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Previous - Feldman et al., 1975
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Previous — Gary et al., 1975
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Previous — Scime et al., 1998
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Figure 1. A typical electron distribution as measured by the
electron spectrometer aboard Ulysses, after Phillips et al.
[1993]. The core fit yields a temperature of 1.2 x 105 K.
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Figure 12. (a) Ratio of the core-buik velocity difference, AV,
to the local Alfvén speed. (b) Interval of Ulysses data showing
intermittent correlation between the Alfvén speed and AVc.



Wind/3DP measurements
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Precision electron measurements
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* In the solar wind, spacecraft
charge slightly (a few eV)
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Use quasi-thermal noise (electric fluctuation) measurements to constrain the
absolute plasma density — immune to s/c plasma environment!

;Nete: 1V ~ 600 km/s for an electron



Precision electron measurements
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Use quasi-thermal noise (electric fluctuation) measurements to constrain the absolute
plasma density —immune to s/c charging effects! Requires L>>\,



electron distribution function fits - ‘slow wind’
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- use drifting bi-Maxwellian core and drifting bi-Lorentzian halo, integrate strahl
0) correct f(v) for s/c potential

1) fit f(v) perpendicular to core and halo - use QTN initial values

2) fit f(v) parallel to core and halo - use QTN and f(v) perp initial values

3) subtract f(v) core and halo, fit strahl, and compute strahl moments



electron distribution function fits - ‘fast wind’

1985-06-19/22:04:47 1985-06-19/22:04:47
I S T I L

10'” T T T T T T T - 10'“ T T T T T
vaw [kmis] 65551 1 i vaw [kmis) 69551
» v 582 Y| 582
101 = A TNA It Perplit = 10" Perp fit
Yoo\ ne [#iee) 443 443 na [#es) 443
% s [lom!s) a0 vdg [emis] 20 75
3 te [eV: 13.13 tc (e 7.90
10" ; ; :;r?’ﬁl‘s] x||: 1712 10" % Vo 712
- ] ok GaQ 717 -4 — Qo vdh kmis) 1712
} i th [eV] 6693  23.63 th [eV] 3
s % IS 400 4,08 — % .
; RN ; .
E '0 — " ! . _ E '0.1.1 - O'
= Q’ X L3
“S:‘ 10"~ j : Rt - E: 10"
L Ay T o}\.
. e _ 8l
0 e - - \%{ N
* . " * ]
10% |- : ; 1 ; -1 10%° |- ; | ;
| 1 | 1 I | |
PR " 1 1 " 1 " " | 1 " PR PR " 1 1 " 1 L " | 1
-4-10" -2:10° 0 2-10° 410" -4-10" -2:10° 0 2-10°
Metnzd C1-Mil Salvs: 0 VJ. (km/s) Metngd C1-Mil Salvs: 1 VI | {km/s)
03020332 % 002414 03020332 ¥ 021058

- use drifting bi-Maxwellian core and drifting bi-Lorentzian halo, integrate strahl
0) correct f(v) for s/c potential

1) fit f(v) perpendicular to core and halo - use QTN initial values

2) fit f(v) parallel to core and halo - use QTN and f(v) perp initial values

3) subtract f(v) core and halo, fit strahl, and compute strahl moments



Current balance in the proton frame
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In the charge-center (~cm) frame, we expect zero net current: n_v.+n, v, +n. v, =0,

which seems to be so...
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Core electron-proton (| |) drift

~ Core drift vs. collisional age (uncorrected)
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Sunward drift in collisional regime

Core drift velocity vs. @g (for collisionally old plasma)

100 +—T—— . )
Vj(km/s) = (2.1£1.0) + (40.1+1.7) cos(gp - (3.7°+£1.8°)) i ‘
Red. x%: 1.07 n: 2061

Rt

£ o ‘ | [] i I
= * |
I | |
* |
-50 - -
'100--------.-E.---.--------.--------. .‘_0
0 90 180 270 360 O 1
¢35 (°) Lightness:

Counts/Column
The remnant drift (in the field-aligned solar wind frame) varies sinusoidally with the clock angle of the
magnetic field.
Projection of a constant drift in the sunward direction, which exists independent of the IMF direction.
We interpret this as evidence for a modulated spacecraft potential
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Variation in spacecraft potential
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Dipole correction to s/c potential

Effect of dipole term on even moments (N, T,)
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Core electron-proton (| |) drift

~Core drift vs. collisional age (corrected)
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Larger electron core drifts in the corona
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Larger a/p temperature ratios in the corona
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Electron core drift to v,

1.0
| Core drift normalized to solar wind speed
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Laggz%/ggre drift rates exceed the Alfven and sound speeds! This should be unstable.



Electron core drift to v,

Core drift normalized to Alfven speed
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Laggzg/ggre drift rates exceed the Alfven and sound speeds! This should be unstable.
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Heating by kinetic Alfven
waves (KAW)

Linearized Vlasov-Maxwell calculation
isotropic Maxwellian protons
Isotropic Maxwellian drifting core electrons
Isotropic Maxwellian drifting halo electrons
current balance: n_v_+n, v, =0 in proton frame
kinetic Alfven waves — highly oblique (89°), k p,~ 1

‘Heating’ rate is derived from Eej (Stix, 1962)

P = energy absorbed per wave period

P, >0 -species s absorbs wave energy
P, <0 - species s gives energy to wave

- E* ) X(Sl’w:wr ) E




Instability was studied by Gary (1975)

Sunward KAW for sunward core drift
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Dispersion/phase speed

Waves remain mostly in the proton frame
Few % Doppler shift at long wavelengths
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Benchmark
In the limit of weak damping/growth rates, we expect:

W (t T) — W(t
PtotEZPS%— (to+T) (O)zl—eZVTz—Q*yT
S

W (to)

0.107 — — —

0.08-

0.06-
...and we get it (here ]
for k p,=0.1) 0-04°
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Heating rates and energy exchange e kp=01
T.=T,and B, =1 here |

We get instability (driven clearly by core)

We get enhanced electron heating of halo

We get energy exchange between core and halo
- core energy heats halo...

Biot=1.0, the same parameter as Eliot's
figure 1(d), (k.. ,op)2 is just A, in Eliot's paper

Quataert (1998) looked at f ‘)‘ - ¥ o
: : : (e p.=0.7
2 relative heating rates with \ R e ! -
no drift and single e ’ — !
. population — we can 007
< replicate his result h
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Reference Mission: Launch and
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1st Min
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Launch Perihelion 7?533018
= Dates: Jul 31 — Aug 19, 2018 (20 days) at 9.86 Rg

= Max. Launch C3: 154 km?2/s2 12/19/2024

» Requires Atlas V 551/Delta IVH class
with project-provided Upper Stage

Trajectory Design
= 24 Orbits SETR———

==

= 7 Venus gravity assist flybys T /

Final Solar Orbits
= Perihelion: 9.86 Rq
= Aphelion: 0.73 AU

= [nclination: 3.4 deg from ecliptic
= Orbit period: 88 days

1st Perihelion

at 35.7 Rq
11/1/2018

January 13-16, 2014 APL

Mission duration: 7 years

4-11 Solar Probe Plus Preliminary Design Review



Reference Vehicle:
Anti-Ram Facing View

Solar Probe Plus
A NASA Mission to Touch the Sun
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January 13-16, 2014 APL
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Plasma environment

Parameters ~10 R, Typical 55 R, Typical 1 AU Typical
Magnetic Field |By| ~ OB 2000 nT 70 nT 6nT

Electric Field |E| ~ viBo 100 mV/m 30 mV/m 3 mV/m
Density Ne ~ dn, 7000 cm 120 cm 7 cm’
Electron Temperature T, 85 eV 25 eV 8 eV

Solar Wind Speed Vo 210 km/s 400 km/s 450 km/s
Alfven Speed Vo 500 km/s 125 km/s 45 km/s
Plasma Frequency foe 750 kHz 100 kHz 24 kHz
Electron Gyrofrequency fee 60 kHz 2 kHz 160 Hz

Proton Gyrofrequency f 32 Hz 1Hz 0.1 Hz
Convected Debye Scale Vou/ Mo 250 kHz (4 us) 125 kHz (8 us) |45 kHz (22 us)
Convected Electron Inertial Length Veu/ (C/0,c) 3.5kHz (0.3 ms) [825Hz(1.2ms) |180 Hz (5.5 ms)
Convected lon Inertial Length Veu/ (c/00y) 75 Hz (13 ms) 20 Hz (50 ms) 4 Hz (250 ms)
Convected lon Gyroradius Vou/ Pi 300 Hz (3 ms) 35 Hz (30 ms) 5 Hz (200 ms)
DC/LF Electric Fluctuations OE,~Vv,0B, [1V/m 10 mV/m 1 mV/m
Kinetic Electric Fluctuations OE, 1V/m 70 mV/m 10 mV/m
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Transition from Spitzer-Harm to a
collisionless regime

Stuart D. Bale, Marc Pulupa, Chadi Salem,
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Collisional transport theory

Spitzer-Harm (S-H) transport assumes that plasma is highly collisional:
- f(v) remains “Maxwellian as it convects through a temperature gradient L;
- Mo/L; (Knudsen number) is a small parameter and required for
proportionality of q,, and dT/dr

Ne LeT,
where ¢sg = —ksaV)T. and kgy ~ 3.16 ——=

Me

..sothat Kgg X Tf/2

Then if you want constant (conductive) luminosity L = 47T7“2q“ = const

you’re required to have T, ~ T_,Q\K/r\ich is in fact consistent with

measurements of the radial electron temperature profile... So that’s pretty

compelling. This is the basis of Chapman’s solar wind model
(h/s equil + q)

Maximum available heat flux (in subsonic wind v,>>v_, ) is so-called ‘saturation flux’
-qp=3/2nk,Tv, (thermal convection of full thermal energy)

- g, heat flux is consistent with adiabatic (T~r*/3) expansion at large radius, but not
r-2/7
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Figure 11. Ulysses observations and the (a) Thermal gradient
electron heat flux based on core temperature gradient. (b)
Thermal gradient heat flux based on halo temperature gradient
(note different scale). (c) Cuperman et al. [1988] predicted
electron heat flux, equation (17). (d) Feldman et al. [1975] bi-
Maxwellian empirical electron heat flux model. (e) Solid line:
whistler heat flux instability threshold, equation (23). Dashed
line: modified whistler heat flux instability threshold, equation
(24).

Some previous measurements

Scime et al. (1994) ’

1.00
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< 0.10

PR

—very sugges’tive: 0.,f~S-H regulation
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‘core’ SH heatflux too small
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Fic. 8.—Fifty consecutive days. Eleven minute averages of the normal-
Fe I d Man pa pe rs ized heat flux O, (eq. [2]) in the low-pressure and free (i.e., not connected to
the Earth’s bow shock) solar wind as a function of the ratio between the
electron mean free path Lg, (eq. [11]) and the scale of the temperature gra-
dient L7 (eq. [12]). (a) Scatter plot. (b) Average m (solid line) and standard
deviation o (m =% o; dashed lines) in equal bins of Lg, /Ly. The solid line SH
in both panels is the normalized heat flux predicted by the classical Spitzer-
Hérm collisional theory (eq. [13]).

Salem et al. (2003)



2 years of solar min

2 years of solar max S-H to collisionles:

Modes of jPDF of q;,/q, vs Ag /Ly

d,, is field-aligned hf

q, is saturation hf

A, is collisional mfp 1.00 1
L; is T, gradient scale

65% of data is SH/collisional
35% of data is collisionless

CIn/Qo

Collisionless limit g, ~ 0.3 g,

Never reaches q,

This is a=2/7 — if we fit the SH data to the
curve, we get

80% of 2/7 (0. =0.23 or s0)

2/7 =~0.286 :
Marsch et al., 1989 Spitzer-Harm »«—collisionless —»

0.10 1

Diagonal line is:

A
USH _ 1 g7 e
q0 Lt

.01 0.10 1.00
>\fp/|—T



B-dependence and instabilities

Gary et al (1994) marginal
instability thresholds:

- whistler

- magnetosonic

- short wavelength Alfven

These instabilities can choke
off the heat flux (at the
expense of wave growth)

B

Figure 1. The dimensionless electron heat flux as a
function of the parallel core 3 at the 7, = 1073, thresh-
olds of the whistler (solid squares), magnetosonic (open tri-
angles), and Alfvén (open circles) heat flux instabilities.
The solid line is the least squares fit to the whistler thresh-
old, equation (3a). Unless stated otherwise, the dimension-
less parameters in Figures 1 through 8 are as given in Table
1.

ilc



B-dependence and instabilities

Modes of q;,/q, vs Aq/L;

Broken into 4 intervals of
electron thermal 3

A¢, maps to 3 — high f is biased
to small A /L;

Fit to S-H relationship requires
a B-dependent a. (T ~ r¢)

Gary et al (1994) marginal
instability thresholds:

- whistler (blue dotted lines)
overconstrains the data

- magnetosonic (red dotted
lines) looks good in collisionless
regime. Who would’ve
thought?

- Mach number?
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Flux-limited SH
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FIG. 2. Reduction of Spitzer-Harm electron thermal
flux as a function of Ay/L for Z = 4; Curve I, self-
consistent limitation (f;<f,) with a sharp cutoff (see
Fig. 1); Curve II, free-streaming net flux limitation
(@ = 0.65) with a sharp cutoff; Curve III, same as I with

f1<0.75f, with a harmonic cutoff; Curve IV, same as
II with = 0.06 and a harmonic cutoff; and curve V,
same as IV with a sharp cutoff. The shaded region is
bounded by 0.03<a < 0.1 using a harmonic cutoff. The
solid triangles are the results from Ref. 5. Note that
the A of Ref. 5 defined at kT corresponds to 2.25),
here.

(Shvarts et al., PRL, 1981)

Moments of Boltzman Equation
(with cos(th) perturbation)

Limit f1 to fO (f1 becomes fO in an
ad hoc way)

{

:

2
2
~
o
T Cold and Hot Maxwellions
0.05 by./L,.=-04
L /Lo = 2.0
Le/bLon = /3
a,b,e: T,/T =2,5,10
0.02
,2,3,4:n,/n,=0,0.02,0.1,05
(oo [JL S T NS U 0 U B 1 S R U R U 10 W W—— E— S . |

|
0.001 0.002 0.005 0.01 0.02 0.05 0.1 0.2 0.5

- xc /LY:

FIG. 15. Same as Fig. 9 for the second set of scale lengths.

(Shkarofsky, PoF , 1983)



Outline and Summary

Electron velocity ‘core’” measurements

— Old stuff — Feldman 1975, Scime 1998

— Instability calculation — Gary 1975

Precision electron velocity measurements

— Wind/3DP measurements

— Monopole spacecraft potential correction with QTN
— f(v,) fits to core and halo

Core electron-proton drift

— Large drifts —in any units (v,,, V,, Cs, or even km/s!)
Core drift modifies KAW damping rates

Heatflux transition from Spitzer-Harm to something else



End



Core-halo resonant energy exchange
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