSC(t that,

wlultcvcr  prc)cess  is rcsponsib]c, it is imprinte(l on the solar wind and that by mcasurcmcnt  an(l

judicious interpretation of the solar wi]ld propcr[ies  its identity might be revealed.
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Although the physical origin of the solar wind is thoLlght  to bc understood in genct’al  terms,

numy details arc still obscure. “1’hc prcsLlmcd heating of the corona and solar wind, which may

have a common origin, lead to a high pressLlrc  which ten(is to push the coronal plasma away

fI’0111 []lc SL1lI.  “]’hiS  oll(war(i  expansiorl  iS OppOSC(i by thC SU1l’S S(K)tlg graVity fk.]C]. A

compc(iticm bc[wccn  these two opposing forces is anaiog,oLIs  to that which takes p]acc.  in a

rocket engine where hot gases generated in a conlbLlstion chan~bcr  (the hot corona) arc allowc(l

(o expand throLlgh the restraint imposed by a nomle  (the gravity field). ‘I”hc essential featLlrc of

bolt]  is the conversion of heat into oLlt\v:il”(]-(] irectec]  fast flow. Whi]c  sLlch Llilc]c,rst[~llciillg  is

hc]pfLl],  attempts to reproduce t}~c observed solar wimi propcrtic.s  using mathematical! models

and assumcc] conditions in the corona have not been universal] y successful, Often, it has

proven necessary  to introduce  aciditiona] Llnobscrved fcatlllcs  SLICh ;1S an “after bLmlcr”  located

WC]] above the visible corona.

U]ysses observations of the solar winds at high latitLldcs  have answered two basic questions:

1s the solar wind from the po]ar regions free of distLlrbing interactions? “1’o what extent  dots

solar wind frol~l [hc po]ar caps reach dOWn into (IIc cc]iptic? As LJlySSCS first left (hc ecliptic

trave]ins  southwarcl, it passed into a region of cOntinlloLls  high-spc.e.d  wind issLling  from the

south polar coronal  ])o]c. l’hc SpCCd  of this high ]ati[Ll(lc  wind was doub]c that of the average

s}xxd of [}lc ]OW ]a[i[Llcle,  in-ec]iptic  win(l, an(i was free of all but a few minor variations in

spce(l. It is evjc]cnt that, except for LIIILISLI:Il con(lj[jons (hat dcpcI]d  on (Ile solar cycle, ttle wind

from the poles does not reach into the ecliptic. ‘1’hc  fast winds that are typically seen in the.

ecliptic come from the lower e(lgc  of the corona] holes and have a sped that is intcrmc(liate

bctw’ccn the s]ow wind ancl the polar win(]. I ]owcve,r,  the low ]a(itL~dc boLlndary of the wind

was found to bc significantly lower than tk latitude corresponding to the edge of the coronal

ho]c w})ich was its source. q’])is  finding (Icmonstrated  that,  a]t}loug}l  it did not reach clown  into

tt)c equatorial region samplccl by the }kwth,  the vo]u]l~e  occLlpicd  by the polar wind did expand

by about a factor of five afk?r leaving the SUII’S polar cap. 1 ividcl]tl  y, CIOSC  to the Sun,
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p[obably  within perhaps five to ten solar r:idii, the solar wind flow ctcparts from being strictly

radial mdisf orcut  toacqllire:lll c(lll:itorwarcl collll>ollcnt  ofnmtion.

l’he explanation of this non-raclia]  expansion has also been proviclml by Illysscs.  Magnetic

lllc:isLlle.lllcllts  by the spacecraft over the full ra[lgc  of latitLldcs  failed to show an incrcasc.  in

magnclic  flux in the polar regions. indirect observations of the Sun’s ficlcl  from l~,arth, mac]c

by studying the splitting of spectral lines, have shown that the global field is similar to that of

the 1 kw(h and to the common bar magnetic. “1’hc field is concentrated in the vicini[y  of two

magnetic po]cs havil~g opposite polariticsj onc located near the. north and the other mar the

sollth  solar JJOIC.  Since the magnc(ic  field is stronger at high latitudes near the Sun but is

essentially the same at all latitudes at the location of lllysscs,  it follows tha[ the solar wind

overexpansion me.ntionccl  above is being caused by magnetic forces. “1’hCSC  fOt’CCS lXISh ttlC

solar wind towarc]  tbc equator Lmti] m equilibrium con(iition is rcachcd when the ma~netic  flux

carried by the solar wind is uniformly or evenly distributed.

‘]’hc. Incasurcci  magnetic flL]x at LJlysscs colnbincd  with the expansion factor given by the solar

wind mcasurcmcnts  imp]ies a field strength at the SLln’s poles that is aboLlt tc.n time.s stronger

than the ]+klh’s ficlct  at the po]cs, “1’he  ctctermination of [he. Sun’s polar field strength by

Lllysscs  is an important result bccausc J iarth-based observations of the Sun’s polar fields are

rc.stl ic(cd  to the. line of sight and the strcng[]l  of the po]:~r  nlagI~ctiC  fic]ds, pcrpcndicLllar  to the

line of sight, has traditionally been difficLllt  to infer.

l;or many years, the clectrical]y-chargc(l  cosrllic  rays have been known to be entering the solar

systel]~ from the g:~]axy.  ‘1’}]ey were origirlal]y  i(lcrltificcl  by tllcir cotlti[llloLls  bm~bardlnc.nt of

the };,arlh  and its atmosphere. ‘1’hc earliest spacecraft me.asurcmcnts of cosmic rays confirmed

their cxtrasolar origin and cxtcndcd  the cosmic ray observations to cvcn lower energies than

those ‘recorded at the I;arth’s surface. It is not easy, however, for galactic costtlic rays to
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]XHICtl’atC  illtO  (hc lIlnCr he]iospherc  bLl(, ]ikC Alaska sfl]Tllo1l SWillllllillg  tlpshlXU1l  tO spawn, thCy

lnllst Ovcrcomc scvcrl obstacles.

‘1’he low densities of the cosmic rays and the solar wind insLm that collisions are absent and

that t}lc two kinds of particles do not interact clircctly. I Iowcvcr, when the solar wind leaves

the corona, it carries part of the solar magnetic field along with it, l’hcsc arc the “open” field

]incs mentioned above, ‘l’he magnetic lines of force have tension and cm be thmght of as

being stre[chcd out into space like rLlbbcr bands. As the solar wind expands, t}lc magnetic field

continues to be reasonably strong, clecrcasing  mLlch less rapid] y with distance than the 1 iarth’s

field, for cxample,  because electrical currents arc established within the highly con(iucting  solar

wild  plasma which  sustain the field. ‘1’hc cosmic rays may bc. oblivious of the solar wind

prOtons and electrons, but they arc sLlbject  to onc of the fundamental forces which magnetic

fields excr[ on all moving electrically-charged particles, narncly, the I orentz, force.

“1’he.  principal effect of the rn:~gnetic  force is to cause the cosmic rays to spiral around the

magnetic field while sinmltancously  traveling along  the field clirection. (lher characteristics of

the magnetic field also play a role. ‘1’hc trajectories of the individual cosmic rays arc influenced

by a large-scale curva(Llrc  or winding up of (1]c m:i~nc(ic  fielci introduced by the slow rotation

of the Sun. Variations in the fie.lcl strcng,th wit}l distance also affect the cosmic rays.

1 lowcver, the major effect is associated with abrLlpt  changes in the field direction. One cause

of sllch  Ch2UlgtX  are waves pmpagatir~g  along the magnetic fic]d ]ikc the vibrations of a taLlt

string or the wavy motion of a flag in a stiff wind. II] effect, the costnic. rays arc like a

swilnmcr trying to enter the ocean in the prescncc of a strong sLlrf, ‘1’hc fraction of the incident

cosnlie  rays able to penetrate the hcliosphcre  and reach (IIC interior is unknown so that the

inlcnsity of cosmic rays in interstellar space is also unccrlain.
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l’rior to Ulysses, it was speculn(cd that cosmic rays would find it easier to enter the hc]iosphere

OVM the Sun’s poles then by way of the cc]uatoria] region. ‘1’here were two principal reasons.

IJirst, the magnetic lines of force were expected 10 bc straighter, or lCSS tightly wound, over the

poles than at the equator. ‘Ibis cfl’cct  woLdcl result in a shorter path length for the cosmic rays

m iving over the po]cs. Second, it was considered possible that there would be a re.lativc

absence of waves and other changes in field direction bccaLlsc  of t}lc smoother flow of the solar

wind from the polar coronal holes.

I lowcvcr,  when ~Jlysscs  reached high latitudes, the cosmic ray measurements showed that the

intrnsity  was similar to that at the equator. lJlysscs’ magnetic field measurements also

provided the explanation. Very large an~plitLldc  waves were found to be continuously present

with wavelengths, i,c., the distance froln peak to peak or troLlgh  to troLlgh,  comparable to the

tLlrning radius of the cosmic rays m they spir:ilcd  about the magnetic ficl(i. ‘l’his

correspondence assLlrcd  a strong interaction between the waves and the. cosmic ray particles

that opposes tllcir  entry into the polar caps.

‘1’hc observation of similar inte.nsitics  at the poles and cqLlator  imp]ics that al] (he cosmic rays

reaching the inner hcliosphcrc  have been homogenized as efficiently as if they were part of a

milkshake. Stated another way, the cosmic rays have traveled a long pzith from the edge of the

hcliosphcre,  have uncicrgone many “collisions” with lnagnc[ic  field irrcgLllaritics,  and h:ivc lost

all knowledge of where they entered the hc]iosphcrc  or what their properties were when oLltsidc

it in interstellar space. ~;or cosmic ray physicists, the lJlysse.s rcsLllts arc a major step fmw:ird.

‘1’hc highest energy parliclcs  insicle  the. hcliosphcrc  arc the galactic cosmic r:iys (G(X).  ‘1’hey

tire ~luclei  of a(oms from which all electrons have been removed and which have been

:iccclcratcd  elsewhere in the galaxy to nearly t}le  SpCCd  of ]ig}]t.  ?’llcrc arc other lower energy

par[ic]cs that originate inside the hcliosphere. ‘I”heir  relatively high speeds distingLlish  them
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from the solar wincl particles, ‘J’hrcc separate components have been identified. Some Jmliclcs

fire emcrgiy,c.cl or accelerated at the Sun, ‘]’hc seconcl  clistinct  class c)f particles m accelcratccl

wi(hin the. hc.liosphcre af(crleztvillg tllc  Still. ‘l’he thircl component consists of particles that

enter the hcliosphe.re.  as elc.ctrically  neutral intcrstcl]ar atoms which are accelerated af[cr having

bccomc ioniz,ccl.  in general, of these. three types, the pmticlcs accc]cratccl  in the solar wincl

have the lowest cncrgics. ‘1’hc pat-ticlcs coming clircctly from the Sun have intcrfnecliate

cncrgics, l’he accelerated intmstcllar  par(iclcs have the highest cmrgics anti bccausc  they were

ori{tinn]]y confuscc]  with low cne.rgy  cosmic rays arc ca]]ecl  ano]na]ous  cosmic rays (AC~l<).

‘]’hc means by which chargcci  par[icles  gain high energies has loIIg been a subject of scientific

Icscarch, All sLtch particles arc callccl  supcrthcmal  bccaLlsc  they COL1l(l  not gain their high

cncrgics  as a rcslt]t  of heating. ]3ccaLlsc  collisions  arc infrcc]Lwnt  in solar anti astrophysical]

p]asn]m,  par[iclcs  cm gain large amOLIntS of cnc.rgy by bc.ing CXpOSeC] to electric ant] magnetic

flc]c]s.  c)nc possibility is that the accc]cration  process is similar to that which occLIrs in

laboratory accclcrators,  callccl  cyclotrons, or, in prcvioLls  times, “aton~ smashers”. Basically,

the particles arc injectcc]  into these devices at low energy, arc kept trappect  insicle  the machine

by a strong magnetic ficlci  about  which they spiral and gain energy from a time-varying electric

I’iclci.

Of course., nature typically operates cliffcrently  from man-macle  n~achincs whose clcsign

consists of several distinct parts. Nevertheless, the cnclgctic  partic]cs  in space arc founci  in the

vicinity of (iistinc.t  magnetic anti electric ficlcl  topologitx  or con fig Llrations. Some occLIr where

tnagnctic  fic.]cis  h[iVillg OppOSitC directions arc broLlght  illtO  contact. 13y a poor]y Llncicrstooci

process, the energy inherent in the magnetic ficlcis is mnihi]atcci anti given LIp to the particles

that arc present. llncrge.tic particles arc also often founcl in the vicini[y of large amplitucic

waves of the kinci ciiscusseci  above. in connection with their effect On galactic cosmic rays.

l;inai  i y, a very fast-moving wave, cc)rlc.s]~c)r~clillg  on IIarth to a “sonic boom” accompanying jet
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aircraft or the Space Shuttle when it m-enters the }kulh’s atmosphere, is of(m) found to

accelerate hcliosphcric particles.

‘J’lic solar cncrgctic partic]cs arc apparently produccci  at low altitLdcs  where sma]lcr sca]c

intense magnetic ficlcis abound ant] opposing field directions are. colnmon, ‘1’hc composition of

these particles attests to their low altitLlclc  origin. At the temperatures and densities typical of

[he low corona the more easily ionized mc(a]s  an(l certain other elements arc. typically favored.

‘1’his region is likely to bc one in which magnetic field annihilation is occurring.

]n h4arch, 1991, lJlysscs,  then en roLlte to Jupi(cr,  observed the effect of a whole scric.s  of

lar~e outbursts of solar energetic particles that continued for an interval of about  a month.

l>uring this long period, the inner hcliosphcre  was continually filled with a sLlpcrposition  of

particles from these several distinct events whose intmsity (iccaycci  slowly over a pcrimi of

about  one month. ‘J’hc observations showc(i that the solar win(i magnetic ficl(is were capable

of traly]ing  these. particles throughout a huge volume  from which they cou]ci  only escape

slowly.

Strong, till]c-varyillg e]cc(ric and rllagnetic ficl(is occur as par( of the interaction bctwccn fast

an(i slow solar wind. A curvcci front of high pressure is formxi  which gives rise to large

amplitucic waves propagating away from the front in both ciircctions, i.e., forwar(i into the

slow wi[lci an(i backw:mi into the filst win(i. ‘1’}lcsc WaVCS gra{iu:llly  steepen, like.  occ.al)  waves

approaching a beach, anti by (hc time they reach a (iistancc  about twice the (iistancc  froltl the.

Sun to ] klr[]l, t}lCy have (icvc]oped in(o s]loCk waves corresponding to the sonic [>ooms

lllcntioncd  above. Shock waves travc] a( spccxis  faster than the spemi  of “sound”. In the solar

win(i, sound waves arc rep]acc(i by the types of WIIVCS t]lat can propagate in collisionlcss

plaslnas,  for example, as a kink in the magnetic lines of force. Shocks arc also thin surfaces
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across which all the solar wind pr’opcrlics change abrLlpt]y and, in parlicLlkrr,  they

jumps in electric and magnetic ficlcls.

nvolvc large

observations by spacecraft prior to Ulysses dcmmlstratcd  that the broad disordered interaction

rcgicms and the shocks arc the site of energetic particle acceleration. ‘1’hese cncrgctic  particles

tcvlcl to appear with clock-like regularity, typically twice each solar rotation, as solar wind from

near [he equator alternates with fast wind fronl first one and then the other polar cap.

Numerous  instances of cncrgc(ic  par[ic]cs :iccc)n)panyi~lg  [hcs~ c~nlp]exes  WCIC ol~served I>y

(Ilysscs  while it was en route to Jupiter and, afterward, throughoLlt  the eqL@orial  region. As

the spacecraft left low lati[udcs and reached the rcgiOn  of fast wind from the polar caps, the

interaction regions and the shocks c]isappcar’cd  bccaLIse the steady flow of [he fast wind

prCC]Ll(]Cd  the piling Llp of plasma to form fronts. 1[ was, therefore, sL{tprising  to find thot,

although these solar wind strLlct  Llre. s were absent at the spacecraft,  tl]e clock-like appearance of

cncrgctic  particles continLlcd  to very high latitLulcs.

‘J’hlec hypotheses have been advanced to explain how encrge[ic par(icles can reach high

latitudes. ‘l’he waves accompanying the fast win(i (n~cntioncx] above as responsible for keeping

OLlt thC COSlniC  rays) may a]]ow the! parlic]cs to transfer from ]OW ]atitlldc  to higher ]atitlldc

rmfine.tic  field lines. This process is analogous to diffusion, an cxal]lplc  of which is the way in

which smoke froln a cigarette will slowly fill a mon~,  SeconCi,  the shocks n]ay reach higher

latitLKics  fLulhcr out in the hcliosphcm and the energetic particles may the.n follow mag,nctic

lines of force back toward the SLln at higher latitLldcs. ‘1’bird, field  lines at high latitLldcs  may

be br’oLlght  down near the cqLlatoria]  interaction regions at larger distances. scientists arc

continuing to analyye these mcasurcmcnts and to develop ancl test mathematical models in an

effml to resolve this mystcr-y.
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Anomalous cosmic r:iys (ACX) have an unusual history. ‘l’hey originate  as atoms of nmtral

intmtcllar  gas that arc continually entering the hcliosphcre because of their motion relative to

the Sun. }Iccause atoms are electrically ncLItral,  they arc unaffected by the magnetic  fields

inside the he.]iosphcre.  1 lowcvcr, those atoms W11OSC  trajcc[orics  take [hcm  C1OSC to the Sun

bmolnc ionized as one of their outer shell electrons is removed either by short wavelength solar

radiation (the same radiation that slls[:~ins  the l;arth’s  ionosphere) or by infrequent collisions

with solar wine] ions (bccaLlsc  1}].s neutral partic]cs move so slowly compared to the so]ar wind

and (hc hc]iosphcre  is so vast, they spend a long time in the solar winci and, eventually, such a

collision can occur). once an interstellar ion is created, it senses the solar wind magnetic field,

is “pickcc] up” by it and joins the general flow away from the SLIn.

lJlySSCS has, for the first time, identified many different types of pick up ions, nfimc.ly,  11+,

}Ic+, Ilc”, ~+, N+, and O+. ‘1’hcsc  observations and the improved understfinding  of their

evolution inside the heliosphcrc  are expected to yicl(i  an accurate dctcrmina(ion of the

abunc]ances  of these a(c~ms in interstellar SpaCC, in forlnation of keen interest to astrophysicists.

III the coordinate frame of the rapi(]]y-nlovil~g  solar wind, []lc in[crs[c]]:lr  pick up ions appear to

spiral rapidly arouncl the magnc”tic  field or, in cc] Llivalcnt  (crms, to be hot compared to the solar

wind ions. ‘1’hcsc hot wind ions have been found to coexist with the solar wind ions as a

distinct component. I)rior to lJlysscs,  it had been sLIpposed  that the two ion popLllations,  in

spite Of their very different origins, woLllcl  Inc,]cl into :~ sing]c plasm;],  bLlt lnc:lsllrcnlcnts  show

that this is not happening or CISC is taking place very slowly. ‘J’hc ultiltlate  fate of a substantial

number of the intcrstcl]ar  ions is that they arc acce]cratccl  to near cosmic ray energies.

W>viously,  the processes involved are, of great  interest since particle acceleration seems to bc a

widcsprmd phenomenon throLlghout [he Llnivcrsc  and is not WC1l  undcrs~ood  at present. ‘1’hc

accc.le,ration appears to bc taking place in two s[agcs. 1 ~irst, the shock waves  propagatil~g

throu~h the hcliosphcrc  have been shown by lJlysscs  to be very efficient at accelerating the
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interstellar ions to intermediate energies. l’rcsumably,  efficiency is high bccausc  the interstellar

io!~s arc hot before they encounter the shocks :ind their accompanying fielcl  irrcgLllaritics.  Ih~ch

such s]lock wave can sLlccessively  raise the energy [o higher and higher values.

l’rior to the lJlysscs  observations, acceleration of interstellar ions was thought to occur at

zmothcr tyj)c of shock wave that is part of the intcrna] s[rLlctLlre  of the heliosphcrc.  Ileforc the

solar wind rCaC}lCS  t}lc boLlnd:lry with (hc intcrs(c]lar p]Mnla and magnc(ic field, it has to be

s]owcxl-down arlc] dcflcctcd  from a ra(]i:l]  flow so that it can slide a]on$ parallel to the boun[iary

and out of the hcliospherc  through a long open “tail”. ‘1’heorists llavc favored an abrupt, rather

than a graciwd,  change from the fast radial flow characteristic of the solar wind as we knotv it.

“1’llCy  have spcculatcc]  that the solar systenl is cnc]cwed  in n sl)hcrical  shock wave inside the

hcliosphcrc  at perhaps one hundred times the Sun-] hir(h c]istancc. “1’his strLlctLlre  is called the

tcrluination  shock (because it tcrlninates  the charactcris[ic  solar wind flow). It is expected to be

“stanc]ing”  or have its location fixed rc]ative to the Sun bccausc  it is pro]mgatin,g Su[lward at the

Sanle speed as the olltward  f]owinS solar wind arl~l the two spceds cancel in the SLln’s frame of

rcfcrenm.

“1’]]c termination shock has playe(l  a key role.  in OUr j(lc,as abo~lt  the :lcce]er~tion  of l}~c

interstellar ions ant] the formation of AT~OnMIOLIS Chsmic  Rays. Before Ulysses clemonstrated

tha( acceleration was taking p]acc at trave]ing shocks WC]l insi(lc []IC tcrnlin:ition shock, it was

assumed that A~R were accelerated only by the latter. in that context, theories were cievclopcc]

that e]n])hasimcl  the potentially tlniqllc  cllarac[cr of [hc termination s]lock above the SLIn’s

poles. IIecause of the radial field orientation that was conlmonly  assumed, which ignorecl the

non-radial solar wind expansion Lmcovered by (Jlysse.s, the shock strLlctLlre was Cotlsiclcred  to

bc especially favorable for particle accc]cra[ion. Another J>ossibi]ity which received attention

was the shorter path available to the par[ic]cs along polar fic]d lines and the possible abscncc of

opposition by waves propagating along the ficlcl. ‘1’hcse, considerations parallel those clcscribccl
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above in connection with ~JCR, “l’he prcdic(ion of such models was a large incmsc  in the flux

of atmnalous  cosmic rays at high la(itLlctcs.

As with (he galactic cosmic rays, this possibility was shown by Lllysses  to be Llntcnable..  ‘l’he

lJlysscs  energetic particle experiments were able to dis[ingLlish  and slLldy  A~R over a wide

rmlgc of energies and elements (C, 0, etc.). ‘1’hey  rcvcalcd  only a gradua] increase in A(R

intensity with latitude. “1’he  main reason, as with the GC;I<,  is the continLlom  presence of latgc

amplitude waves throughout the polar regions which oppose easy entry of the particles into the

polar  caps.

‘1’his discussion of energetic particles cmncludcs  our su]nmary  of some of [he principal scie.n[ific

rcsu]ts obtained by lJlysses. ‘1’hc spacecraf[  is now following its clliJ>tical  orbit oLltward

toward the orbit of .lLlpiter  where it will arrive in Aprilj 1998. Jllpiter will be located elsewhere

and Wil] be far from the spacecraft at that tilt~c.  Nor will Jupiter infl Llcncc the LJlysscs

trajectory ovc.r the next scvcra] hundred years. ‘1’bus, the spacecraft will continue to travel

along its present highly inc.line.c{  ellipse. for the. foreseeable. fu(urc.

1 ‘or(unatc]y,  [hc spacecraft and [hc cxpcrimcn[s  arc continLli~~S  to Operate without fault and

NASA and 1 {SA have agrmd to continue acquiring data during the sccon(i  orbit around the

SLIn. C.kJntinLle(l  observations arc vc.ry (Icsir:lt>le  scicn(ifical]y  bccausc all the phcnon]cna

dcscribcd  above are. strongly influenced by the c]e.vcn year so]ar cyc]c, the most obvioLls

lmnifcstation  of which is the, sunspot cycle. IIy gocx! forlLlne,  the period of the. lJlysses orbit

is approximately six years or one-half of the sLlnsp@t cycle,  lJ]ysscs  was over the Sun’s poles

in 1994 and 1995 when the Sun was in its qLlicsccnt  phase and transient solar activity, which

causes aLwora and magtictic  storms on llarth, was minimal. ‘J’hc polar caps have been seen

when conditions were at their simplest, When lJlyssc.s passes over the Sun’s poles again in

2000 ‘hnd 2001, it will bc sLlnspot nlaxinltlm  and all of the above phenomena will bc changed

15



drmtical]y. ~J1ysscs scicntis[s  are looking forward c+yrly  to this event while continuing to

Inake observations in the nmantimc. Altl]ough much has been Iearnecl,  a great dc:il  rcnlains to

bc studied and discovered as the o(iysscy continues.
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