A&A manuscript no.

(will be inserted by hand later) Your thesaurus codes are: ?????

ASTRONOMY AND ASTROPHYSICS

November 18, 1998

Interplanetary scattering effects in the jovian bKOM radio emission observed by Ulysses

C. H. Barrow^1, G. Woan^2, and R. J. MacDowall^3

1 Max-Planck-Institut für Aeronomie, D-37189 Katlenburg-Lindau, Germany 2 Department of Physics and Astronomy, University of Glasgow, U.K. 3 NASA/Goddard Space Flight Center, Greenbelt, MD 20771

Received ??? / Accepted ???

Abstract. The scattering of radio waves by the interplanetary medium (subsequently referred to simply as ‘scattering’) imposes limitations on measurements of fine temporal and angular structure at low radio frequencies. The jovian broad-band kilometric radiation (bKOM) is highly structured and observations of this emission, by the Unified Radio and Plasma Experiment (URAP) on board ULYSSES, have been used to study scattering at extremely low frequencies. Structures observed in the bKOM during 1995-6, when the spacecraft was at distances greater than 5 AU from the planet, are compared with observations made in 1991 when the spacecraft was relatively close to Jupiter (∼ 1 AU). Measured values of the e-folding time are compared with theoretical values of temporal broadening and with solar wind electron density measurements made by the SWOOPS experiment on Ulysses. In general, we find that temporal broadening increases with source-observer distance and decreasing frequency, as expected from standard broadening theory, although a few inordinately low values were also observed at distances of 5 to 7 AU. At frequencies close to 45 kHz, an upper limit of about 8 min is clearly visible in observations of the temporal broadening made about 1 AU from Jupiter. Average values of the e-folding time at these same frequencies show a well-defined increase with distance from Jupiter of about 8 min AU^{−1}. We interpret this as ‘saturated scattering,’ where all ray paths between source and observer are explored, giving an upper limit to the temporal broadening which the medium can introduce. These observations establish limits for scattering in the interplanetary medium (IPM), which are relevant to all low frequency radio observations.

Key words: ???

1. Introduction

Electron density irregularities in the interplanetary medium (IPM) generate variations in refractive index, scattering originally parallel rays originating from a distant source along a range of paths of different lengths. The signal received from the

Send offprint requests to: C.H. Barrow

Fig. 1. Flight path of Ulysses from launch to the beginning of 1997 with the orbital path of Jupiter for the same period. The beginning of each year is indicated by ∗ for Ulysses and + for Jupiter.

source therefore shows both angular and temporal broadening, well modelled by wave propagation theory (e.g., Rickett 1990).

Steinberg et al. (1985) used ISEE-3 observations of interplanetary type III bursts to measure source sizes at frequencies ≤ 300 kHz. They found that the source sizes expand with decreasing frequency to ‘fill a cone’ whose apex is at the Sun. This was interpreted as an observation of the scattering screen rather than the original source. The observed source sizes were found to be correlated with the local plasma density measured at ISEE-3 which was then in an elliptical halo orbit about the L1 point, 235 Earth radii from the Earth on the Sun side. Cairns (1995) has studied scattering effects in 2-3 kHz radiation observed by Voyager beyond 10 AU and believed to be generated in the outer heliosphere. Significant angular broadening is predicted based upon extrapolation of scattering theory close to 1 AU. In the present paper, we use observations of Jupiter made by URAP to study scattering from a source at distances greater than 5 AU in the anti-solar direction, when Ulysses was at about 1.5 to 3.4 AU from the Sun.

The URAP experiment has been described in detail by Stone et al. (1992a), and observations close to Jupiter are reported by Stone et al. (1992b). ULYSSES approached Jupiter from a jovicentric declination of about 1.5^∘ (Fig. 1), passing briefly into an extreme northerly declination before entering a southerly declination close to −38^∘ after encounter. The spacecraft then continued to south solar polar pass in June–October, 1994, and crossed the plane of the ecliptic into a northerly heliographic latitude in March, 1995.

A number of jovian bKOM events were observed during 1995 and 1996, when the spacecraft was at distances greater than 5 AU from the planet. In some of these events, e-folding times (defined here as the time for the bKOM intensity to drop by a factor e from its maximum value) could be measured within a frequency range of about 150 to 35 kHz. Here, we compare these measurements with theoretical broadening values and with solar wind electron density measurements made

Fig. 2. Predicted temporal broadening from a thin screen, using small angle approximations. (a) Kolmogorov (dashed line) and (b) Gaussian (solid line) spatial power spectra.

by the SWOOPS Experiment (Bame et al. 1992; Phillips et al. 1995).

It has not been possible to check the theory experimentally in the past as there was no situation where the source distance and the electron content of the intervening medium were known. The jovian bKOM is highly structured and Ulysses URAP observations of the emission offer the possibility of addressing this problem, albeit approximately. A preliminary report of this work was presented at the 1996 Planetary Radio Emissions Workshop IV, Graz (Barrow et al., 1997).

2. Interplanetary scattering

Extreme scattering effects in the interplanetary medium have been reviewed by Woan (1997) as part of a feasibility study for a radio telescope on the far side of the Moon to operate at frequencies below 30 MHz. A full understanding of the scattering phenomenon can only be gained by modelling the diffactive propagation of waves through the turbulent IPM. However, when the scattering is strong (that is when the Fresnel scale at the scattering medium is greater than the field coherence scale at the observer) important results from the wave model approximate to those from simple geometric refraction (Hewish 1989). This is the case for the inner IPM at frequencies below several tens of megahertz.

A Kolmogorov power law model of the spatial density spectrum in the IPM predicts temporal broadening scaling as τ_b ∝ ν^{−4.4}, where ν is the radiation frequency (Rickett 1977). However, there is good observational evidence for a deviation from this power law on spatial scales of 10 to 100 km (e.g., Cohen et al. 1967; Readhead, Kemp & Hewish 1978; Harmon & Coles 1991) making a Gaussian spectrum more appropriate for these observatons, and resulting in a temporal broadening that scales as τ_b ∝ ν^{−4} (Rickett 1977). There is little observational evidence to confirm the validity of either scaling relation at very low frequencies, but it is often assumed that the broadening seen by an observer 1 AU from the Sun along a line of sight with solar elongation ∼ 90^∘, will increase with decreasing observing frequency as τ_b ≃ 0.1ν^{−4.4}, where ν is the observing frequency in megahertz and τ_b is in seconds. This is shown in Fig. 2 (dashed line) and assumes not only a Kolmogorov model for the spectrum of density inhomogeneities in the solar wind but also small scattering angles. Thus, intrinsic fluctuations in source flux density on time-scales of less than 5 ms could not be seen at the Earth at frequencies below about 2 MHz. At still lower frequencies, the small angle approximations used to derive the relation are no longer valid and simple arguments indicate that, at some frequency below about 150 kHz at 1 AU, τ_b should attain a limiting value approximately equal to the light travel time between the source and the observer.

2.1. Analysis

At frequencies below a few tens of megahertz, the combined effect of refractive index variations over spatial structures in the IPM is sufficient to introduce random phase variations much greater than one radian across a propagating wavefront. Under these conditions we are able to treat many scattering effects geometrically and consider the effect of the medium on the local normal to the wavefront. The simplest analysis is due to Booker et al. (1950) applied to the Earth’s ionosphere, but the approach is equally applicable to modelling the IPM when scattering is strong.

It can be shown (e.g., Thompson et al. 1986; Lyne & Graham-Smith 1990) that density variations, Δn_e, in a thin screen within the IPM corrugate an otherwise plane wavefront so that a point source seen through the screen appears scattered to an rms angular size of

θ_s ≃ ( D a )_{1/2} r_eΔn_eλ^2 , (1)

where r_e is the classical radius of an electron, λ the observing wavelength, D the screen thickness and a the scale-size of the irregularities (that is the characteristic width of the distribution, here assumed to be Gaussian). The assumption of a scale-size may appear to be overly restrictive but more sophisticated models based on a Kolmogorov power-law spectrum for the density irregularities give very similar results down to about 200 kHz, except that θ_s ∝ λ^{2.2} (Rickett 1977). The Kolmogorov model leads to the classical ν^{−4.4} relation stated above, while the Gaussian model (below) gives τ_b ∝ ν^{−4} (Fig. 2, solid line). Both forms of the relation assume that only small scattering angles are involved, so setting a low-frequency limit to the validity of each relation. In the following analysis, for simplicity, we consider only the Gaussian thin-screen model.

The effect of the scattering screen on temporal structure in the radiation follows directly from the angular broadening identified above. Rays from a source at infinity, scattered by the screen through an angle θ_s, will take an extra time τ = zθ^2_s 2c (2) to reach the receiver relative to an unscattered ray. Here z is the distance between the receiver and the screen, c is the speed of light and the scattering angle is assumed small, so that tan θ_s ≃ θ_s. A radio pulse entering the medium will therefore emerge convolved with a function of characteristic width τ and structure on much finer temporal scales will be lost.

In the thin-screen case, Cronyn (1970) showed that the intensity profile, I(t), of a broadened pulse is I(t) ∝ exp(−t/τ) , (3) i.e., a truncated exponential with I(t < 0) = 0 and decay time of τ (Fig. 3a). In this case the e-folding time of the structure, τ_b, is equal to τ.

The more difficult problem of a thick strongly scattering screen was first tackled in a series of papers by Williamson

Fig. 3. (a) pulse profile predicted by Eqn. (3) and (b) pulse profile predicted by the Williamson model and a 1 to 2 AU screen.

(1972, 1973, 1974) in the context of pulse broadening in pulsars by the interstellar medium (ISM). Williamson found that a pulse travelling through a thick scattering screen emerged with a profile having a more gentle rise than in the thin-screen case, but still with an approximately exponential decay.

In the case of jovian emission, we are concerned with scattering in the IPM rather than in the ISM, but the results are entirely applicable. As the plasma number density of the IPM falls off roughly as R^{−2}, where R is the distance from the Sun, and because the Ulysses observations were carried out with the spacecraft between the Sun and Jupiter, we are particularly concerned with Williamson’s solution when the scattering medium is uniform but close to the observer rather than uniformly distributed between observer and source. If, as an example, we consider the situation in which Jupiter is in the antisolar direction, the amount of temporal broadening of a jovian signal from material at a distance z from the spacecraft is ∝ zθ^2_s ∝ zΔn^2_e ∝ z/(R_0 + z)^4, where R_0 is the distance of the spacecraft from the Sun. We also assume that the result Δn_e ∝ n_e, shown to be true for the quiet solar wind at higher radio frequencies, holds on spatial scales appropriate here. This function peaks strongly at z = R_0/3 and so, to reflect this distribution, we will crudely model the number density of the IPM in the antisolar direction as uniform from 1 to 2 R_0 and zero thereafter. Provided that the Sun, the spacecraft and Jupiter are roughly aligned, the exact geometry is not critical to the general shape of the response function. The form of a broadened pulse after passing through this example model is shown in Fig. 3b. Note that these standard scattering results were established in the context of signals received at the Earth at much higher frequencies than we are considering here. The time axis scales as t/τ ∝ λ^4, so long wavelength signals are broadened over considerable time periods and, at frequencies below about 150 kHz seen from the Earth, there will a limit to the temporal broadening as the scattering angle increases. For observations made by Ulysses, we would expect this limit to occur at lower frequencies, whenever the scattering disc associated with the source is greater than about 30^∘.

These large scattering angles will make the radiation appear to come from most of the sky. However, the longer scattering paths will be attenuated by inverse-square losses and the effective limit to the temporal broadening will approximate to the light travel time between the source and the observer, i.e., about 8.3 min for 1 AU. In the interplanetary medium, for an observer at 1 AU, this restricts the validity of a λ^4 law to frequencies greater than about 150 kHz. A rigorous analysis for signals scattered over these large angles has never been attempted although it is clear that, once we consider back-scattering (and other) effects which occur as the frequency approaches the plasma frequency of the IPM (typically, about 25 kHz at 1 AU, in the plane of the ecliptic), the situation becomes much more complicated. However, provided the saturated scattering approximation remains valid, we would not expect to see much structure on timescales less than the light travel time between the source and the observer.

3. Ulysses Antennas/Receivers

The receivers cover two bands, from 1.25 to 48.5 kHz (lo-band) and from 52 to 940 kHz (hi-band). Hi-band operates in 12 channels, approximately logarithmically spaced, each frequency being determined by one of twelve crystal local oscillators. The intermediate frequency (IF) amplifier frequency is 10.7 MHz, the dynamic range about 70 dB and the bandwidth 3 kHz. Loband operates in 64 channels, arithmetically spaced at 0.75 kHz intervals. The IF amplifier frequency is 432.25 kHz, the dynamic range about 70 dB and the bandwidth 750 Hz. The receivers are connected to a 72 m wire antenna perpendicular to the spacecraft spin axis and to a 7.5 m monopole antenna along the spin axis. The spacecraft and the antenna system spin with a 12 s period. The inputs from the antennas can be combined to synthesize an equivalent dipole tilted with respect to the spin axis. By combining the inputs with suitable phase differences the polarization of the incoming waves can be determined (Manning & Fainberg 1980; Stone et al. 1992b). The sensitivity, when used in the separation mode (Stone et al. 1992a), is about S_{min} ≃ 5 x 10^4 Jy at 100 kHz. In the summation mode the sensitivity is down by about 10 dB.

4. Ulysses URAP Observations

Typical examples of spectra and fixed frequency cuts, relatively close to Jupiter and at distances greater than 5 AU are shown in Figs. 4 through 8. These figures are on a 10 hour time-scale and represent approximately one jovian rotation. Fig. 4 shows the spectra of a bKOM event, recorded in 1991, when Ulysses was approaching Jupiter at a distance of about 1.1 AU from the planet. Lo-band fixed frequency cuts across these same spectra are shown in Fig. 5. The time resolution of both hi- and lo-band data sets is 144 s. Similar plots of a bKOM event, in 1996, are shown in Figs. 6 and 7, recorded when the spacecraft was at a distance of about 7.2 AU from Jupiter. Structuring, which is inherent to the bKOM, can be seen in Figs. 4 and 5 but this is not apparent in Figs. 6 and 7. Presumably most of the structuring has been smoothed out by the effects of temporal broadening over the greater distance travelled by the radiation through the IPM; of course, the intensity at the spacecraft is lower. The difference in structuring is clearly visible in Fig. 8, where 45.5 kHz cuts of the two events shown in Figs. 4 through 7 are compared. In the Fig. 8 plots, three adjacent lo-band frequencies (represented by dotted lines) are averaged. Note that, in Figs. 5, 7 and 8, the intensity scales are not the same for all frequencies.

The reason for averaging three consecutive lo-band frequencies is to remove most of the signal variation due to spinning of the spacecraft-antenna system; three frequencies are collected in six seconds, which is approximately one-half of the

Fig. 4. Typical dynamic spectra of bKOM activity, recorded by URAP on 910928, when Ulysses was approaching Jupiter at a distance of about 1.1 AU.

Fig. 5. Single frequency plots of the event shown in Fig. 4. The unit of intensity is a telemetry unit, approximately proportional to the voltage.

Fig. 6. Dynamic spectra of bKOM activity, recorded by URAP on 960222 when Ulysses was at a distance of about 7.2 AU from Jupiter.

Fig. 7. Single frequency plots of the event shown in Fig. 6. The unit of intensity is a telemetry unit, approximately proportional to the voltage.

spacecraft spin period. In hi-band, the data at a given frequency are collected for 12 s; these data are averaged together and so spin-modulation should not be present in this data. Inbound to Jupiter, close to 1 AU, there was little or no spin-modulation because Jupiter was close to the spin-axis of the spacecraft. Thus, most of the structural features shown in Figs. 4 and 5 are probably intrinsic to the bKOM.

If we assume that the e-folding time and the duration of the main peak of the emission in Fig. 8 (upper section) are the result of temporal broadening of the impulsive bKOM emission, we can assess the effects of interplanetary scattering over the known distance of Jupiter to Ulysses. Detailed examination of URAP data taken during the period January 1, 1995, through July 31, 1996, revealed a number of bKOM events recorded when Ulysses was at distances of about 5 to 7 AU from Jupiter. In some of these, e-folding times could be measured. As the time resolution is 144 s, it can be seen from Fig. 2 that we would not expect to be able to measure temporal broadening on higher frequency URAP channels than 196 kHz.

5. Measurements

The e-folding time of a major emission peak can be measured at different frequencies from single frequency plots, of the type shown in Fig. 8. Sometimes the duration of the activity can also be measured although this is more difficult because of structuring within the bKOM.

The terminology, event, burst and structure, is traditional from the earliest days of Jupiter research. An event may contain a number of bursts (as in Fig. 4) or it may be smoothed to a

Fig. 8. Comparison of single frequency plots from the events shown in Figs. 4-7. Each 45.5 kHz plot is the average of three adjacent frequencies represented by dotted lines. The dB unit of intensity is proportional to the emitted power.

Fig. 9. e-folding time against frequency for 1991 bKOM events. The straight line represents the 8.3 min limit predicted for observations close to 1 AU from the planet.

Fig. 10. e-folding time against frequency for 1995/6 bKOM events. The straight line represents the 8.3 min AU^{−1} limit drawn for 6.6 AU, about 55 min, for observations at 5.5 to 7.2 AU from Jupiter.

Fig. 11. Average e-folding time at 40.25 to 47.75 kHz against Jupiter distance. The straight line represents the 8.3 min AU^{−1} relationship predicted for observations at the lowest frequencies.

Fig. 12. Average e-folding duration at 40.25 to 47.75 kHz against Jupiter distance.

Fig. 13. Average e-folding time at 40.25 to 47.75 kHz against SWOOPS electron density at the spacecraft. Points shown as + are for measurements made when Ulysses was close to the plane of the ecliptic. Points shown as ∗ are for measurements made when Ulysses was at heliocentric latitudes greater than 50^∘.

single burst by scattering (as in Fig. 6). A burst may contain structures (as in Fig. 8, lower section).

The e-folding time was measured from single frequency plots, with the time scale expanded to four hours, using a procedure similar to that of Güdel and Benz (1990). This simply involves measuring the time duration between the time of the peak and the point where the the burst/structure trailing edge profile reaches the −4.3 dB level. Of course, the assumption is made that the decay is approximately exponential.

The problem was to find bKOM bursts or structures that were sufficiently intense, and sufficiently smooth from the peak down to the −4.3 dB level. As might be expected, at distances greater than 5 AU from Jupiter there were not so many bursts and structures observed that were really intense and in the worst cases we had to measure down almost to the background noise level. As we were only trying to measure e-folding times it was decided that the decay of a structure was as valid as the decay of an isolated burst if the structure was of a sufficient intensity and separate down as far as −4.3 dB.

The background levels for the single frequency plots result from a variety of sources, including thermal plasma noise in the vicinity of the antenna, weaker Jovian and solar radio bursts, and, in the higher frequency channels, galactic emission. The variation of the combination of these sources is unpredictable; however, the effect on the determination of e-folding time is only significant for bursts whose peak intensities are within about 5 dB of the background level. The background level is usually different for each event and for each frequency. Furthermore, the thermal plasma noise varies with the in situ electron density and temperature and, consequently, can cause significant changes in the background level on short time scales.

Fig. 14. Average e-folding times of bKOM events, observed in 1991 at 40.25 to 47.75 kHz, over-plotted on a time-series of SWOOPS electron density measurements at the spacecraft.

Thus the main uncertainty when measuring low intensity emission was in establishing where the background level was and whether or not we were justified in using that particular burst/structure at all. This was achieved by trial and error adjustment of the colour scale on the spectra, to give the best definition of the event, and by trying to infer the background level from the single frequency plots, often over a longer period of time than four hours.

Evidently, the error varies with the intensity of the burst and, therefore, with the distance from Jupiter. In the case of the weakest bursts, the error is probably dominated by the proximity to (variable) background. It is estimated that the maximum uncertainty in the e-folding measurements is about ±25% but more typically about ±15%.

In the case of more intense bursts, the uncertainties are the result of deviations from e-folding, residual spin modulation, and noise fluctuations in the system. These, of course, also exist for the weak bursts; however, they represent only a small part of the total uncertainties. For the more intense bursts, we estimate that the uncertainties in the e-folding measurement are less than ±10%.

Main peaks of activity often have ragged edges, even when observed at distances greater than 5 AU, and we might well ask, are these the remnants of some characteristic of the bKOM or, in the lo-band data, are they the remnants of spin-modulation? This problem is overcome to some extent in lo-band, as described in the previous section, by plotting the average of three adjacent frequencies, as shown in Fig. 8, rather than an individual frequency. Some, but not all, of the ragged edges are smoothed out and possible effects of the spinning spacecraft and antenna are reduced. We have seen that this is not necessary in hi-band.

The e-folding times are plotted against frequency in Figs. 9 and 10. In Fig. 9, the straight line represents the limiting value of 8.3 min, mentioned in Section 2, for the temporal broadening observed at about 1 AU from Jupiter. In Fig. 10, the line is drawn for 6.6 AU, about 55 min, for observations at 5.5 to 7.2 AU from Jupiter. The corresponding solar distances are shown on both figures.

It is interesting to see how the e-folding times vary with distance of the spacecraft from Jupiter; this is demonstrated in Fig. 11, where measurements of the e-folding times, at several different lo-band frequencies between 40.25 and 47.75 kHz, are averaged for each event and plotted against the distance of Jupiter from the spacecraft. It can be seen that the e-folding time increases with distance, commensurate with the limiting value of about 8.3 min AU^{−1}, mentioned in Section 2, and represented by the straight line. In this plot, bKOM events recorded at intermediate distances of about 2.5 to 3.6 AU have been added to the data shown in Figs. 9 and 10. The average structure durations, measured at 4.3 dB down from the peak, are plotted in Fig. 12.

6. Electron density measurements

The SWOOPS experiment on board Ulysses (Bame et al. 1992; Phillips et al. 1995) measured electron density in the vicinity of the spacecraft. Provided that the spacecraft is on the Jupiter side of the Sun and not too far from the Sun-Jupiter line, the inverse square density gradient in the IPM will usually mean that it is this local material that dominates in the scattering process. The bKOM is known to be beamed quite sharply (Leblanc 1988) and so the electron density at the spacecraft will be an indication of the close-to-observer density in the direction of Jupiter.

In Fig. 13, the average e-folding times (from Fig. 11) are plotted against the hourly-average electron density measurement closest to the time of the bKOM event. These values represent the total electron density at the spacecraft (assumed to be equal to the positive charge density = n_p + 2n_{He} as the electron data is noisier than the proton data). Measurements made at high and low heliocentric latitudes are distinguished.

In Fig. 14, bKOM events recorded during the period DOY 91001 through 91150, when Ulysses was travelling close to the plane of the ecliptic, are over-plotted on a time series of electron densities measured at the spacecraft by the SWOOPS experiment. The corresponding average e-folding times are represented by the height of each point above the x-axis. Thus an electron density peak a little to the left of a bKOM event would have been measured at Ulysses before the radio emission was received and may be a rough indication of a density enhancement somewhere close to the spacecraft and in the direction of Jupiter at the time when the event was received.

All of the 1995/96 bKOM events were recorded when Ulysses was out of the plane of the ecliptic and so the electron densities and corresponding plasma frequencies would be expected generally to be lower than those characteristic of measurements made in the plane of the ecliptic. For example, in the events of 950102 and 950707, the plasma frequencies were about 9 kHz and 8 kHz when the spacecraft was about 1.55 and 1.85 AU from the Sun and at heliocentric latitudes of −50.4^∘ and 70.5^∘, respectively. The corresponding jovicentric latitudes were about −15.4^∘ and 14.5^∘ at distances of about 5.55 and 5.89 AU, respectively, from Jupiter.

7. Discussion

Several points of interest arise out of the foregoing, as follows:

1. In Fig. 9, almost all of the e-folding times measured at distances of about 1 AU from the planet are significantly shorter than 8.3 min and mostly below about 5 min, even at the lowest frequencies. This suggests that the temporal broadening does not reach its limiting value at 1 AU from Jupiter and that the observations here show intrinsic characteristics of the bKOM. We would expect this, as the scattering angles are relatively small so far from the Sun, even at ∼ 40 kHz.

2. In Fig. 10, the e-folding time values close to 45 kHz range from about 14 to 80 min, all but two of which are below the 8.3 min AU^{−1} line drawn here for 6.6 AU, about 55 min.

At 80 to 120 kHz, the e-folding times are well below this limit. We regard this as confirmation of the limit to temporal broadening predicted in Section 2. The scaling factors for the 4.4 and the 4.0 laws are obviously invalid here being defined for observations 1 AU from the Sun.

3. Fig. 11 demonstrates clearly that the e-folding time and hence the temporal broadening increases with distance from Jupiter at ∼ 45 kHz. Most of the values lie close to but just below a line representing 8.3 min AU^{−1}, consistent with the light travel time from the source to the observer, assuming that the scattering is more or less isotropic at frequencies close to about 45 kHz.

4. Durations are more difficult to measure than e-folding times, due to structuring within the event. Nevertheless, in Fig. 12 the available measurements of the corresponding average durations show a similar trend to that shown by the average e-folding times in Fig. 11.

5. The electron densities measured at the spacecraft, shown in Fig. 13 and show little correlation with the measured efolding times. As Δn_e has been taken to be proportional to n_e, it follows from Eqns (1) and (2) that τ_b ∝ θ^2_s ∝ n^2_e at a given frequency, where n^2_e is taken as a suitable average along the line-of-sight. There are two reasons why we might not expect a strong correlation between the in situ density measurement and the e-folding time. Firstly, the path-lengths are long compared with typical compression and rarefaction zones within the IPM, so that a point measurement at the spacecraft cannot be expected to accurately reflect the line-of-sight electron density to the source. Secondly, if the scattering process has truly reached saturation then variations in plasma density will have little effect on temporal broadening unless the density drops below the saturation level.

The measurements made when Ulysses was at high heliocentric latitude (≥ 50^∘) seem to suggest that e-folding times are greater when the electron density is lower. There are two considerations here, however. Certainly, electron densities measured out of the plane of the ecliptic will be lower but all of the high latitude measurements shown here were made in 1995/6 when Ulysses was at distances of 5.5 to 7.2 AU from Jupiter and, as we have seen in Fig. 11, the measured values of e-folding time increase with distance from the planet anyway.

The measurements shown in Fig. 14 were all made close to the plane of the ecliptic but again there is no obvious indication of any influence of the electron density on the e-folding times. A few events occur close to minima in the electron density time series but others do not and, of course, as the bKOM is an intermittent radiation, there is no way of telling if an electron density enhancement has actually prevented the passage of the emission.

6. There are indications (Figs. 3a and 3b) that temporal broadening should impose a steeper leading edge than trailing edge on a structure, similar in fact to any unresolved radio burst. Most of the fixed frequency plots used for measuring structure duration show little or no indication of this asymmetry, however. It is possible that, even at distances greater than 5 AU, we may still be seeing intrinsic bKOM structural characteristics as well as temporal broadening in the IPM although the data shown in Figs. 9 and 10 hardly supports this. It seems more likely that at hi-band kHz frequencies, above 52 kHz, the assymetry may not be detectable with the time resolution of 144 s, mentioned in Section 4, while at lo-band frequencies, close to 47 kHz, the longer trailing edge may be obscured by the background.

7. As described earlier, the URAP instrument was designed to determine the direction of a radio source, using the ‘spinning spacecraft technique’ (Manning & Fainberg 1980). Fitting the spin modulation imposed on the signal by the rotation of the spacecraft yields the direction of the source, its angular size, and, in some modes of the URAP instrument, the full polarization. For selected bKOM events in 1995 at (∼45 kHz), this fitting yields a half-angle for the source size kHz of approximately 60^∘ (for a uniform circular source). The intensity distribution of the scattered waves is certainly not a uniform circular distribution but, on the other hand, one cannot map the distribution with a single short dipole system. A half-angle of the order 60^∘ is consistent with the temporal broadening reported above, i.e., 8.3 min AU^{−1}. Inbound to Jupiter in 1991, the spin axis of Ulysses pointed towards Jupiter, causing the spin modulation to be very shallow. This small modulation combined with the burstiness of the bKOM causes the fitted parameters to be poorly-determined. Also, it appears that the smaller distance to Jupiter and the corresponding shorter durations of bursty structures, as determined above, further hinder the fitting. In other words, the 12 s spin period of Ulysses is not ideal for fitting spin modulation of bursty Jovian sources. Consequently, further work will be required for the detailed presentation of scattering as measured by the angular size of the bKOM emission.

8. Conclusion

We have used observations of the jovian bKOM emission, from the URAP experiment on board Ulysses, to study scattering effects in the IPM and to impose some constraints upon models of the scattering medium. Observations of the bKOM at distances of about 1 AU from Jupiter, when scattering effects are negligible, are assumed to show the intrinsic temporal characteristics of the emission and these have been compared with observations made at distances of 5.5 to 7.2 AU.

1. The bKOM appears to be considerably less structured when observed at distances greater than about 5 AU from Jupiter as compared to observations at distances of about 1 AU.

2. Measured values of the temporal broadening are found to increase with decreasing frequency, reaching a limiting value roughly equal to the light travel time from source to observer when the scattering fills most of the sky. In particular, the e-folding times measured close to 45 kHz lie close to but just below a line representing 8.3 min AU^{−1} (Fig. 11), consistent with this interpretation.

3. The absence of asymmetry in the bKOM structures may be an effect of the limited temporal resolution available.

4. Electron density measurements at Ulysses do not show any obvious influence on the measured e-folding times, probably reflecting the highly variable density along the line of sight to Jupiter.

Acknowledgements. We thank P. Zarka and R. Hess for help with computing, C. Tranquille for providing data access via the ESA Ulysses Data System, and D. McComas, SWOOPS Principal Investigator, for access to the SWOOPS density measurements. URAP is the collaborative effort of four institutions, NASA Goddard Space Flight Center, Observatoire de Paris-Meudon, Centre de Recherches en Physique de l’Environnement Terrestre et Planétaire and the University of Minnesota. The Principal Investigator is R. J. MacDowall.

References

Bame S. J., et al. (10 co-authors), 1992, Sci 257, 1539. Barrow C. H., Woan G., MacDowall R. J.,1997, in: Planetary Radio Emissions Workshop IV, eds. H. O. Rucker and S. J. Bauer, Austrian Academy of Sciences Press, Vienna, p. 369.

Booker H. G., Ratcliffe J. A., Shinn D. H., 1950, Phil. Trans. R. Soc.

London, Ser. A 242, 579.

Cairns I. H., 1995, GRL 22, 3433.

Cohen M. H., Gundermann E. J., Hardebeck H. E., Sharp, L. E., 1967, ApJ 147, 449.

Cronyn W. M., 1970, Sci 168, 1453. Güdel M., Benz A., 1990, A&A 231, 202. Hewish A., 1989, J. Atmos. and Terr. Phys. 51, 743.

Harmon J. K., Coles W. A., 1991, in: Solar Wind Seven, Proceedings of the 3rd COSPAR Colloquium, eds. E. Marsch, R. Schwenn, Goslar, Germany, p. 461.

Leblanc Y., 1988, in: Planetary Radio Emissions II, eds. H. O. Rucker, S. J. Bauer, Austrian Academy of Sciences Press, Vienna, p. 149.

Lyne A. G., Graham-Smith F.,1990, Pulsar astronomy, Cambridge University Press.

Manning R., Fainberg J., 1980, Space Sci. Instr. 5, 161. Phillips J. L. et al. (10 co-authors), 1995, Sci 268, 1030. Readhead A. C. S., Kemp M. C., Hewish A., 1978, MNRAS 185, 207. Rickett B.J., 1977, ARA&A 15, 479. Rickett B. J., 1990, ARA&A 28, 561.

Steinberg J. L., Hoang S., Dulk G. A.,1985, A&A 150, 205. Stone R. G. et al. (31 co-authors), 1992a, A&AS 92, 291. Stone R. G. et al. (25 co-authors), 1992b, Sci 257, 1524. Thompson A. R., Moran J. M., Swenson G.W., 1986, Interferometry and synthesis in radio astronomy, Wiley-Interscience.

Williamson I. P., 1972, MNRAS 157, 55. Williamson I. P., 1972, MNRAS 163, 345. Williamson I. P., 1972, MNRAS 166, 499. Woan G., 1997, in: ESA Report Number SCI-97-002.