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1. General Physical Processes in Comets

A comet has been defined as a composite body, surrounded by a gaseous
atmosphere, and moving around the sun in an elongated orbit, crossing the
plane of the ecliptic at any angle. (6f particular interest in the study
of comets have been general astronomical observations (occurrence and orbits),
the structure and composition, the physical and chemical properties and
their behavior in the particular enviromment of the comet, and the inferences
from these observations as to the creation, life and general cosmological
gsignificance of comets. This report will first try to summarize some of
the available knowledge of comets and their behavior and also point out
areas where significant questions still exist, and will then attempt to
evaluate the information to be derived from a cometary flight ) It should
be pointed cut at the onset that comets are individual apparitions, and
that many of the statements applied to the general group are thus only
qualitative in nature. It should also be pointed out that studies of
comets are difficult and that, until recently, visual observation rather
than photometric determinations of brightness and spectral emission, have
provided the bulk of data with respect to comets.

Comets, in general, are postulated to comsist of a rather small
nucleus, composed of solid material, a gasecus envelope called the coma,
and a less dense gaseous region called the tail. The nucleus is bhelieved
t0 be only several kilometers in diameter, the coma perhaps 101‘ - 105

kilometers in dianeter and the tail region about 106 kilometers long and

101‘ kilometers wide.




8668-6001-RU-000

The presently accepted model of the mucleus is the "icy comglomerate”
mede]l prepesed by Whipple im vhich the mucleus comsists of a mass of
frozen gases contalning imterspersed selid micremeteorite particles. This
model offers significant advamtages ever the previeusly accepted "sand bemk”
medel im vhich the mucleus was pestulated te cemsist of small selid par-
ticles; the gas supply was eccluded and abserbed gases. The "icy cemglemerate”
medel suggests a much larger gas reserveir amd im additiomn cam explain the
survival of cemets at small heliecentric distamces where the solar thermal
energy imput amdd the tidal ferce is large. Am upper limit te the cametary
mass is set by the fact that comets de mot appear te exert amy sbservable
gravitatiomal effects en clese passage te planets or their satellites; lewer
limits te the comstary mass are set by cemetary survival at small helie-
centric distances altheugh the disruptive effects depemd largely upem the
assumed physical structure. Im gemeral, the cemetary mass is assumed teo
be 1017 - 10°C gus.

Evidence for the presemce of solid material is derived from two seurces.
Firstly, meteer streams are knewn te be asseciated with comets. Secenmdly,
seme of the light ebserved from the coma amd certain tails has the spectrum
and polarizatieon characteristic of reflected sunlight. Observatiom of the
enission spectra of seme meteors eon entry imte the earth's atmesphere are
characteristic of irem.

Thus the presemt idea is that the frezem gasesus surface is sublimed
by the selar thermal radiation as the cemet appreaches the sum. Inter-
spersed vith the gases are micremeteorite fragmemts. Ia the mewer cemets,

where "mevw" is meant te imply that the cemet has met cempleted many solar
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orbits, the rate of solid particle emissiom is emhanced with respect to
the gases. This presumably implies that im the older comets, the solid
material eccurs im larger fragmeats; it is mot clear hew this ag-
glomeration occurs im the presumably frozea mucleus.

As the cemet appreaches the sun, the sublimatiom of material from the
surface of the mucleus increases. The brightmess of the cemet imcreases
rapidly, whick is accounted for by the imcrease of selar radiatiom imtemsity
and the increase in demsity of the radiating gases amd reflecting particles.

The emission from the coma comsists of the molecular spectra of a wide

variety of meutral free radicals imcluding CN, 02, C3, TH, N'He, Na, and the
+ + +
ienized stable molecules CO , N2 and 002 . The dimemsions ef the coma

appear to be differemt depemding upon the spectral regiom observed which
isdicates a variable distributiea of melecular species. The demsities im
the come are helieved to ramge frem 1010/ cc near the mucleus te perhaps
103 at the periphery. Altheugh the surface temperature of the icy mucleus
1 prebably 10°- 100°K, it is reasomable that the sublimed melecules have
a temperature of 100° - S500°K. If the demsity is sufficiemtly low so that
collisiems de mot eccur, them the expansiem velecity is about 1 kilometer/sec.
The density, estimated from the emission imtemsity, amd the expamsion veloecity
give the rate of gas loss from the mucleus; the "icy comglemerate” model was
prepesed to account for these leoss rates.

It is probable that the gaseous molecular emissiom is the result of
photo-excitatien by selar radiatieam rather tham cellisiemal precesses be-
cause of the low demsities. Altheugh emly the spectra of free radicals

are observed, it has been assumed that the perent molecules are the
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simplest stable molecules which cam be dissecliated teo yleld the observed
free radicals. In the "icy cemglemerate” medel, it is therefere assumed
that these stable molecules comsistute the solid material. It is alse
true that selar radiatien will disseciate these molecules which may thea
recombine teo other stable noleculeé (2 E,0—>H,0, + H,). Explosive
chemical reactioms between these mew melecules are pessible and the sudden
increases in cemetary brightaess are attributed te these sources. It is
reasensble te prepese, however, that the recembimmtion of these free
radicals cam lead tc rather cemplex molecules with, as yet, umkmown
chemical properties.

The mechanism for iemizatien of the molecules is umclear. It is
unfortunate that these molecules vhich radiate well ia the ionized state
radiate enly weakly in the meutral state amd vice versa. Thus the simultan-
eous observation of the demsity of iemized samd meutral states of a particular
molecule, as a functien of distance from the mucleus, is met possible. How-
ever, there is evidemce that 2o single ionizatiom precess is sufficiemt te
account for the observed behavior of the differemt melecular comstituemts.
The radiated imtemsity patterm im the coma for CN imdicates that the meutral
lifetime is im the order of 105 gsec, vhereas the appearamce of 00+ reasemably
clese te the mucleus indicates a lifetime of enly 103 sec for CO. The
jomizatien petemtials for beth melecules are abeut 1k ev; the differemce
in the geemetrical appearance ¢f the iomizatien imfers at least an active
jonization mechanism in additien to charge-exchamge or photo-iomizatiom

processes, perhaps chemical in mature. The observed cometary melecular
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spectra are similar to those ebserved in low temperature laboratory gases
of similar compesitiom; however the relative imtensities of the same bands
are differest. This canm be explaimed if it is assumed that the cometary
r;dintion iz the result of solar pheto-excitation amd the observed in-
tensities are thus modified by the kmown imtensity variations im the
solar spectrum.

Two types of cemet tails have been observed; although usually emly
one type is presemt im any cemet, both may occur simultameocusly or the
tail may be completely absemt. One type comsists maimly of solid particles
and shews a premoumced curvature which imdicates the absemce of any large
solar repulsive ferce. The light frem these tails is reflected sunlight;
these tails are characteristic of "mevw" cemets. The other tail type comsists
of iemized stable molecules idemtified by their characteristic emission
spectrum. These tails shew omly little curvature indicatimg a selar
repulsive force greater tham the attractive selar gravitatiomal force.

The ions idemtified imclude CO+, N2+, and 002+; the abundance of other iems
has not been established. The ebservatiom of streamers amd filsments with
a relatively lomg lifetime, similar te these observed im a variety of gas
discharges im magmnetic fields, implies that megnetic fields are associated
with cemetary phecaomenma.

It was first believed that the observed steady state accleration of
the tail ceuld be attributed to the solar radiation pressure. However,
calculations by Wura imdicated that the radiatiom - CO+ cross-section
(CO+ is the mest abundant observed ion) is tee small for radiatiom pressure

to account for the observed acceleratiens. The correlation, semetimes
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rather peer, between solar activity and emhanced comet brightmess and more
violent tail acceleratioms led Biermamm te propese that cerpuscular emissioa
frem the sun (selar wind) was the source of the observed acceleration.
Biermann suggested that charge exchange between the solar plasma and the
neutral gas in the coma was the dominant iomization mechanism, and that
the tall acceleratiom resulted frem mementum trsmsfers betweem electrons

in the solar plasma and the cemetary iems. If reasemable values of the
comet tall demsity were used (10°/cc), demsities im the order of 10°/cc
were required im the solar wimd to yield the observed acceleration Both
direct and inferential estimates of the solar vini é.eisity indicated an
upper limit ef abeut 10/cc fer the steady state demsity; thus Biermamm's
collisiomal imteraction was tee small. However, several pessible collective
plasms intersctioms are kmown vhich would essemtially greatly increase the
probability for mementum tramsfer; these may be of eitker the electrostatic
or hydremsgmetic type amd are discussed inm detail by Hoyle and Harwit.'Os 'L
The cellisiomless electrostatic sheck which occurs as a result of umstable
plasma escillation arisimg from the imteractiom of two plasms clouds had
been postulated by Kakn amnd Parker and Noerdlimger as a possible source fer
the ebserved superthermal particles im the earth's radiatiem belts. Recent
calculation by Neerdlinger Casd Ek, et al' inmdicate that a high ratio of
directed te thermal velecity for both electroms and ioms is required for
the imstability te eccur amd that the imstability proceeds first as an
electrem-electron imteraction followed by the ioun-ien imteraction.

Hoyle amd Harwit suggest that the electrom-electrom imstability is pessible

only in the imitial tramsiemt imteractiom between the solar winmd and cometary
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plasma; the resgult of the imstability weuld be a heating of the cometary
electroms se that, in steady state, the imstability would met eccur. This
amalysis is prebably valid as leag as mo emergy loss precess for the cometary
electrens cam occur s0 that the electroa temperature remaims high. Probably
collisiomal loss processes (imelastic cellisiems) are absemt at the low
densitites. Hewever, radiation might be expected at the plasma frequency
(o1 me); Sco.rfhhhud advanced seme arguments for the raiiation.only of

the higher harmomics of fp . The observation of low frequemcy electromagnmetic
radiation associated with cemets is questiemable.

Thus in the absence of electrom emergy less processes, Hoyle amd
Harwit comclude that electrostatic imstabilities cammet accoumt for the
observed tall accelerations and that the interactiem must be hydromagnetic.
This iateractiem requires the existemce of a cometary magnetic field which
Hoyle smd Harwit pestulate arises im the fellewing mammer. It is ratker
likely that the selar wind retains seme trapped magmetic field (circulatimg
curremts) simce it is presmei te be hydromagmetic im origin. As a result
of charge exchamge between the relatively statiomary cometary meutrals and
the solar protems, the solar wind megmetic field is decelerated aad trapped
ia the comet plasma. The interactiomn of further selar plasma em this
trapped field exerts a pressure on the cemetary plasms which, with perhaps
reasomable assumptiomns of mass amd demsity, cam sccount fer the observed
acceleratioen.

There are several theories for the role of comets im the cosmology
of thg selar system. It has gererally beem believed that comets cammet

enter fhe solar system frem the galaxy becaﬁse of the relative absence

~
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of hyperbelic orbits; the few observed hyperbolic orbits prebably arise
a8 a result of perturbatiems by Jupiter. P'assible sources of comets may
be the follewing: Condensation of portiems of the selar mebulae at the
time of planet formatiem, tluciat;n with the formation of the asteroids,
or trappimg of na:teril.l by the sun during passage through a particularly
dense amd active imterstellar cleud. It is quite clear that the lifetime
of comets im a small heliocemtric erbit is small (10.5 years) because of
the high rate of material loss amd solar disruptive effects. It is also
reasemably clear that recomdemsation or accretiom of mew material cammot
greatly imcrease cometary life. It is resasemable to assume therefore that
e rather large mmber of cemets exist im very large orbits beyomd Pluto,
vwhere they are mot subject to selar effects. These comets are randomly
perturbeé. inte observable orbits by the cambimed effects of the outer
planets and perhaps stellar perturbatioms. The comets represemt the primci-
ple source for the meteor streams amd alse pefh.ps for the imnterplametary
dust . As a cemsequemce of the Poymting - Rebertsem effect, the imterplametary
dust is swept imto the sum, and 1ts replenishment is mecessary to maintain
the observed steady state comditioms.

There is perhaps only eme significant piece of imformatiom which
might suggest an extra-selar system erigim fer cemetary material. The
c2, ¢!3 ratio, es determimed by the isotope shift observed im the CN
molecular bamds, is varisble from camet to cemet, and ramges from the
high values characteristic of the sclar system te the low values character-
igtic of the carbem rich stars. The implicatiom of these observatioms is

rather uaclear at presemt.
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Altkough the comet-meteor stream relatiemship has beem well established,
the relatiomship of comets and meteorites is less well understeod. Simce
meteorites are, in gemeral, abseat im very old depesits in the earth's crust,
the gemeral cemclusiom has been that meteeorites are of recent origin as
the result of the disimtegration of a plamet. A relatiomship between
meteorites amd émets thus also infere a receat origim for the comets.

It is pessible that, as a result of a plamet's disintegration, material
may have been distributed into distant orbits; however, the s0lid material
would prebably be rather large in size amd this comflicts to a degree with
Whipple's icy cemglomerate comet model amd does not explain the origin of
the required ges reserveirs.

2. (be-eta:ry Experiments

It is pertinemt to ask what information might be desirable in order
to obtair a more complete umderstanding of the physical and chemical
mature of camets amd their imteraction with their enviromment, and whether
a suitably instrumented flight in the near vicinity of a comet could yield
importent information. In the followimg sections a mumber of possible ex-
periments are discussed which could be imcluded into a space probe psylead
at the preseat time, i.e., with existing instruments and techmology. The
final sections comtain a discussion of sigrificant measurememts that might
be imcluded as future comet prebe experiments. ] It must be pointed out
that, ir gemeral, a single experiment er measuremenmt, while comtributing
to the genersl sciemtific knovledge of comets, will net im itself mecessar-
iljy reselve sny of the basic outstamding questioms ef cometary phemocmena.

These basic categories are concermed with 1) structure, 2) plasma imteractioms,

-9 -
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and 3) chemical composition. Some curremtly possible experimemts ap-
propriate to each are discussed below.
2.1 Present Paylosd Experiments
2.1.1 Structure

2.1.1.1 Televisiom

Umdoubtedly, phoetography of the mucleus from skort dis-
tances would be valuable in coenfirming the icy conglomerate model, and in
confirming present ideas of the muclear size and mass. If we assume that
the emcoumter betweer the probe amd the comet occurs at 1 AU from the sun
and that the nucleus of the comet is visible by reflected sumlight with a
10-percent reflectivity, then the total emergy flux per umit area reflected
by the mucleus is 1.4 x 105 erzs/ cnz/ sec over all wavelengths. If we further
assume a miss distamce of 102‘ lm and treat the mucleus as a sphere of radius
R cm, then the emergy flux emterimg an objective lems of diameter D cm.

will be given by

1.4 x 10° JaRe n'D2

5 =1.1 BP0 x 10743 ergs/sec
b x (10°)

If the lens tramsmits 50 perceat of the emergy falling on it theam the
energy flux per resolutiea element imcidemt on the photocathede of the

-1k ergs/sec. Of the total

television camera tube will be 5.5 R°D° x 10
reflected solar emergy incident en the TV tube cathode, only a fraction

is effective due to the spectral respomse of the photocathode. If we
chooge the imterval frem 30002. to 6500 : this represemts about 43 percent

of the solar emergy flux. Thus the effective flux om the TV tube is

- 10 -
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2.36 RD? x lo'lh ergs/sec.

Iet us choese a telescope such as the Questar, whose physical dimensioms
are easily imcerporated imto & space probe payload. This imstrument has
& focal lemgth of 120 cm. snd am aperture of F/11. The diameter of the
image them will be 2.4 R x 107 cm. Iet us mow assume a muclear radius

2 om and the

of 1im = 10° cm. Then the iu.ge diameter equals 2.4 x 10~
x(2.4)% x 107 by 2
image area equals N

= 4,52 x 100 cm“. The television system
will probably require seme kimd of storage prior to telemetry read out.

Therefore, a sterage videcom pick-up tube is suggested. The best resolution
that cam be achieved is abeut 1000 lines/im. at 10™> ft-candles illumimatiom
and with 1/ 30 secomd integration time. This means a miniwum emergy density
of 2.93 x 102 erg/cw® 1s meeded. From the above image area a minimum total
energy of (4.52 x 107%) (2.93 x 10°2) = 1.325 x 10”7 ergs must fall on the
photocathode. This im turm will require am exposure time of 2.36 R°D® x 10'11‘
seconds. The effective diameter of the lens is givem by D = % where T is

the focal length amnd F is the f-mmber. Thea D = 1—21—?: = 10.9 cm. For

R = 10° cm, the mimimum exposure time is L.T2 x 107" seconds.

Now 1000 lines/ inch resolution meams resolution elements of about

"'y »

6.45 x 10'6 . Therefore, the image will cover 4.52 x 10_ = T0 resolu-
6.45 x 10
tion elements. The area of the micleus treated as a circuler disk is
nRa = 3.1h x 10l Oc.2 80 that we resolve elements of surface area equal to
10 ;

3 'lh,rg 10 = 4,5 x 108 ca®. This corresponds to limear elements on the
comet of 2.1 x th cmor 0.21 km. The omly way this cam be improved is to

use a lomger focal lemgth lems or achieve a miss distamce less than 101l km.
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The gbove calculatioms have been based on an attitude comtrelled,
nom-spinning vehicle such that the videcom tube cam view the comet for at
least 4.72 x 10‘1* seconds with iégligible lateral displacement of the image.
Suppese now that the vehicle is spimming at 2 revulutiou/ gsec and that the
look direction is at right angles to the spim axis. Im 4.72 x 10'1‘ seconds,

Y - 5.93 x 103 radians.

then, the camera will sweep out Ux x %.72 x 10°
At 10° km, there are 107 radians/km so im the time requied for the exposure
we sweep out 5.93 x 10 = 59.3 km, which of course cempletely smears out the
image .

In general, distamce swept ocut im km = .493 w where w is revolutions/min.

The resultanxt resolutiom, im km, due to the lateral motiom superimposed on

the imtrimsic resolutiem of the system is givem by \J (.21)° + (.h93w)2.
If we accept a fimal resolutiom of .3 km, then w = A3 revclutions/minute.
If it is not desirable to de-spin this much er less, them of course much
detail of tke muclear surface is lost.

The telemetry problem does mot appear toe difficult simce omly about
TO resolution elements are imvolved with, say, 5 levels of grey. This would
be 350 bits of imformatiom per picture. This information could be placed
in a buffer storage amd additiemal pictures could tkem prebably be taken.
It may alse be of imterest te obtaim pictures im differemt wavelength
regioms by using filters. I we take, say, four pictures at 15 mimute
intervals, thea the telemetry rate weuld be omly about l/ 3 per secomd.
Iet ue them assign 1 bit/ sec for the televisionm.

Due to the fact that at th km the image of the mucleus omly occupies

a small fraction of the available televisiom field, & semsing error of
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+ 1072 radisms from the probe-mucleus vector would still allow the image

of the mucleus to fall on the televisiom tube cathode. Some kimd of optical
semsing device will be mecessary to locate the optical cemter of gravity

of the comet which is presumably the location of the mucleus. After a
sufficient time for tracking amd scamming by the semsor, the television
camera would be turned on and the picture recorded.

A ruggedized televisiom camera with a slow scan videcon tube, such
as kas been developed by Hallamore Electromics, would represeat a typical
system. Such a unit weuld weigh 7 poumds amd comsume about 9 watts of power.

2.1.1.2 ’Iﬁcrmteorite Experiment

Measuremeats of the abumdamce and mass of the solid
particles in the coma would contribute to a kmowledge of the nuclear
structure ard also possibly to the kmowledge of meteor streams. Since
the polarization amd intensity of the comtimm portion of the cometary
spectra, as observed by terrestrial telescopes, depends om the nature,
size distribution, amd shape of the scatterimg particles, any information
pertaining to these parameters would greatly emhance the imterpretation of
the spectrum.

Many types of micremeteorite amd dust particle detecters have beea
developed and flowvn im the past s0 that the "state of the art" is well
developed. If we choose a comet such as 195Tc (Emcke), then the dust
demsity as estimated from the imtemsity of the comtimm is 10'9/ cn3.
at 4 - 9x 101’ Jm. Assuming a relative velocity of 15 kn/sec between the
probe and the comet, them with a2 detector of area 350 cn2 we could expect

about ome impact every two secomds. A mimimum momentum impact sensitivity

- 13 -
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> dyne-sec would detect particles of mass about 7 x 10-12 grams at

of 10°
the above velocity. If these are spherical irom particles, this results
in & mimiwnm radiue of sabeut 0.6 micron. A micrometeorite detector such
as the ome being flown by Alexamder om OGO has this order ef semsitivity
and 18 capable of measuring amy charge which may reside om the particles

as vell as beth the momextum and the emergy of the particles. The velocity
is determined by a time of flight measurement which is accurate to about
1.5 percent. The imformatiem to be read out would be velocity, momentum,
charge, and total mumber of impeacts. These could probably all be com-
tained im ome O-bit digital word resulting in a telemetry rate of about

5 bits/secomd. This type of experimemt would weigh less than 10 pounds

end comsume less tham 1 watt of power.

2.1.2 Plasma Imteractioms .

It is deubtful whether measurements of this type in the tail
can, in themselves, lead to a camplete understanding of the observed
acceleratiems. It is believed that more detailed measuremenmts of the
tail properties cam, however, distinguish between the electrostatic amd
hydromagnetic plasms imteractiom possibilities amd also provide a mere
rigorous test of the various presemt theories. Tke significant parameters
wvould be iom demsity, electron temperature, amd the vector magnetic field.

2.1.2.1 Plasma Probe

By measurisg the electrom temperature, by means of, for
instamce, a plamar iom anmd electren-trap, a great deal could be learmed
about the interactiom between the solar wind amd the cometary plasma.

In particular, this experimemt should be able to resolve the questionm as

- 14 - -
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to whether the acceleration of ioms imto the tail is due to electrostatic
ingtabilities im the plasma or whether the interactiom is hydromagnetic in
origin. Im addition, measurements of the solar wind while emroute to the
comet would be imvaluable.

An ion and electron trap such as the one being developed by Whipple
for OGO is capable of measuring the density and temperature of thermal
electrons as well as densities, masses, and temperature of thermal ioms.
Such an instrument is capable of detecting positive or negative currents
as small as 10703 awps. This correspomds to 6.25 x 10° electrons/sec.
With a relative velocity of 15 kl/sec between the probe amd the comet and
assuming a 20 cna detector area, the minimm detectable electron demsity
would be 2 x 10™2 electroms/cm> and similarly for the positive singly charged
ions. The imformationm to be read out would be a digital voltage word for
each of four electrodes amd a digital current word for the electrometer
for a total of U5 bits at each ssmpling. If we sample once per secomd,
then the rate must be 45 bits/ sec. The weight of the eatire experiment
would be about 5-8 poumds amd would require about 2 watts of power.

2.1.2.2 Magmetic Fields

Many magnetometers have been flown om satellites amd
space probes im the past and the state of the art is well advanced to the
point where mo preblems should be expected with placing a magnetometer
sbeard s comet prebe. One weuld wamt to measure the vector magmetic field
both im interplanetary spece amd as the probe approached, passed through,
and receded from the comet. The magnetometer should have a semsitivity

on the order of one gamma or less since this is the order of magritude

-15 -




-

8668-6001-RU-000

of cometary magnetic fields that have beem postulated im order to explain
certain molecular ionizatiom phenomena and plasms interactions.

A triaxial flux gate mageetometer alomg with & rubidium vapor magne-
tometer, 50 as to obtain independently both the components and the absolute
megnitude of the magmetic field, would elimimate the principal disadvantages
of either instrument alome. If we assume a range from 0.1 to 3.2 gamma in
0.1 gamma steps, them we meed 6 digital bits for each of the flux gate
cemponents plus am additiomal 6 bits for the rubidium vapor informstion.
Thus a total of 2U bits per ssmpling is required. If we sample twice per
second, them the rate is 48 bits/sec. The weight of such a packsge in-
cluding electronics would be about 13 pounds and the total power comsumption
about 8 watts.

2.1.2.3 Contamimation Experiment

A third possibility which should be included under plasma
interactions would be to comtaminate the comet with a suitable substance
released from the prebe in the v:lcinity of the comet. If, as is believed,
there exists a cometary magmetic field of the order of a few gamma, them the
ions produced by photoionizatiom of the contemimamt material could become
trapped by the field. The observatiom from the earth of the solar radiation
resomantly scattered by these ioms could provide same useful information om
the nature of the forces involved and the interactions between the ioms and
the solar wind. As poinled out by Mﬁhch,' the lifetime of the phenomena, or
the time available for observatidn, is a func;.tion of the mass of contaminant
and explicitly t = TF%S vhere M is in kilograms and t is in days. Thus a

mass of contaminant on the order of 23 kilograms or 51 pounds would result
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in the ability te observe the motiom over a period of 5 days. This is,
of course, much longer tham aa isstrumemted probe would remain im the vicimity
of a cemet. Therefore, the comtamimation experiment is a possible way to
study the large scale dymamics of cometary ioems.

2.1.3 Chemical Cemposition

Because of the extended size of the coma and tail, the emitted
light imtemsity would met be imcreased sigmificantly om close approach so
that mo appreciable inmcrease im spectral semsitivity could be achieved. It
is also presumed that, im the near future, it will be possible to perform
spectrescope observatioms above the earth's atmosphere, thus enabling access
to the UV regién. Thus it a.ppeo.fs that {;he only spectroscepic gain in a
near appruci would be u increase in the zeeqetrical regolution and it is
questionable as te whether this is mecessary. A more rewardinmg series of
experiments directed toward the idemtificatien of cometsary compounds and
the ienization disseciatiom processes is pessible im the coms. Presumably
the pareat molecules are abumdant omly im the near vicimity of the nucleus.
In gemeral, the spectroescopy of pelymntemic melecules is complicated and the
laberatery spectra for these moelecules are mot well kmown. Thus it would
appear that spectrescepic idemtificatiom of the paremts is imsufficieat
and that mass amalysis represents the most feasible approach. Some con-
clusiens with respect to disseciatiom processes cam be obtaimed by ob-
servation of the molecular mass distributiom as a fumctiomn of distance from
the mucleus. A measurement of the percemtage ionization as a function of
distance from the mucleus would provide valuable confirmation of the

spectroscopic data; even more significant would be the determimation of
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the percentage ionization for the imdividual molecules which could lead to
the proper interpretatiom of the various ionization mechanisms.

2.1.3.1 Mass Spectrometer

Ion mass spectrometers are currently beimg developed which
will have .sensitivities dowa to 10'1hanperes. This corresponds to a flux
of singly charged ioms of 6.25 x 102‘ ioms/sec. For a window area of 12 cnl
and a relative velocity of 15 kn/ sec, the minimm measurable density will
be about 3.5 x lO.3 ' ions/ cn3. Unforturately, it is very difficult at the
present time to perform a mass analysis of the meutral molecules since the
efficiency for ionization by an electrom besm is on the order of only 1 in
40,000. However, the relative abumdances of the ionized molecules could be
measuwred by this methed and this in itself would be a significamt experimenmt.
An r.f. jon spectrometer such as the one being developed by Taylor for OGO
is capable of measuring positive ion masses from ome to forty-five amu.
This ramge includes all the molecular icms that have been observed spectro-
scopically. From 1 to 6 amu the resolution is 0.5 amu and from 7 to 45 amu
the average resolutiom will be 1 amu. The information sought here will be
in the form of am iom curremt comrverted to a proportiomal voltage by the
electrometer tubes. Different masses are analyzed and allowed to impinge
om a collector electrode by appropriately varying certaim grid voltages.
Simce it is mot kmowmn definitely a priori jJust what ionm species to expect,
the remaining available telemetry should be assigmed to this experiment.
If the total telemetry capability is 250 bits/ sec, then the mass spectrometer
would use 151 bits/ sec. The total iastrumemt imcluding two spectrometer tubes

weighs about 8 poumds, occupies about 1 cubic foet, amd comsumes about 8 watts
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of power.
2.1.4 Summary of Payload Experiments
The following table summarizes the weights and power of the presently

feasible experiments which could be included as a camet probe payload.

Bxperiment Weight {1bs) Power (Watts) Telemetry Rate (bits/sec)

TV 7 9 1

Micro-

meteorite 10 1 5

Plasma

Probe 8 2 lI-S
Magnetometer 13 6 48

Mass

Spectrometer 8 8 151

Total 46 (1bs) 28 (watts) 250 (bits/sec)

Thus, with the exception of the contamimation experiment which would
increase the weight by about 50 pounds, the five experiments above would
have a combimed weight of 46 pounds and a total power consumption of
about 28 watts.

2.2 Future Experiments

It is clear that experiments which canm be performed with present
"state of the art" techniques yield no information whatsoever with respect
to the cosmological significance of comets amd only limited imformation
with respect to the radiation chemistry amd molecular configuratiom of
cometary materiel. This sectiom will discuss some of the problems in-
volved and will outline some possible experimental approaches for com-

sideration in future experimenmts. The ideal future experiment would
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consist of a lamding om the mucleus, sampling of muclear material, and retwurn
of the sample to earth for amalysis. If we comfine this experiment to the
far distamt future, there are however other experiments which may
be considered.

2.2.1 Elemental Amalysis

The elemental comstitution of the solid fragmemts would be most
importamt im establishimg the originm of cometary material. The collection
and analysis of the micrometeorite fragments could be a reasomable approach
to this problem. It is clear, of course, that because of the small sample
size fractiomation effects during formatiom would be of major importance amd
probably only elements with very similar physical properties might c‘oexist
in the sample. A reasomasble method of amalysis might be through nmeutron
activation and subsequent amalysis of the activatiom spectrum. This
experiment implies that the isotopic abumdances of the studied elements
would require am irradiation time of about 1 hour to yield detectable
activities. This appears margimally feasible at best with conventional
meutron sources, but should be comsidered as possible.

2.2.2 Isotopic Amalysis

Isotopic sbundamces which could yield information with respect
to the time of fragmemt formatiom is clearly more difficult. This is
further complicated because of cosmic ray bombardment of the small samples
g0 that the isotopic abundances ro lomger reflect the time of formationm.
However, if possible, this would be an interesting experiment.

2.2.3 Radiatiom amd Radio Chemistry

The radioactivity expected to be associated with the small
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solid samples arises from cosmic ray bombardment. The cosmological in-
terpretation of these radiatioms is doubtful, but rather interestimg radio
chemical information may be obtained.

2.2.4 Neutral Particle Mass Spectrum

The important radiation chemistry problems would imvolve a study
of the parent molecules sublimed from the nmucleus amd a direct determinmation
of the ratio of iomized to umionized abundance of a given molecule. It
is believed that ion mass spectroscopy is feasible im the coms and tail.
However, the masg spectroscopy of neutral molecules is more difficult
because of the low efficiemcy of jonizatiom. The developmemt of neutral
particle mass spectrometers for particle densities less than 106/cc
remains to be dome.

2.3 Some Scientific Comstraimts on Mission Requirements

In this section we shall examine some specific comets im greater detail
with particular regard to which comets seem most suitable to investigate
with the proposed experimemts and how the scientific results are affected
as a function of miss distance.

It must be understood, at the outset, that mumbers pertaining to cometary
dimensions, ion and dust densities, and other physical properties of comets
that have been deduced from terrestrial observations, are at best only order
of magnitude values. These numbers will vary comsiderably, of course,
depending on which specific assumptions one imposes on the comet and which
interpretatiorn one gives to the experimental observations.

As was already pointed out, a comet, in gemeral, can be divided into

three physical regioms: the nucleus, the cdma, and the tail. The nucleus
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probably consists of frozen gases interspersed with solid micrometeorite
particles ("icy conglomerate" model) and has a diameter on the order of
several kilometers. As the comet approaches the sun, the material at the
surface of the nucleus sublimes as a result of the effect of the solar
radiation. The demsity of sublimed gases and particles increases as the
heliocentric distance decreases. These materials form the coma and are
responsible for the observed molecular emission spectra; the brightness
increasing as the camet approaches perihélion. The dimensions of the coma
are different as viewed im different regions of the spectrum indicated a
non-uniform distribution of molecular species. Ir general, the cama extends
f_;cm th - 105 kilometers in dlameter. The molecules in the coma are
neutral free radicals that have been dissociated from stable parent mole-
cules as well as iomized species.

The third region, the tail, consists primarily of ionized stable
molecules and small solid particles. The dimensions of the tail are
perhaps lO6 kilometers long and ].Ol+ kilometers wide. Not all of the
proposed experiments could be best accomplished in only one of these
regions. We shall first specify the particular region of inmterest for
each experiment.

The television picture, of course, is comcerned with the solid nucleus.
The micrometeorite experiment would deal primcipally with the coma. The
plasma probe and magnetometer would be most useful in the tail but important
information could also be obtained in the coma. Finally, the ion mass
spectrometer would probably be most useful im the coma since something might

then be said about the meutral molecules from a measurement of the ion
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densities in this region. This, of course, does not rule out the pos-
sibility that significant results might be obtaimed in the tail.

Iet us now look at & few specific "typical" comets for which molecular
ion and dust demsity estimates have been made. From photoelectric and
spectroscopic observatioms of Encke (1957c) and Giacobini-Zinmer (1959b),
the denmsity of CO' molecules near the head (~ th km) is of the order
of 1 to 100 nolecules/ cn3. The average dust densities for these camets
are of the order of 1027 to 1072 ga/caS. For comet Arend-Roland (1956b)

i 10-1h 9/3. It can be

the dust demsities are of the order of 10~
seen that not only are these demsities very small but the estimates range
over many orders of magnitude. For a micrometeorite deiector with a
minimm sensitivity of 10—5 dyne-sec, and a relative velocity of 15 m/sec
between the probe and the comet, ome could detect spherical irom particles
of minimm radius 0.6 microms or spherical 002 particles of minimum radius
1.0 micron. From the intensity of the continum and certain assumptions
regarding the mmber and density of the solid particles, the radius of

the particles is believed to be of the order of 0.5 microns. If the ares

of the detector is 350 cna

5x lO8 p where p is tke dust density inm pa.rticles/ cn3 For comparison,

then the mumber of impacts per secomd =

the dust density of Eacke is belleved to beL 10'9 pa.rtieles/ cn3 and for

a "dusty" comet, such as Giacobimi-Zimmer, it is~_ 1077 particles/ cm3.

Thus the impact rates seem reasonable as long as the momentum is sufficienmt.
As with molecular and dust densities the dimensions of cometary

nuclei are subject to comsiderable uncertainties. Most estimates of
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nuclear radii are based on observatioms of visual magnitudes. To convert
this information to a nuclear radius requires a knowledge of the albedo,
A. We do not kanow the value of A for cametary muclei. The lowest value
ever observed, om astromomical objects is 0.028 (for Ceres) and the highest
one is 0.61 (for Venus). These maximm and minimum values result in the
following radii:
Encke (1957c) 0.67 - 4 m
Halley-Peltier (1936a) 25-60 km
Giacobini-Zinmer (1959b) 0.72-4.6 km
Mrkos (1957d) 3.93-232 Im
Bester (1948I) 7-41 km
Winmecke (1927) 0.17-0.80 km
Bappu (1949c) 8.3 - 36 km

For a miss distance of 10h km we could obtain a resolution of 0.2 km
at the surface of the nucleus with the system described in section 2.1.1.1.
This should be sufficient to resolve some structure for most nuclei. There
can be no doubt, inm gemeral, that in order to make any significamt measure-
ments with the presently propesed experiments, the probe must penetrate the
coma to at least 10 perceat of the distance to the mucleus. This means a
miss distance of less than 10)* km. In addition, in order to learn some-
thing of the dymsmics imvolved in the tail from thke plasma probe and
magnetometer, the probe must also pass through the tail. As far as the
experiments themselves are comcerned there is no particular reason to
prefer ome comet to amother except perhaps ome whose motion is retrograde,

such as Halley's or Temple-Tuttle which would thereby increase the probe-
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comet relative velocity as well as enabling the probe to traverse the
tail longitudinally.

It would seem that the most important phase of the comet probe study
is that of guidance. In order for the experiments to be successful the
probe must definitely encounter the comet. This means that the orbit of
the comet must be known or determined with great accuracy. This, im turs,
probably implies choosing a periodic comet whose past apparitions have
been most recently and frequently observed and hence one whose apprba.ch
could be predicted in advance and which could be tracked for perhaps
8-10 months before periheliom. Two such short period comets are Encke and
Pons-Winnecke. On the other hand, unexpected comets are sometimes discovered
and accurate orbit parameters determined many months before closest geo-

centric approach. Such a comet would also be a desirable target.
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