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Abstract. The cometat3, plasma in the magnetic barrier just 
outside the diamagnetic cavity which surrounds the nucleus of 
comet Halley is virtually stagnant. The oufflowing neutral gas 
exerts an outward ion-neutral drag force on this plasma, which 
balances the inward magnetic pressure gradient force in the 
vicinity of the contact surface. The cometary ions are 
frictionally heated due to the relative motion of the ion and 
neutral gases. The ion flow velocity must have a few km/s 
non-radial component in order to explain the ion temperatures 
measured by the ion mass spectrometer on Giotto. 

Introduction 

The plasma in the inner coma of comet Halley is almost 
stationary, with flow speeds less than a few km/s, and is 
predominantly of cometary origin (Gringauz et al., 1986; 
Balsiger et al., 1986). Well within the stagnation region, a 
field-free (diamagnetic) cavity was observed by the 
magnetometer onboard the Giotto spacecraft during its 
encounter with comet Halley (Neubauer et al., 1986). The 
boundary of this cavity (which has been called the contact 
surface, or CS) is located at a cometocentric distance of about 
4000 km. The ion velocities measured within the cavity by the 
ion mass spectrometer (IMS) onboard Giotto (Balsiger et al., 
1986) are about the same as the neutral velocity (Un= 0.93 
km/s)(Krankowsky et al., 1986), whereas just outside the CS, 
the measured ion velocities (actually just the components along 
the almost radial Giotto trajectory) are almost zero (see Figure 
1). 

The ion temperatures (Ti or just T) measured by the IMS 
(Balsiger et al., 1986; Schwenn et al., 1986) or by the neutral 
mass spectrometer (NMS) (L•immerzahl et al., 1986) are only 
300 -400 K inside the cavity, but jump up to = 1500 K at the 
contact surface (Figure 1). Outside the CS, T increases with 
increasing cometocentric distance, r, and attains a value of 
approximately 2 x 104 K at r = 3 x 104 km. The total ion 
density measured by the IMS varies as 1/r for r less than 104 
km (Figure 1), and this indicates that the plasma density is 
photochemically controlled (cf., Mendis et al., 1985; Cravens, 
1986a). 

Haerendel (1987) recently suggested that significant ion 
heating occurs outside the CS due to the relative motion 
between the ions and neutrals, and he derived an analytic 
expression for T. In the present paper, I also examine the ion 
energy balance equation and derive an expression for the ion 
temperature. This expression includes an ion-neutral frictional 
heating term which is identical to that in Haerendel (1987) and 
which is well-known in the field of aeronomy (cf., Banks and 
Kockarts, 1973). 

The present paper's treatment of cometary ion energetics 
differs from Haerendel's in two very important respects. 
First, the temperature expression used here is more accurate 
and includes a chemical heating team which is very important 
inside the diamagnetic cavity. Second, it will be suggested in 
this paper that the plasma motion in the inner coma of comet 
Halley had a significant non-radial component. The plasma 
velocities calculated by Haerendel (1986, 1987), on the other 
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hand, and used in his temperature expression, were assumed 
to be strictly radially inward. And his calculated radial 
velocities are much larger than the measured radial velocities 
(Figure 1). In this paper, I calculate the non-radial velocity 
semi-empirically using the measured radial velocities and the 
measured ion temperatures in conjunction with the theoretical 
temperature formula. 

Chemical Heating 

The neutral composition measured in the inner coma of 
comet Halley by the Giotto NMS (Krankowsky et al., 1986) 
was 80% or more H20 and a few % CO2. The measured ion 
composition from both the IMS and NMS indicated that H3 O+ 
was the major ion for r < 2 x 104 km, followed in abundance 
by H20 + and OH +. Obviously, water chemistry is dominant 
for comet Halley (Mendis et al., 1985; Cravens, 1986a; 
K6r6smezey et al., 1987). H20 is photoionized by solar 
extreme ultraviolet radiation and can also be ionized by 
electron impact either by photoelectrons (giving a 10-15% 
enhancement over photoionization) or by other electrons (cf., 
Cravens et al, 1987). 

hv (ore-) + H20 .... > H20 + + e (=85%) (1) 

..... > OH + + H + e(=15%) 

The total ionization frequency for H20 at solar minimum is 4.5 
x 10 -7 s-1. The H2 O+ and OH + ions react with H20: 

H20 + + H20 .... > H3 O+ + OH + AE1 

OH + + H20 .... > H20 + + OH + AE2 

(2) 

Values in the literature for the exothermic energy AE1 vary 
from 0.5 eV (Banks and Kockarts, 1973) up to 1.9 eV 
(K6r6smezey et al., 1987); 1.0 eV is used here. AE2 = 1.82 
eV (Mendis et al., 1985). CO2 + and CO + -associated 
chemistry also makes a modest contribution to the overall ion 
chemical heating and was taken into account. 

The chemical ion heating rate (units of ergs/cm3/s) is: 

Qch = Ieff fiEeft F Cv nn = kQ nn (3) 

where nn is the neutral density. Ieff = 4.8 x 10 -7 s -1 is the 
average, or effective, ionization frequency. AEeff = 0.7 eV is 
the energy given to the ion products for all relevant chemical 
reactions. F is the fraction of the product ion energy that goes 
into heating other ions via Coulomb collisions rather than 
heating neutrals; F is very close to unity in the inner coma. 
Cv is the (unknown) fraction of the exothermic energy which 
appears as translational energy as opposed to internal (i.e., 
rotational and vibrational) excitation. Finally, kQ = 6.1 x 
10-19 Cv ergs/s. 

Ion Energy Equation 

The ion energy equation relevant to a collisional, magnetized 
plasma can be found in the "conservation" form by taking the 
left-hand side of the Schmidt and Wegmann (1982) energy 
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Fig. 1. Data from the high intensity spectrometer of the Giotto 
ion mass spectrometer (IMS) as a function of cometocentric 
distance. Adapted from Schwenn et al. (1986). The ion 
velocity Vr is in the spacecraft ram direction (approximately 
radial). Vr and the ion temperature Ti are for mass 19 when 
available (or for mass 17 or 18 otherwise). The relative 
variation of the electron density, N½, is from the total ion 
counting rate of the IMS; the absolute scale was set 
theoretically (Cravens, 1986a). 

equation (which contains the magnetic field B) plus the 
collisional terms appearing in the KtrSsmezey et al. (1987) 
energy equation. By using the continuity, momentum 
(including the B terms), and magnetic field equations, this 
energy equation can be transformed to One which is in terms of 
the total time derivative of T, and which does not contain B 
explicitly: 

non-local (i.e., dynamical) terms in the ion energy equation 
should be a reasonable good approximation for the inner coma 
of comet Halley, except in the immediate vicinity of the contact 
surface where the gradients of u and T are quite large. The 
solution Of the local heat balance equation (for m = nan) is: 

T-T = kQC• m "" I 2 (6) n 3kBD + •B lU-Un 
where D = Ief f/2 + [linkin n/mn ß The farst term in this 
expression represents chemical heating and the second term 
comes from both frictional heating and heating associated with 
ion production. The frictional contribution dominates near the 
CS and the ion production (or mass-loading) contribution is 
more important at much larger cometoeentric distances. The 
second term on the right-hand side of equation (6) includes, in 
effect, both frictional and "production" heating associated with 
relative ion-neutral motions. Haerendel (1987) found a similar 
expression, and the second term is identical to the "Joule" 
heating term used in terrestrial ion temperature studies (Banks 
and Kockarts, 1973; Killeen et al., 1984). 

With the values of the parameters discussed earlier, equation 
(6) for the ion temperature can be rewritten as: 

6100 C ., _., 12 T = T + v + 7251u u K (7) 
n 1 + 2.1 x 10 '3 n 

where the velocities in this equation are in units of km/s. Now 
consider the ion temperature given by equation (7) as a 
function of u in the vicinity of the contact surface of comet 
Halley (see Figure 2). The ion density is n = 3.5 x 103 cm -3 
near the CS (Cravens, 1986a,b) and the neutral temperature Tn 
is in the range 100 -300 K (200 K will be assumed throughout 
this paper). An initial assumption can be made that both 
velocities (u and Un) were purely radial (positive is outward). 
The function T(u) has a minimum at u = Un = 0.93 km/s; that 
is, where the plasma is flowing outward at the same speed as 
the neutrals. All the heating is chemical for u---O, and depends 
on the value of Cv assumed. The ion temperatures observed 
inside the CS (r<4000 km or so -see Figure 1) were 300-400 
K which suggests that Cv must be between 0 and 0.5. Cv = 

3•-nk B {-•-+ u .VT } + nkBT V.u + V.• = Qch + Qei 0.2 will be used for the remaining analysis in this paper. The ion velocity drops to zero at the contact surface and Figure 2 
3 1 '• •ln 12 } suggests that T should jump by = 1000 K across the CS. The + (Qin -u Fin) + {•.k B (T n - T) + •.m lu- Sc (4) measured T (Balsiger et al, 1986) does increase across the CS, 

but by = 1500 K rather than 1000 K. Some of this discrepancy 
where Sc TM Ieff nn is the ion production rate, kB is Boltzmann's 
constant, n is the ion/electron number density, and m, mn, and 
gin are the ion, neutral, and reduced masses, respectively. u is 
the ion velocity and ß is the conductive heat flux. Qei is the 
electron-ion energy exchange rate which is not important in the 
inner coma, and (Qin- u Fin) is the ion- neutral collisional 
energy exchange rate (Banks and Kockarts, 1973) which can 
be written as: 

_ .,., •2) (5) (Qin u Fin) = ginvinn { (3kB/m) ('I n - T) + lu -u n 

Vin TM kin nn is the effective ion-neutral momentum transfer 
collision frequency with kin =1.05 x 10 -9 cm3s -1 for H30 + - 
H20 collisions (Cravens and KSrSsmezey, 1986). The 
magnetic field does not appear in equation (4) if Ohmic 
resistive heating is neglected. An estimate of this heating rate 
near the contact surface, using an expression for the Ohmic 
resistivity/magnetic diffusion coefficient from Cravens 
(1986b)• gives a value less than 1% of the chemical heating 
rate. 

Ion Temperature Expression 

The right-hand side of equation (4) is set equal to zero in one 
version of the local heating approximation. The neglect of the 

might be due to compressional heating of the ions at the CS, 
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Fig. 2. Theoretical ion temperature versus ion velocity (which 
is assumed to be purely radial) for three values of the 
exothermic chemical energy partitioning factor, Cv. 
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Fig. 3. Theoretical ion temperature as a function of 
cometocentric distance for Cv = 0.2 and using Vr from the 
Giotto IMS (figure 1). The solid and dashed lines are 
measured temperature profiles from the Giotto ion (Schwenn 
et al., 1986) and neutral (L•immerzahl et al., 1986) mass 
spectrometers, respectively. 

and this might also explain the localized temperature spike 
observed at the CS by the GIOTTO IMS. 

Derived Ion Temperatures 

Equation (7) was used to find T as a function of 
cometocentric distance (Figure 3) using the empirical values of 
u and n from Figure 1 and with u assumed to be strictly in the 
radial direction; that is, u = Vr. The calculated ion temperature 
sharply increases at the CS as expected and then stays near 
1000-2000 K out to r = 2.5 x 104 km, where T increases to = 
104 K due to the increase of Vr to 4 km/s. The measured 
temperature.s are much larger than the calculated ones for r 
between 10 • and 2.5 x 10 • km. This suggests that u is too 
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Fig. 4. Transverse plasma velocity profile vs. cometocentric 
distance, calculated using the theoretical energy balance 
relation and measured temperatures, densities, and "radial" 
velocities. The measured radial ion velocity (Schwenn et al., 
1986) is also shown. 

small, which further suggests that the plasma velocity must 
have a significant non- radial component. 

The fluctuations in the calculated temperatures are due to the 
fluctuations in the measured values of Vr which were put into 
equation (7). Notice that in the data (Schwenn et al., 1986; 
also see Figure 1) positive (outward) excursions in Vr are 
correlated with positive excursions in T. However, if the 
plasma moved only in the radial direction, equation (7) 
predicts that for Vr = 0, small positive excursions of Vr must be 
associated with decreases in T. This again supports the 
existence of a non-radial velocity component which is usually 
positively correlated with Vr. 

Discussion 

One possible reason for the discrepancy between the 
measured and calculated ion temperatures in Figure 3 is the 
existence of plasma motions which axe transverse, or 
orthogonal, to the Giotto trajectory (which is approximately 
radially-directed). The velocity vector can be written: 

^ U = V r + V T n 
A 

and n are unit vectors radially and orthogonally-directed. 

The empirical values of T, n, and Vr (from Figure 1) were 
substituted into equation (7), which was then solved for VT. 
The resulting derived non-radial (horizontal) velocities are 
shown in Figure 4. There are many sources of error in these 
results, other than instrumental error, such as the neglect of 
non-local terms in the energy balance equation, the neglect of 
high-speed correction terms in the collision frequency, the 
neglect of electron-ion energy exchange, possible wave- 
particle heating, etc., although estimates indicate that these 
errors should be rather small. 

Haerendel (1987) also explained the ion temperatures in the 
inner coma with ion velocities of about 3 kin/s, but the plasma 
motion in that study was postulated to be radially inward. His 
dynamical analysis pertained to whole flux tubes, which are 
"draped" around the inner coma, and the plasma motion along 
the sun-comet axis must indeed be radial. But in the flanks of 

the magnetic barrier (which is where the Giotto spacecraft 
traversed the inner coma) plasma flow primarily in the anti- 
sunward (i.e., non-radial) direction seems more likely. 

The momentum equation can be **xitten, very approximately, 
in the form of a diffusion equatiox:. if the mass-loading terms 
(as considered by Haerendel, 1986, for instance) are ignored. 
The transverse velocity is then proportional to the transverse 
(non-radial) component of the force on the plasma: 

V T = {- Vp +J XB}T 
nmv. 

m 

where the current density • = V x • / g0. 

(8) 

The J x B force includes both the magnetic pressure gradient 
and magnetic curvature forces. A rough estimate of VT using 
equation (8) indicates that it should be less than = 1 km/s near 
the contact surface, where the J x B force is predominantly 
radial and where the collision frequency (Vin) is large. But, at 
larger cometocentric distances, ¾in becomes much smaller and 
the forces in the non-radial direction larger and values of VT 
of-- few km/s are reasonable. 
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