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control was robust and continued indefi-
nitely without further adjustment.

The slight drift in frequency in Fig. 1B is
attributable to a small and slow 100-Hz
ramp in the injection current from the TDL
control module. This drift shows that OPF
control can be maintained while varying
the center frequency of the TDL. We
achieved similar results with a fixed Fabry-
Perot etalon as the F/A by tuning the TDL
to one side of a low-finesse etalon fringe.
We maintained OPF control while scan-
ning the frequency over a range of ~80
MHez. This range is of practical importance
as it demonstrates that OPF can be used
with a TDL to scan across a molecular
absorption feature and to perform spectro-
scopic measurements at higher frequency
resolution than previously possible.

We can only give an upper limit to the
frequency stability attained with the OPF
method because the measurements are
dominated by detector noise that can only
be improved by signal processing (Fig. 1).
Another factor is that our F/A process in-
separably convolves amplitude and frequen-
cy variations. To calculate an upper limit,
we project the trajectories in two dimen-
sions (Fig. 4A). A histogram of the number
of points in each 0.2-MHz bin of the con-
trolled and uncontrolled emission is then
made (Fig. 4B). From a Gaussian fit to the
controlled distribution, we obtain a value
for its full width at half maximum
(FWHM), here being 1.68 MHz, which we
can use as a strict upper limit.

An equal partitioning of the intensity
and frequency variations in quadrature, a
reasonable assumption, would reduce the fre-
quency limit by V2, to 1.19 MHz. The
FWHM of the uncontrolled TDL excursion,
measured by hand, is ~18 MHz. Therefore,
the OPF method improves the TDL frequen-
cy stability by at least a factor of 11 to 15.
We can determine more accurately the fre-
quency stability by heterodyning the TDL
output with a stabilized 10-pm CO, laser.

The improved stability, in both the fre-
quency and the amplitude of the OPF-con-
trolled TDL, will enable new applications.
We have mentioned higher resolution spec-
troscopy that scans a TDL. An OPF-con-
trolled TDL can also be used as a local
oscillator for heterodyne radiometers. The
far-infrared (FIR) spectral regime is ex-
tremely important, and the recent develop-
ment of wide-bandwidth hot-electron bo-
lometer mixers makes the need for a suit-
able FIR local oscillator immediate. There
are numerous candidates for future OPF
control, such as an optically pumped sub-
millimeter laser that emits from 30 pm to 1
mm and whose output varies in a seemingly
random fashion because of nonlinear feed-
back between the pump and lasant gas.
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Solar Wind Magnetic Field Bending of
Jovian Dust Trajectories

H. A. Zook,* E. Grin, M. Baguhl, D. P. Hamilton, G. Linkert,
J.-C. Liou, R. Forsyth, J. L. Phillips

From September 1991 to October 1992, the cosmic dust detector on the Ulysses
spacecraft recorded 11 short bursts, or streams, of dust. These dust grains emanated
from the jovian system, and their trajectories were strongly affected by solar wind
magnetic field forces. Analyses of the on-board measurements of these fields, and of
stream approach directions, show that stream-associated dust grain masses are of the
order of 10~ '® gram and dust grain velocities exceed 200 kilometers per second. These
masses and velocities are, respectively, about 10° times less massive and 5 to 10 times

faster than earlier reported.

While the Ulysses spacecraft was in the
neighborhood of Jupiter, the on-board cosmic
dust detector (CDD) detected 11 intense, and
unexpected, streams of dust ([-3). The first
stream occurred 2359 Jupiter radii (R;, where
1 R, = 71,398 km) from Jupiter, and 137 days
before Ulysses' closest approach to Jupiter
(JCA) on 8 February 1992. The last stream
occurred at a distance of 4205 R,, or about 2
astronomical units (AU), from Jupiter and
254 days after JCA. The dust grains in these
streams are believed to have come from the
jovian system (2) for two reasons: (i) the most
intense stream, of 327 impacts onto the CDD,
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occurred only 31 days after JCA, and 327 R,
from Jupiter; (ii) stream radiants tended to lie
on, or near, the line of sight (LOS) direction
to Jupiter from the CDD. Both phenomena
are shown in Fig. 1, where dust stream impacts
are characterized by being unusually concen-
trated in the measured spacecraft rotation an-
gle, ¢, and in time (4). Each stream appears
to impact the CDD from a single direction
unique to that stream. The variation in ¢, is
largely due to the 140° field-of-view (fov) of
the CDD as it rotates through a stream radi-
ant, although a few degrees of variation in ¢,
may be due to a true spread in arrival direc-
tions of the dust grains. Strong non-gravita-
tional forces must be acting on the grains
during their trajectories from Jupiter because,
under gravitational forces alone, average
stream radiants would lie within a degree or
two of the LOS direction to Jupiter. This was
only true for streams S5 and S6. Analysis of
CDD data from the Galileo spacecraft, which
recorded even more intense streams of jovian
dust than Ulysses (5), suggested that Jupiter’s
moon, lo, is a likely source of the dust (6).
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Here we will focus on whether the reported
impacting dust grain masses and velocities
(1075g=m=4 X 10" gand 20 km/s =
VimP = 56 km/s) (2, 3) are compatible with
the observed direction of approach of the
streams to Ulysses. If they are not compatible,
we determine what size particles, traveling at
what velocity, and charged to what electro-
static potential are responsible for the ob-
served streams (7).

The CDD detects dust by measuring the
charge of the impact plasma created by an
impact of a particle onto the CDD surface. To
estimate the size, velocity, and charge of these
particles, we numerically simulate the ejec-
tion at the median time of each stream occur-
rence, backward in time and outward away
from Ulysses, of a large number (typically 107)
of electrically charged dust particles. Particles
are ejected in all directions that can be sensed
during spacecraft rotation, and are ejected

Fig. 1. Dust particle im-

e SRR R e

with many sizes and velocities. The equations
of motion, assuming acceleration due to grav-
itational and solar wind magnetic field forces
on each ejected grain, are then numerically
integrated backward in time (reversing also
the directions of the solar wind magnetic field
vector, and the particle, spacecraft, and solar
wind velocity vectors), to see if the grain
approaches to within 50 R, of Jupiter. If it
does, we consider it a potential solution in the
sense that the same particle could have left
the jovian magnetosphere, traveled forward in
time through the time-variable solar wind
magnetic field, and impacted the CDD. If, in
addition, the dust grain’s simulated ¢ lies
within the 95% confidence limits of the av-
erage &, it is considered a realistic solution
for that stream. It is numerically efficient to
integrate backward in time, because the inte-
gration starts at a known location and time
(the spacecraft location at the mean time of

pacts on the Ulysses
CDD versus measured L
spacecraft rotation an- 300
gle, ¢, and time. Solid
circles correspond  to
116 X 107C = Q <
4.46 x 10~ "“C and open
triangles correspond to
446 X 107C = Q < :
1.73 X 107 18C, where Q 100
is the amplitude of the to- r
tal positive ion charge ex- Laa
tracted from the impact H
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labeled 1 through 11, and are recognized when dust impacts are concentrated in time and rotation angle
(76). The solid line indicates when the CDD axis points closest to Jupiter, and Jupiter is in the fov of the
CDD. The sudden change in rotation angle on 8 February 1992 occurred as Ulysses flew by Jupiter. In the
dashed portion of the line, Jupiter never entered the CDD fov.
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Fig. 2. (A) Calculated spacecraft 300
rotation angle, ¢, versus particle ra-
dius, a, for the 7798 (of 107) time- 250
reversed simulated trial trajectories  ~
of stream S2 that passed within 50 §
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stream impact), as well as at known solar wind
velocity and magnetic field intensity values.

The quantitative analysis is outlined be-
low: For each grain simulated, a random num-
ber generator selects parameters a, V., 8,
and ¢ in each of the following ranges:

imp?

Opm<a=0.1pm;
20 km/s = V,,,, = 500 km/s;
15° =6 =155%0° = & < 360° (1)

where a is particle radius, 6 is the angle of
dust grain emission relative to the space-
craft spin axis (which points toward the
Earth), and ¢ is the emission direction
around the Ulysses spin axis. As the solar
wind velocity (8) and magnetic field (9)
vectors are continuously measured on Ulys-
ses, the total vector acceleration, a, of a
charged dust grain can be determined by

| a = _GMSrS/rS; - GIVIJI’J/YJ5

+ (Q/m)(v X B) (2)

where ry is the position vector from the sun to
the dust grain, rj is the position vector from
Jupiter to the dust grain, and v = v, = vgy,
where v, and vgy, are, respectively, the dust
grain and solar wind velocity vectors. G is the
gravitational constant, Mg and M, are the
masses of the sun and Jupiter, respectively,
and B is the solar wind magnetic field vector.
B ranged from 0.2 to 5 nT from 60 days before
S1 to the day that the last stream, S11, was
recorded and averaged about 1 nT. vgy
ranged from about 400 to 600 km/s, and av-
eraged about 450 km/s during the same period.
The initial time-reversed v, is related to im-
pact velocity, V, , the impact velocity of the
dust grain on the CDD, by v, = =(Vigy —
vee) where vy is the spacecraft velocity. The
charge, Q, on a dust grain is due to a balance
between solar photo-electron emission and
neutralization by solar wind electrons. The
resulting dust grain electric potential, V, is
somewhat uncertain, but +5 V is near the
average Ulysses spacecraft potential inferred
from the solar wind electron spectrum, and is
used here. The dust grain charge-to-mass ra-
tio, Qfm, is given by

Qfm ~ V/(pa’) (3)

The dust grain mass density, p, is assumed
to be 1 glem?®. All quantities are trans-
formed to ecliptic cartesian coordinates, an
inertial system for the numerical integra-
tion. Considering only the x-components
of acceleration, velocity, and position, the
(i + D)th iteration values of Vi and X, are
related to the ith iteration values by

Ui+ 1) = 0 () + a (DAL (4)
i+ 1) = x,(1) + v, ()AL (1)

+ 0.5a, (DAL (5)



where a.(i) is obtained from Eq. 2, ‘pr(i)
and x (i) are the velocity and position of
the dust grain at the beginning of the ith
interval, and Atp(i) is defined below. xp(O)
and v, (0) = —(V, . — vsc,) are the
particle position and velocity at the time of
impact, respectively. The y and z compo-
nents are treated in an identical fashion.

Care must be used in the evaluation of
Atp(i). For each ith-interval, 1-hour averag-
es are taken of the Ulysses-measured vector
components of the solar wind velocity and
magnetic field, and Atp(i) is the length of
time the particle spends in the correspond-
ing ith interval. Except for an assumed
weakening of the magnetic field vector
components with increasing distance from
the sun (10), it is assumed that all vectors
remain unchanged in direction as they are
carried radially outward at the measured
solar wind velocity. If, for example, the
particle is traveling, forward in time toward
the sun at radial velocity component,
v (i), then, approximately, it travels
tﬁrough the ith interval in a time (in hours)
of At (i) = Vow (/v g (1) + vew(i)]. Other
smaller corrections to Atp(i) are required
due to spacecraft motion, dust grain accel-
eration, and due to the assumption that the
solar wind velocity and magnetic field vec-
tors rotate with the sun. Magnetic field and
solar wind velocity vectors are assumed, as
an approximation, not to vary with solar
latitude out to —12° latitude.

For particles that were simulated to im-
pact on the CDD at the median time of
occurrence of stream S2 (Fig. 2A) only par-
ticles with radii in the range 0.006 pm <
a < 0.026 pm have &’s that lie within the
95% confidence bars of the measured mean
¢, (derived from data in Fig. 1). Larger
particles arrive from close to the LOS direc-
tion to Jupiter; the width in & for larger
particles is due to the 100 Ry width of the
jovian magnetosphere as seen from Ulysses.
A subgroup of particles with V, = < 45 km/s
(Fig. 2B) gives rise to a group (Fig. 2A)
whose particle radii lie between 0.014 and
0.023 pm. However, detailed laboratory cal-
ibrations with iron, carbon, and silicate par-
ticles impacting on a CDD with V=< 50
km/s showed (11) that the resulting impact
plasmas for particles less than 0.026 pm in
radius would be expected to be at least one
order of magnitude below the detection
threshold of 107 C. If particles below the
experimental detection threshold are elimi-
nated from our numerical results, then only
particles with 0.006 pm < a < 0.014 pm
(Fig. 2A), lie within the acceptable confi-
dence interval and only velocities greater
than about 100 km/s are acceptable (Fig. 2B).
A particle trajectory, representing one point
from Fig. 2, A and B, is shown in Fig. 3.

For stream S9, only particle trajectories

with radii in the range 0.005 < a < 0.01
pm and Vi > 200 km/s are compatible
with the mean ¢ for that stream (Fig. 2, C
and D). These simulations also show that
particles with radii less than 0.005 pm are
unable to make the journey from Jupiter to
Ulysses; all these particles, for every stream,
are caught up in the solar wind and swept
away (a particle of radius 0.01 wm traveling
at 450 km/s across a 1 nT magnetic field
feels a solar wind v X B force 2500 times
greater than the force of solar gravity at 5
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Fig. 3. The calculated trajectory of a dust grain in
stream S2, whose time-reversed trajectory
passed within 50 R, of Jupiter. The dust grain was
of density 1 g/cm?@, of radius 0.0069 pm, and
impacted the CDD at a velocity of 316 km/s. It
arrived from a ¢ of 201.8°, and from a 6 of 95.7°.
The flight time to Jupiter was 5.04 days and the
distance of closest approach to Jupiter was 29.7
R, (Top) The trajectory in three dimensions in a
coordinate system centered on Jupiter. The R
direction is positive to the left and outward from
the sun along the sun-Jupiter line. The T direction
is perpendicular to R and is parallel to the ecliptic
plane, and N = R X T points close to ecliptic
north. The trajectory starts at the label 1 at the
right-center of the diagram and proceeds, in re-
verse-time, radially outward from the spacecraft
to Jupiter. The part of the trajectory to the left of
Jupiter does not represent physical reality for par-
ticles originating in the jovian'system. Solid dots
and open circles indicate that the trajectory is,
respectively, above or below, the R-T plane. (Bot-
tom) The R, T, and N components of the above
trajectory, as well as the total distance, D, from
Jupiter versus reversed time.
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AU). It appears that the particles in every
stream except S6 have similar sizes and
impact velocities; the S6 impact plasmas are
somewhat larger than for the other streams.

The use of the solar wind magnetic field as
a giant mass-and-velocity spectrometer for
charged dust grains has constrained dust grain
radii and velocities suggesting that they are
small and fast. Our results are consistent with
the model of Horanyi et al. (12), who have
shown that the jovian magnetosphere can
accelerate dust grains, of the sizes that we
modelled, to velocities in excess of 300 km/s.
We agree with Hamilton and Burns (13) that
the temporal variation of the interplanetary
magnetic field (IMF) primarily determines
changes in the directionality of dust grains
impacting on the CDD on board Ulysses. But
our modeling uses the measured, rather than
their postulated, solar wind magnetic field;
from this, we find the particles to be much
smaller than the ones they modeled.
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