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intermediate position near the outbound intensity minimum
at L ~ 5.28. We recall from the discussion of Figure 5 that
the most isotropic point in the Miranda macrosignature
profiles for =3.1-Meyv electrons occurs near L ~ 5.4 and not
in the minimum-L region. Thus the anisotropy profiles
reflect to some degree the energy dependence found in the
intensity minima for the Miranda region. In the Umbriel
macrosignature the minimum values of n, ~1.3-1.4, liec in a
broader range at L ~ 10.0-10.8, the inbound intensity
minimum being in the vicinity of a local minimum in n. The
small rise in n within this region is associated with the
outbound transition feature at L ~ 10.34.

Intensity Contours

The contributions of anisotropy effects to the observed
macrosignatures are graphically demonstrated in the bottom
panel of Figure 12, where we show isointensity contours and
their relationship to the Voyager trajectory in magnetic
coordinates. For given drift shells the positions in B/B of
contours at constant, omnidirectional intensity are calcu-
lated using the relation B = B,(R,/R)'", where R is the
contour intensity in D1L counting rate units, R; is the
measured intensity inbound or outbound, B, is the field
magnitude at the measurement position, and » is our best
estimate (i.e., the wide-angle response value) of the local
anisotropy index. Note that small values of » result in more
nearly vertical contours (i.e., intensity is less dependent on
B/By), while large values produce more nearly horizontal
ones (i.e., radial intensity variations are less significant). The
more nearly vertical contours cluster in the minimum-L
regions where observed intensities rise rapidly inward, while
intensity minima occur in more anisotropic regions associ-
ated with horizontal rollovers of the contours outward from
the minimum-L regions.

CRS should observe local minima or maxima in intensity
whenever the spacecraft trajectory crosses any contour
twice in a macrosignature region, and the radial locations of
these minima would be determined by the contour configu-
rations in L and B/B,. On this basis the observations should
show intensity minima for all macrosignatures, except Um-
briel outbound where only single contour crossings are
evident for the latter in Figure 12. As is clearly evident in the
Ariel region, the more nearly vertical (i.e., isotropic) config-
urations of contours crossed nearer the minimum-B equator
are associated with smaller displacements of intensity min-
ima from the minimum-L regions, while larger displacements
further away from the equator appear in conjunction with
increasing anisotropy. Since larger local anisotropies are
associated with relatively lower omnidirectional fluxes at
higher latitudes, the intensity minima would naturally move
radially outward in the direction of increasing anisotropies as
the spacecraft latitude increased.

The observed depth of an intensity minimum can also be
affected by the direction of the spacecraft trajectory, an
example being the difference between the rather flat mini-
mum region of the inbound Miranda signature for =1.1-MeV
electrons in comparison to the considerably greater depth
outbound. This difference arose in the observations from
nearly parallel movement inbound along contours at L ~
5.4-6.0 and the nearly perpendicular movement across the
corresponding contours outbound. The absence of an in-
bound minimum for higher-energy electrons (=3 MeV) in the
Miranda region may be explained in a similar manner.
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Fig. 13. Fractions of electrons observed at constant B/B which

mirror below the satellite orbit. These fractions are calculated as
functions of L/L;, for different values of B/B, and anisotropy
index n of a pitch angle distribution j(a) = sin?" a.

Effects on Satellite Sweeping

Satellite absorption of the omnidirectional electron flux
varies with L = L ;. and B/B, along a satellite orbit [e.g.,
Paonessa and Cheng, 1987] and may have observable sig-
natures in pitch angle distributions of affected electrons. A
principal parameter is the local fraction (1 — f) of observ-
able electrons which mirror above the local B/B position of
the absorbing satellite. These fractions are determined by
the local pitch angle anisotropies. The residual fractions fj5,
corresponding to those electrons mirroring below the local
satellite latitude, are shown in Figure 13 for different con-
stant values of » and B/B, as a function of the satellite-
independent, radial parameter L/L .;,. Since the calculated
curves are used only for illustrative purposes, the satellite
coordinates in B and L are taken from the OTD field model.

The macrosignatures would be affected differently for
observations at low and high magnetic latitudes by the
orbital geometry. Near the magnetic equator, fp increases
rapidly with L/L ;, and should strongly affect the macrosig-
nature profile. At higher magnetic latitudes all electrons
mirror above the satellite orbit over increasingly wide re-
gions, wherein fz ~ 1 is constant. The effect of more
isotropic distributions is also to increase the radial zone of
potentially strong absorption and weaken the fy depen-
dence. However, the observed radial widths of the macro-
signatures show only weak variations with latitude, and the
effects of electron sources or diffusion may be more impor-
tant.

6. ELECTRON SOURCES AND DIFFUSION

The observations of finite electron intensities in spatial
regions swept by satellites provide clear indications of
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significant effects by radial transport processes and/or dis-
tributed, in situ electron sources. If sweeping losses were
not replenished, CRS should have found negligible electron
intensities as Voyager 2 passed latitudinally above the sat-
ellite orbits, where the entire electron population would
eventually be absorbed in the absence of diffusion. Further
indications of electron replenishment are provided by the
absence of recognizable, localized absorption features near
the minimum-L positions of satellites, where maximal
sweeping [Paonessa and Cheng, 1987] would otherwise
totally deplete electrons at all pitch angles, and by the
outward displacements of observed intensity minima with
respect to these positions, One might expect that intensity
minima for all electron energies should also be found near
minimum L. Inconsistency of this expectation with the
observations at MeV energies suggests that replenishment,
probably driven in part by diffusion, occurs in the sweeping
regions. '

Sweeping Time Scales

The primary factor characterizing satellite sweeping of
electrons mirroring near or above the satellite orbit is the
time scale Tgg for absorption of all such electrons within a
given drift shell in the absence of radial transport. In the limit
that the satellite radius r; is much larger than the electron
gyroradius r,, so ‘‘leapfrogging” effects can be ignored, this
time scale is approximately 27T s/Nw,4At. Ty is the synodic
orbital period of the satellite in the corotation frame of the
planetary magnetic field, w,; is the longitudinal drift fre-
quency of the electrons relative to the Keplerian motion of
the satellite in the corotation frame, At is the time interval of
direct contact between the local drift shell and the satellite
during each single sweeping episode, and N is the number of
such episodes (typically four) at the same L value per
synodic orbit. Expressions for w,; and At are given by
Paonessa and Cheng [1987], Cheng et al. [1987], and Cooper
[1990], the latter giving the radial dependence of Ar at
L/L i, = 1.01 with maximal values near L = L ;;, + reg- The
effective radius g for absorption is the sum of the satellite’s
geometric radius r; and the electron gyroradius r,, the latter
defining the dimension of the local electron flux tube. At
L/L in > 1.01 we use the Paonessa and Cheng approxima-
tion for At.

The radial dependence of the calculated sweeping times
Tsg is shown in Figure 14 for selected energies of electrons
mirroring at the latitude of the satellite orbit on the local drift
shell. Although the 22-keV profile for Umbriel shows an
exceptionally divergent radial form as it approaches the
longitudinal drift resonance limit (i.e., w,; equals satellite
angular velocity €, in corotating magnetic frame) in the 20-
to 40-keV range [Cooper, 1990] at larger L values, the other
profiles are dominated by the radial dependence of Az and
show the strongest absorption where expected. For protons
and higher-energy electrons the sharp spatial structure near
minimum L would be smoothed by leapfrogging effects.

The satellite signatures for LECP and CRS electron pro-
files in Figure 4 provide a measure of the most relevant time
scales for satellite sweeping in the macrosignatures. The
LECP profile for 112- to 183-keV electrons shows minimal
absorption features and corresponds to Tsg = 10 hours, the
drop in intensity near 1630 SCET being mainly due to the
spacecraft’s large latitudinal excursion near that time. The
first significant signs of absorption appear at 480-853 keV
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Fig. 14. Calculated sweeping times Tgg along orbit of satellite
as function of L/L p;, for @ = 90° at various electron energies for
Miranda (M) and Umbriel (U).

where Tgg ~ 102 hours in the intensity minima near mini-
mum L. Although the signatures for higher-energy electrons
show deeper intensity minima, the displaced positions of
these minima are located such that the local sweeping times
are still about 102 hours. The lack of observed features from
sweeping on shorter time scales near minimum L for the
MeV electrons indicates that diffusion and/or other sources
must compensate for rapid losses in the minimum-L region.
The absence of a ‘‘microsignature’’ in the outbound mini-
mum-L region of Umbriel has provided our best test for
diffusive replenishment on small spatial scales and can be
used to set limits on diffusion parameters in conjunction with
calculations of sweeping times, as discussed further on in
this section.

The relatively short time scales for electron replenishment
in the macrosignatures rule out the extremely weak source
[e.g., Blake et al., 1983; Cooper, 1983] of energetic electrons
from cosmic ray albedo neutron decay (CRAND) as a
probable source. The CRAND source strength for electrons
and protons would be several orders of magnitude lower
from cosmic ray interactions in the thin rings and the
hydrogen-helium atmosphere as compared to the source
from interactions with Saturn’s main rings. At Saturn, trap-
ping times of the order of 10 years are required for buildup of
CRAND protons to the observed intensities, whereas
trapped particles in the Uranian magnetosphere may be
removed on far shorter time scales by satellite sweeping in
the affected regions of the magnetosphere. The high intensi-
ties of sub-MeV electron fluxes found by LECP [Krimigis et
al., 1986; Mauk et al., 1987] cannot be accounted for by beta
decay except perhaps at energies near 2040 keV where Tgg
theoretically has very large values due to longitudinal drift
resonance. Even in this case, the resonant electron lifetimes
and the electron sources would be dominated by radial
transport, so the CRAND source would have negligible
effect, as confirmed by the lack of resonance structure in the
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LECP electron spectra at these energies [Mauk et al., 1987].
At higher electron energies the Uranian CRAND source
drops rapidly above the 0.8-MeV beta endpoint energy for
decay in the neutron rest frame. As calculated by Nakada
[1963] and others, less than 10% of beta electrons are emitted
at energies above 1 MeV in the laboratory frame for typical
source neutron energies of the order of 100 MeV. Only a
very few electrons, emitted in the forward direction, will
approach the 1.1-MeV energy threshold for parent neutrons
above 26 MeV. The source neutron flux above 600 MeV,
required to produce more than half the electrons above
threshold, is still lower by at least another order of magni-
tude as compared to the 100-MeV neutron flux [e.g., Cooper,
1983].

Evidence for Distributed Sources

Analysis of phase space densities is required to determine
if the source required for electron replenishment in the
macrosignatures can be accounted for by inward diffusion
and acceleration alone, perhaps complemented by pitch
angle scattering, or if other sources, such as magnetospheric
recirculation, make additional contributions. Monotonically
increasing radial profiles of phase space density at increasing
L indicate inward diffusion, while local minima in macrosig-
natures point to additional sources. A positive overall radial
gradient is evident in the density profiles of MeV electrons
[Stone et al., 1986], but the profiles within macrosignatures
require closer study. The report of local density minima in
most macrosignatures at sub-Mev energies [Cheng et al.,
19871, and the relatively deeper intensity minima found at
MeV energies, suggest that the higher-energy measurements
discussed here should provide critical tests of electron
source origin.

For a phase space density fAiM, K, L), defined in terms of
the three adiabatic trapping invariants [e.g., Schulz and
Lanzerotti, 1974], the relation to differential flux j(L, E, B,
@) is f = j/p?, where an electron of mass m, constant first
invariant M = p? sin? o/2mB, and constant second invariant
K = I*/8mM varies in energy and local pitch angle during
diffusive violation of the third invariant, L. The J parameter
is the path integral §p cos a ds of the momentum component
parallel to the local field line of differential length ds between
the conjugate mirror points. For equatorially mirroring elec-
trons (K = J = 0) the product p2L3 is constant, so such
particles are accelerated during inward diffusion. In order to
simplify this preliminary analysis, we assume that electrons
of constant M and K > 0 move along radial paths at constant
values of B/B,, a reasonably valid approximation for local
regions with radial dimensions of individual macrosigna-
tures.

The sign of the radial gradient for local phase space
density can be inferred from integral counting rate data,
provided (1) that anisotropy data are available to extrapolate
the measured omnidirectional intensities to arbitrary latitu-
dinal positions on the local drift shell and (2) that a power
law form j(E) « E~7 approximates the differential energy
distribution with no significant radial variation in y. Follow-
ing the approach of McKibben and Simpson [1980], we write
the L dependence of the phase space density as AM, L) x
A(L, B)L**372 for relativistic electrons, where A(L, B) is
the local integral intensity above a fixed energy threshold
(e.g., 1.1 MeV). If A(L, B) increases with L more rapidly
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Fig. 15. Phase space density profiles versus L (Q3) for indicated

values of the differential power law index y and for extrapolations of
the measured intensities to different values of B/Bj. For constant
values of the first adiabatic invariant M, the calculated phase space
densities are proportional to C(L)(B,/B)"L3*372 for counting rate
C(L) measured at field magnitude B, and extrapolated to B with the
omnidirectional values of n from the middle panel of Figure 12. The
selected values of M are arbitrary for L-dependent energies above
1.1 MeV at constant M.

than L 37372 3f/aL is positive and the local diffusion is
inward; otherwise, outward diffusion is inferred.

A key condition for the validity of the above approach is
that a pancake-type distribution meaningfully represents the
local pitch angle distribution. This allows the radial variation
of the omnidirectional flux to be separated from latitudinal
variations with respect to B/Bg as in J(L, B/By) = Jo(L)(Bg/
B)". This condition would not hold in the case of pitch angle
scattering, which would also violate the second invariant,
and such scattering should therefore be regarded as a poten-
tial ‘‘local source’’ in the event that local density minima are
found.

Figure 15 shows the result of computing phase space
densities with the McKibben and Simpson approach for the
indicated values of yand B/B,. The range y ~ 5-8 covers the
spectra above 1.1 MeV and is based on interpretation of
integral electron intensities above 1.1 and 3.1 MeV [Stone et
al., 1986] and pulse height analysis of energy deposits in the
D1 detector of TET [Selesnick and Stone, 1991; J. F.
Cooper, unpublished data, 1986]. The measured spectra do
not show strong spectral variations in the 1- to 2-MeV range
which dominates the D1 counting rate, although it is evident
from the profiles shown in Figure 4 and elsewhere that strong
variations occur near and above 3 MeV in the Miranda
sweeping region. For the present analysis we believe it is
sufficient to assume a constant spectral index; the work of
Selesnick and Stone will address this point further. The
omnidirectional fluxes at B/By = 1.0 and 3.0 are extrapo-



7816

lated using the omnidirectional values of the pancake index
(n) in Figure 12. The extrapolation is done with respect to
dead-time-corrected (see the appendix) DIL event rates
measured along the Voyager trajectory in L and B/B,
coordinates. The missing data points at L = 8.4-9.0 arise
from errors in calculating » near the inbound-outbound
latitudinal crossover, while other breaks in the profiles are
due to data gaps.

Independent of the assumed spectral index or latitudinal
location, there are clearly deep density minima in the mac-
rosignatures of Miranda, Ariel, and Umbriel. These features
cannot be removed by reasonable radial variations of the
spectral index within the limits of the measurements at 1-2
MeV. The radial dimensions of the density macrosignatures
are comparable to those of the intensity macrosignatures,
although the anisotropy structure does produce some quan-
titative differences in the shape and depth of the profiles. The
Ariel density profile at high latitude has an obvious outward
displacement with respect to the local minima of the equa-
torial profiles, which show no significant spectral depen-
dence. The overall decline in density inward from L = 13
suggests a strong, if not dominant, role by inward diffusion.
The local density minima may then indicate additional
contributions by internal sources and/or the nonadiabatic
effects of pitch angle scattering.

Diffusion Coefficients

The transport of trapped radiation at constant first (M) and
second (K) invariant is represented by the differential equa-
tion [Schulz and Lanzerotti, 1974]

af  , 8 (DLL of )

==L — |-~ +Sm.xk— Lk D

at oL\ L* 3L}, .
in which the radial diffusion coefficient is often parameter-
ized as D;; « L™. The assumption of time independence
(i.e., long-term averaging) gives 3f/at = 0, while the loss
term L ~f/T¢ is determined from the measurements and
satellite sweeping theory. For inward diffusion the volume
source term S is zero, but distributed sources would give
nonzero values.

The most rigorous approach toward deriving values of
D is to explicitly define the source and loss terms (e.g., via
satellite sweeping theory), and their dependences on M, K,
and L, solve equation (1) for f in terms of these parameters,
and determine values of constant coefficients in terms of
least squares fits to the measured phase space density
profiles. In the simplest case, where time dependence, pitch
angle scattering, and local sources are neglected, this ap-
proach gives well-determined values of the diffusion coeffi-
cient and its radial dependence as found in the work of
Cheng et al. [1987] and Hood [1989], who analyzed the
LECP phase space density data. However, since this case
does not allow for effects of local sources, the fits are best for
data without significant local minima in macrosignatures.
This limitation confines the validity of the analytic approach
to the lowest LECP particle energies which show minimal, if
any, local minima in intensity or phase space density pro-
files. At higher energies one must explicitly include finite
source terms to obtain meaningful fits to the CRS macrosig-
natures (R. S. Selesnick and E. C. Stone, unpublished
manuscript, 1990). Since we can only guess at the functional
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dependence on the independent variables of the source term,
in that we do not know the source a priori, the parameters
fits for D;; and S will retain large uncertainties until the
sources are better understood. In the present analysis we
instead utilize an empirical method for estimating D;; which
is based on dimensional arguments and gross physical pa-
rameters (e.g., radial width and average sweeping rate) for
the observed macrosignatures. The empirical values of Dy,
are then compared with those from the two LECP analyses
cited above and found to be in reasonable agreement.

The published works on electron sweeping by Io in the
Jovian magnetosphere provide comparative tests of different
empirical methods for estimating D, ;. For an Io sweeping
region of radial dimension AL, Mogro-Campero and Fillius
[1976] used a simple coefficient of the form D;; ~ (AL)%/
4Tp, where a time scale T, is required for an electron to
diffuse across this region. In equilibrium this time scale is
nominally equal to that required for sweeping to reduce the
ambient electron intensity (i.e., in the absence of sweeping)
to the observed minimum level within the satellite signature.
The above authors also used a second method incorporating
information on measured local gradients in phase space
density. The two methods yielded diffusion coefficients in
the range of 3 X 1073 to 4 x 1077 R?/s, the lower value
being calculated by the first method. Thomsen et al. [1977]
performed more elaborate calculations, solving for lossy
diffusion within the To sweeping region and lossless diffusion
outside that region, and finding an Io value of 4 X 10~ R}/s,
in reasonable agreement with that from the second method
of Mogro-Campero and Fillius.

Since all the above values for D;; differ only by an order
of magnitude for the case of electrons at Io’s orbit, we
postulate that an intermediate value, D;; ~ (AL)%/Tp,
provides a reasonable estimate which can be applied to our
electron macrosignatures at Uranus. We define the charac-
teristic radial dimensions of the observed macrosignatures at
Uranus to be twice the displacements of the intensity minima
from the time-averaged minimum-L values of the parent
satellites. Although these dimensions, listed in Table 2, may
not be the same as those more correctly calculated from
phase space densities, it is obvious from the radial intensity
profiles that widths of regions visibly affected by sweeping
are roughly approximated by the listed dimensions, which
differ by less than a factor of 2 between Miranda and
Umbriel. Using the relatively broad dimensions of the diffu-
sive profile, as recommended by Thomsen et al. [1977] in
regard to Io, ensures that the estimated values of D;; are
minimally affected by time-dependent effects of episodic
sweeping.

We further assume that the average sweeping time Tgg at
the intensity minimum, also listed in Table 2, roughly
approximates T within an order of magnitude. Since these
sweeping times are 102-10> hours, they are appropriate to
the approach of Thomsen et al. for long-term averaging over
many individual sweeping episodes. Since no signs of local
sweeping appear near minimum L in CRS macrosignatures
with local intensity and density minima, it would not be valid
to use the minimum-L sweeping rate, as done by Cheng et
al. [1987] for the low-energy electron signatures from LECP,
to model losses characteristic of the CRS macrosignatures.

Our estimated values for D;; in Table 2 lie in the range
1077-107% R}/s for the observed macrosignatures and agree
within a factor of 2 for different B/B, on the same L shell.
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TABLE 2. Estimated Diffusion Coefficients From Satellite Signatures

Satellite®  IB/OB®  MA/MI® L B/By¢ AL Tss D;., R{is
M IB MA 5.41 2.86 0.65 401 hours 29 x 1077
M OB MA 5.28 1.28 0.39 282 hours 1.5 x 1077
A 1B MA 7.84 3.09 0.75 144 hours 1.1 x 1076
A OB MA 7.70 1.50 0.47 105 hours 58 x 1077
U IB MA 10.74 1.00 0.70 81 hours 1.7 x 1076
U OB MI 10.286 2.10 0.04 53 min >5.0 x 1077

“Miranda (M), Ariel (A), or Umbriel (U).
bInbound (IB) or outbound (OB) signature.

“Macrosignature (MA) or microsignature (MI).

4Values for Voyager 2 only.

Increasing radial displacements at higher B/B, give corre-
spondingly larger empirical values of D;; , although these
may be artifacts of our estimation method. In comparison,
Cheng et al. [1987] found D;; ~ (5-9) X 1077 R}/s from the
LECP measurements of phase space densities for sub-MeV
electrons in the Ariel macrosignature. The more recent
analysis by Hood [1989] finds ~6 x 10°7 R 12,/5 for electrons
at constant M = 50 MeV/gauss near L = 7.7, which
corresponds to the lowest LECP electron response range of
22-35 keV. Since these LECP values are close to those in
Table 2 for Ariel within uncertainties at the order of magni-
tude level, we do not resolve any significant energy depen-
dence in the D;; values derived from low- and high-energy
electron measurements. This level of agreement is very
surprising in view of the completely different physical as-
sumptions (i.e., radially monotonic profile versus local min-
ima) and needs to be confirmed by more quantitative work.

The predicted (but undetected) outbound encounter with
an Umbriel drift shadow (see section 4) provides a lower
limit from microsignature analysis which is consistent with
the above values. As shown previously in Figure 7, the
potentially observable shadow in 1.1- to 1.5-MeV electrons
would have been traversed by Voyager 2 at L = 10.275-
10.316 (Q3), where AL ~ 0.04 and ¢t ~ 53 min, for drift over
a magnetic longitude interval of 277°. The initial depletion at
1.1-1.5 MeV would have been nearly total due to the
equatorial location of Umbriel near minimum L at 10.275.
Diffusive fill-in to a fractional level of 0.7 would give a limit
Dy, > 5 x 1077 R}/s, based on comparison to diffusive
profiles calculated for microsignatures by Van Allen et al.
[1980]. The slope transition of the macrosignature profile at
this position may have made shallower, but broader micro-
signatures more difficult to detect. For fill-in levels above 0.9
the corresponding limits would be D;; >4 x 107® R}/s. In
the Umbriel sweeping region the macrosignature value
D;r ~2 % 1078 R}/s agrees at the order of magnitude level
with these limits.

The similar radial widths of the Miranda, Ariel (out-
bound), and Umbriel macrosignatures suggest that D;,
cannot vary strongly with L if D;; is independent of energy
and if we ignore the relatively small radial variations in Tgg.
At comparable positions in B/B, the power law dependence
of D;; on L is L™, where m ~ 3.2-3.6 is consistent with
values of D, ; in Table 2. Since D;; ~ L'® would be more
characteristic of diffusion driven by externally induced fluc-
tuations in magnetospheric fields [e.g., Schulz and Lanze-
rotti, 1974], the radial transport of energetic electrons at
Uranus may be driven by other processes. The apparent
increase in D;; with magnetic latitude would also be incon-

sistent with diffusion driven directly by magnetic impulses,
which preferentially affect particles trapped near the equator
[see Schulz and Lanzerotti, 1974, Figure 26].

The inferred radial dependence is similar to that expected
for diffusion driven by an ionospheric dynamo, analogous to
that proposed to account for high diffusion rates in the inner
magnetosphere of Jupiter [e.g., Schulz, 1979]. Hood [1989]
also finds a low-order L dependence for low-energy elec-
trons and ions in the LECP macrosignatures and concludes
that the ionospheric dynamo is dominant. He further notes
that the random electric field variations expected from the
dynamo process at Uranus would be sufficient to produce
the inferred diffusion rates. Such L dependence is also
invoked to describe low-altitude transport in the magneto-
spheric recirculation model [Fujimoto and Nishida, 1990a,
b], which may explain the anisotropy variations within the
CRS macrosignatures.

7. CONCLUSIONS

The observed profiles of the macrosignatures are best
interpreted as quasi-stable features in which the time-
integrated effects of electron source injection, satellite
sweeping, and radial transport are in equilibrium. The lack of
correlation for observed intensity minima with the most
recent positions of maximal sweeping clearly shows the lack
of time dependence with respect to individual sweeping
episodes as each satellite crosses the minimum-B equator.
The presence of electron intensity minima in regions where
sweeping time scales are long (102103 hours) is indicative of
minimal effects from individual sweeping episodes occurring
at much shorter intervals. The observations of nonzero
electron intensities in regions swept at any finite level by the
satellites prove that the electrons are continuously replen-
ished by some source process, which can be either direct
local injection from a distributed, internal source or radial
transport into the swept region from injection sites else-
where in the magnetosphere. The local minima in phase
space density profiles for sub-MeV electrons from LECP
[Cheng et al., 1987], and the similar results for MeV elec-
trons from our present work, are consistent with effects of
distributed source injection which replenish the swept re-
gions via inward and outward diffusion from neighboring
regions where sweeping is less effective and injected elec-
trons build up to higher intensity levels.

Radial inward diffusion and acceleration provides a well-
known source of MeV electrons from lower-energy reser-
voirs in the outer magnetosphere. Generally positive radial
gradients in phase space densities of such electrons [Stone et
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al., 1986] indicate that such adiabatic diffusion processes
play a significant role at Uranus. Although the ~L3-L*
radial dependence of our macrosignature-derived values for
D;; is inconsistent with that expected for conventional
diffusion driven by magnetic or electric impulses, it is similar
to that expected for diffusion driven by electric fields from
the ionospheric dynamo [e.g., Schulz, 1979]. Recent work by
Hood [1989] gives a similar result from modeling of phase
space densities derived from LECP data for sub-MeV elec-
trons and protons.

Since phase space density analysis indicates deviations
from simple inward diffusion in regions of strong losses to
satellite sweeping, additional sources from magnetospheric
recirculation or other processes requiring nonadiabatic
transport modes may be required. The case for recirculation
is currently supported by the more isotropic electron distri-
butions near regions of strong sweeping, where this process
may provide the most effective replenishment source. The
recirculation model has been recently successful in account-
ing for energetic electron measurements of spectra and
anisotropies at Earth [Fujimoto and Nishida, 1990a] and
Jupiter [Fujimoto and Nishida, 1990b] and may be generally
applicable to Uranus as well. Alternatively, effects of pitch
angle scattering alone [Selesnick and Stone, 1991] might
supplement transport by adiabatic inward diffusion and
account for the anisotropy results.

In presenting a more detailed view of time intensity
profiles for MeV electrons, we have also compared the
observed magnetic coordinates of intensity minima and
maxima with predictions from the Q; model for the planetary
magnetic field. In the special case of Voyager 2’s passage
through its minimum L during the encounter, we have found
excellent agreement (AL ~ 0.01) between the times for
predicted and measured maximum intensity, having estab-
lished that maximum intensity should be found near the
minimum-L position. In that case we have verified that the
simpler offset, tilted dipole (OTD) model does not allow
accurate calculation of L.

On the other hand, we have also graphically demonstrated
that measured positions of minimum electron intensity are
close to, but not coincident with, the minimum-L positions
of satellites, where their sweeping rates are maximal. Elec-
tron absorption by the Uranian satellites, particularly at
energies above a few hundred keV, occurs over finite radial
zones and is not localized at minimum L. Although the
observed displacements of intensity minima from the mini-
mum L are indicative of effects from diffusion and/or distrib-
uted electron sources, these displacements are energy de-
pendent and cannot directly constrain magnetic field models
beyond the level already achieved in the preliminary CRS
analysis by Stone et al. [1986].

The 1986 encounter with Uranus has given us a brief but
informative ‘‘snapshot’ of an energetic electron population
which shows strong effects of satellite sweeping at higher
energies in the unique tilted field geometry of the planetary
magnetosphere. The deconvolution of various effects due to
field geometry, sources, sweeping, and diffusion at Uranus
will be difficult but challenging. Although much of the
magnetospheric physics at Uranus is necessarily similar to
that at Earth, satellite sweeping and macrosignature forma-
tion provide unique probes of magnetospheric dynamics and
new insights into the general physics of planetary magneto-
spheres.
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APPENDIX: CRS INSTRUMENTATION
AND RESPONSE

The full complement of charged particle telescopes in the
CRS includes two high-energy telescopes (HET-I and HET-
IT), four low-energy telescopes (LET-A, B, C, and D), and
the electron telescope (TET) [Stone et al., 1977; Stilwell et
al., 1979]. Previous radiation damage or electronic malfunc-
tions precluded multiple-coincidence analysis for HET-I and
LET-B. For the Uranus encounter the configurations of all
CRS telescopes were chosen to allow optimal observations
over a wide range of potential trapped radiation intensities
[Stone et al., 1986]. HET-I cycled every 3.2 min between
high- and low-gain states for measurements of low- and
high-intensity radiation environments, whereas HET-II was
operated continuously in low-gain mode. The TET configu-
ration provided continuous energy analysis of electron
events in the front D1 detector, while also allowing analysis
of multiple-coincidence events in the other detectors, D2-
D7. Events in the anticoincidence shields of HET-I and TET
were excluded from analysis to prevent excessive analysis
dead time in the event of high shield event rates.

The cycling and rate sampling frequencies were kept at the
same level throughout the encounter, primarily because we
could not anticipate the morphology of an unknown mag-
netosphere. The highest time resolution was provided by the
TAN counting rate and by B2L. (HET-II), these rates being
continuously accumulated at 6-s intervals. The DIL, D1H,
and other singles rates were sampled every 96 s in 6-s
accumulation intervals, but the HET-I gain cycling produced
lower sampling frequencies for some rates. Large gaps in
B2H (HET-I) coverage relative to B2L resulted, for exam-
ple, from 3.2-min intervals when HET-I was in low-gain
mode. The steplike appearances of some consecutive 6-s
counts (see Figure 6) were due to digitization error in
eight-bit rate accumulators which prevent resolution of
fractional changes smaller than 0.004.

Thresholds and Geometry Factors

Because of high electron intensities at Uranus and large
accidental coincidence rates in the CRS telescopes, the CRS
electron analysis was limited to counting rates and pulse
height data from single detectors. The nominal threshold
energies and geometric factors for electron counting in each
detector are listed in Table Al and were determined with
extrapolated range data [e.g., Evans, 1955] from the angle-
dependent shielding around the detector and from the elec-
tronic discriminator threshold for energy deposits in the
detector. The bow tie method [Fillius and Mcllwain, 1974;
Van Allen et al, 1974] was used to minimize dependence of
calculated response parameters on the energy spectra of
incident electrons [Stone et al., 1986]. (Recent laboratory
calibrations, utilizing a radioactive source ('%Ru) and a
magnetic spectrometer (R. S. Selesnick and M. D. Looper,
unpublished data, 1989), verify that the DI response is
reasonably well approximated by the bow tie method.) For
electrons we have also tabulated the energies E,, for
penetration of the detector windows and the energies E,; for
penetration of the detectors. The intermediate energy range
E,.,-E,, establishes the range in which all residual electron
energy is deposited in the detector.

The nominal response parameters in Table Al may not
characterize the true response for those detectors with
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TABLE Al. Nominal Voyager 2 CRS Detector Characteristics
Energy Thresholds?
Electronic G Factor®
Threshold, E,,, E,.,, E,, Epy, AQ,
Telescope Detector® MeV MeV MeV MeV MeV cm? sr
TET DIL 0.5 0.8 1.1 2.1 13 11
HET-I B2H 0.3 0.9 1.1 1.8 16 13
HET-VII B2L 2.0 0.9 (2.7)d 1.8 16 (17)‘1
TET DIH 2.5 0.8 (3.0)¢ 2.1 14 (12)4
HET-I C4H 1.0 2.3 3.1 49 28 21
HET-1 C2H 1.0 2.3 3.1 5.0 28 11
HET-I C3H 1.0 5.1 6.0 7.8 47 42
HET-I/II C4L 5.3 23 (7.6)¢ 4.9 30 13)¢
HET-I11 C2L 53 2.3 8.5 5.0 30 (13)4
HET-UII C3L 53 5.1 (10.3)¢ 7.8 48 30)¢

“The letters L and H denote low and high electronic thresholds, respectively, for the TET D1 detector. For the HET rates these letters
denote low-gain (L) and high-gain (H) states corresponding to high and low electronic thresholds, respectively.

E., and Ep, are the nominal electron and proton energy thresholds, respectively. E,,, to E,; is the range of incident energy for vertically

incident electrons to stop in the detectors and be counted with unit efficiency [e.g., Lupton and Stone, 1972]. All protons at energies near

E,, will stop in the corresponding detectors.

“Bow tie geometric factors calculated for nominal electron threshold. These do not include electron detection efficiencies.
9The nominal response parameters may not accurately represent the actual electron response if E,,, > E,; (see section 4).

sufficiently high electronic thresholds that E,, > E,,. In
these cases the actual detector responses would most likely
be weighted toward larger incidence angles where reduced
geometric factors allow longer path lengths through the
detector and satisfy the triggering condition that E,; = E,,.
The corresponding energy thresholds in these cases would
depend on the external shielding configurations at the larger
incidence angles. If the energy spectra of the incident
electrons happen to fall off so rapidly with energy that
relatively few electrons are incident at energies above the
nominal threshold, the detector response could become
dominated by pulse pileup from multiple electrons at ener-
gies in the range E,,, to E,,. Although these more complex
response factors require further study, we will refer to the
nominal parameters for the present work.

Electron-Proton Discrimination

The relative sensitivity of single CRS detectors to elec-
trons and protons may be assessed in part from the data in
Table Al, where we have also tabulated the proton energy
thresholds computed from the same external shielding pa-
rameters as were used to calculate the nominal electron
thresholds. The thresholds are generally much smaller for
electrons, which would then dominate the response of each
detector for incident particle spectra falling off rapidly at
MeV energies, even if the electron and proton fluxes at the
same energy were comparable. The pairs of low and high
electronic thresholds for the same detectors provide the best
available test for the presence of a higher-energy proton
component. The increases in the electronic threshold greatly
change the electron thresholds but have little effect on those
for protons. For example, the DI threshold increases from
1.1 to 3.0 MeV for electrons but only from 13 to 14 MeV for
protons. For most other detectors the changes in proton
thresholds are less than 1 MeV. This effect arises from the
relatively greater fraction of incident energy lost by the
protons in penetrating external shielding and from the rela-
tively larger decrease in differential energy loss per unit path
length with increasing proton energy. If the observed time
profiles and counting rates from the same detector at dif-

ferent electronic thresholds were comparable, a significant
proton response would be clearly indicated. Otherwise, a
much larger response at the lower threshold would be
indicative of electrons.

There is no direct evidence for a significant high-energy
proton component in the part of the Uranian magnetosphere
explored by Voyager 2. Initial reports of energetic particle
spectra at Uranus [Stone et al., 1986; Krimigis et al., 1986]
indicate that proton fluxes are generally lower than those of
electrons up to 10 MeV, the upper limit of the available
measurements for finite proton fluxes. A significant high-
energy component above 63 MeV was ruled out near closest
approach to the planet by Stone et al. They also defined an
L-dependent momentum limit 7.0/L? GV for stable adiabatic
trapping of charged particles. This limit precludes significant
trapped proton fluxes at L = 6.6. On the other hand, their
analysis did not rule out protons in the 13- to 63-MeV range
in the Miranda sweeping and close approach regions. How-
ever, the very different counting rates registered at different
energy thresholds in these regions for the same physical
detectors (e.g., DIL-D1H, C4H-C4L., C2H-C2L.; see Figures
10, 11, and A1) argue against significant proton fluxes in this
intermediate range.

The different shapes of energetic electron and proton time
profiles also allow a measure of discrimination for particle
type. The relative levels of the counting rate peaks at 1830
SCET and 2000 SCET in Figure 4 are characteristic of
energetic electron response at energies above 102 keV,
whereas the LECP proton counting rates at 0.2-2 MeV
[Krimigis et al., 1986; Mauk et al., 1987] and the 22- to
35-keV electron profile in Figure 4 show a higher peak near
2000 SCET than at the spacecraft’s minimum-L value. This
second peak is associated with the spacecraft’s proximity to
the minimum-B equator as shown in Figure 2. The LECP
authors noted that the inbound fluxes for protons above 0.54
MeV were 3 orders of magnitude lower than the correspond-
ing outbound fluxes in the radial region between the mini-
mum-L positions of Miranda and Ariel. This large inbound-
outbound asymmetry probably arises from the extreme
anisotropy of pitch angle distributions for stably trapped
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Fig. Al. Integral counting rates in the inner magnetosphere for

three discriminator levels of the D1 detector in the electron tele-
scope (TET): DIL (=1.1-MeV electrons), DIH (=3.0-MeV elec-
trons), and TAN (D1L.D1H). The TAN rates are shown at maximal
resolution of 6 s with broken curves, the breaks indicating data gaps,
while the other two rates are available in one 6-s interval every 96 s.
The vertical arrows mark the closest point of approach (CPA) in L
to Uranus and the approximate location of maximum electron
intensity. Note that TAN reaches a local minimum near CPA due to
the high veto rate from D1H.

protons at higher energies in this region. In comparison the
dead-time-corrected counting rates for MeV electrons from
CRS differ by no more than 1 order of magnitude inbound
and outbound in the same region, so significant contributions
to the nominal electron profiles from protons at much higher
energies are improbable.

Linearity of Counting Rates

The highest counting rate levels were registered by CRS
inside the orbit of Miranda and provided an opportunity to
test the nonlinear response of the CRS counting electronics
under extreme conditions. In Figure Al the following count-
ing rates are shown for the period 1730-1930 SCET from
three D1 discriminators: DIL, D1H, and TAN. The first two
respond to energy deposits above 0.5 and 2.5 MeV, respec-
tively, while the third triggers pulse height analysis for DI1L
events with no DIH trigger (i.e., TAN events satisfy the
logic condition D1L.DIH).

The DIL rate saturates at =5 X 104 counts per second
(cps), corresponding to a minimum retrigger time 7, ~ 20 us
for the associated electronic discriminator in CRS, which
gives us a key parameter to estimate dead time corrections
elsewhere. The true DIL incidence rate R can then be
approximated by R ~ C/(1 — C=,) in terms of C, the
observed raw counting rate. For example, the true rate near
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1430 SCET at a local intensity peak would be about 25%
higher than the observed rate. The lower count rates of 103
cps near 1345 SCET and 1600 SCET would require dead time
corrections of only 2%. We therefore conclude that CRS
counting rates near minimum levels in satellite absorption
signatures are sufficiently linear to allow accurate measure-
ments of the positions of those minima without discriminator
dead time corrections. We do, however, make these correc-
tions to facilitate latitude extrapolations of omnidirectional
fluxes in the CRS anisotropy (see section 5) and phase space
density (see section 6) analyses.

The TAN rate response in the close approach region is
more complex, because of the anticoincidence with DIH
events, and shows a rollover at 4 x 10* cps and a decline
toward a local minimum of 2 x 10* cps which occurs at 1836
(£3 min) SCET and L = 4.68. This position is very near that
of minimum L for Voyager 2, as discussed in section 2. The
maximum D1H rate and the minimum TAN rate correspond
to the maximum electron fluxes which are observed within
AL ~ 0.01 of the closest point of approach in L to Uranus at
L ~ 4.67. The sum of TAN and D1H rates is nearly the
saturated D1L rate, consistent with the trigger condition for
TAN. The slight depression of D1L near 1830 SCET may be
due to baseline shift and/or pileup effects, but the ratio of the
observed DIL and TAN rates is determined linearily by the
D1H anticoincidence as expected. Thus we see no evidence
of significant electronic distortions which might have af-
fected counting rates with higher energy thresholds in this
region.
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