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Cosmic ray measurements from Voyager 2 as it
crossed into interstellar space

Edward C. Stone®™, Alan C. Cummings

1, Bryant C. Heikkila? and Nand Lal?

The interaction of the interstellar and solar winds is complex, as revealed by differences in intensities and anisotropies of
low-energy ions (>0.5MeV per nucleon) originating inside the heliosphere and those of higher-energy Galactic cosmic rays
(>70MeV per nucleon) originating outside, in the Milky Way. On 5 November 2018, Voyager 2 observed a sharp decrease
in the intensity of low-energy ions and a simultaneous increase in the intensity of cosmic rays, indicating that Voyager 2 had
crossed the heliopause at 119 au and entered interstellar space about six years after Voyager 1. Unlike Voyager 1, which found
that two interstellar flux tubes had invaded the heliosheath and served as precursors to the heliopause, Voyager 2 found no
similar precursors. However, just beyond the heliopause Voyager 2 discovered a boundary layer, in which low-energy particles
streamed outward along the magnetic field and cosmic ray intensities were only 90% of those further out.

tact surface separating the solar and interstellar winds, and

entered interstellar space at 121.6 au (refs. '°). There was no
direct measurement of the solar wind or interstellar wind plasmas
as Voyager 1 transitioned from the heliosheath, the outermost layer
of the heliosphere, to the Very Local Interstellar Medium (VLISM),
since the plasma instrument (PLS) is not working. Despite the lack
of direct plasma measurements, there were other signatures that
Voyager 1 crossed the heliopause, such as expected differences in
the heliospheric and interstellar magnetic field strengths'. However,
the direction of the magnetic field was the same as that of the helio-
spheric field, not the direction expected in the VLISM. Fortunately,
on 9 April 2013 a solar transient excited electron plasma oscillations
that indicated an electron density of 0.08cm™, confirming that
Voyager 1 was in the VLISM”.

The heliopause region is complex, as seen in Fig. 1. As Voyager 1
approached the heliopause, it encountered two precursor flux tubes
with increased magnetic fields’, increased cosmic ray intensities and
reduced intensities of low-energy heliospheric ions, suggesting that
interstellar flux tubes had crossed the heliopause and invaded the
heliosheath*¢. Pitch angle anisotropies in the flux tubes indicated
that low-energy ions streaming outward along the magnetic field
were depleted the most’.

The heliopause region is dynamic and responsive to dynamical
processes in the solar wind. Magnetohydrodynamic models of the
complex interaction of the solar wind and the VLISM reveal the
transport of denser VLISM plasma across the heliopause caused by
turbulence near the heliopause”®. Hybrid simulations that combine
cosmic ray transport and magnetohydrodynamic models’ reveal the
possibility of cosmic ray modulation beyond the heliopause, while
other simulations'” exhibit a region with limited modulation within
10au of the heliopause, with a modulation level that varies with the
magnitude of diffusion parallel and perpendicular to the magnetic
field in the outer heliosheath. Although Voyager 1 did not observe
significant modulation beyond the heliopause'', Voyager 2 observed
a thin region like this close to the heliopause.

Voyager 1 crossed the region following a five-year period of slow
inward motion of the heliopause, while six years later Voyager 2 had
been pursuing an outward moving heliopause during a period of

O n 25 August 2012, Voyager 1 crossed the heliopause, the con-

declining solar activity'?. In addition, Voyager 1 was at 35° N solar
ecliptic latitude and Voyager 2 was at 37° S and 35° closer to the
flank of the heliosphere, probably meaning important differences
between the local internal and external conditions. Voyager 2 obser-
vations'*~'® will greatly aid our understanding of the interaction of
the solar and interstellar winds, since Voyager 2 is a unique probe
of the heliopause south of the ecliptic plane. The direct measure-
ments of the solar and interstellar winds'® are of special importance,
revealing that Voyager 2 crossed the heliopause and began observ-
ing VLISM plasma on 5 November 2018.

Results

The data used in this investigation are from the Cosmic Ray
Subsystem (CRS)", which consists of seven cosmic ray telescopes,
two of which are double ended. The Electron Telescope (TET) is
devoted to measuring electrons with ~2-100 MeV. There are four,
essentially identical, Low-Energy Telescopes (LETs), designated
LET A, LET B, LET C and LET D, which are mounted such that
the boresights of LET A, LET B and LET D form an orthogonal
system, and the boresight of LET C is opposite to that of LET A.
These four telescopes measure ions with nuclear charge Z=1-28.
The lowest energy recorded from these telescopes is ~0.5MeV and
is from protons depositing ~0.2MeV or more in the front silicon
solid-state detector, designated LA1, LB1, LC1 and LD1. The two
double-ended telescopes are the High-Energy Telescopes (HETS),
designated HET 1 and HET 2, with A and B used to refer to the
entrance end of a telescope for the particles. These telescopes mea-
sure electrons with 2.7-14.2 MeV and also ions with Z=1-28. More
information about these telescopes can be found in Methods.

In Fig. 1 we show an overview of the heliopause crossings of
Voyager 1 and Voyager 2 from the cosmic ray perspective based
on data from the CRSY, in which we have shifted the Voyager 1
observations to approximately align the times of the crossings of
the heliopause.

Fig. la,c shows rates that are dominated by Galactic cosmic rays
(GCRs), with nuclei in Fig. 1a and electrons in Fig. 1c. Fig. 1b shows
a rate that before the crossings is due to anomalous cosmic rays
(ACRs)'®" that are accelerated somewhere in the heliosheath, but
after the crossings eventually plateaus at a rate, ~2s™', which is due
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Fig. 1| Counting rates of different energetic particle species on Voyager
1and Voyager 2 around the times of their crossings of the heliopause.

All rates represent daily averages. Error bars represent +1s.d. DOY, day of
year. a, Rate from particles penetrating HET 2 on Voyager 1 (V1) and HET
1on Voyager 2 (V2). GCR nuclei and electrons contribute to these rates,
but they are dominated by protons with >70 MeV (ref. ). The Voyager 1
rate is the same as the rate presented in Fig. 1 of Cummings et al.", except
for a different time period. The time plotted for Voyager 1is the actual

time plus 6.2 yr to approximately align the times of the crossings of the
heliopause, which is shown by the vertical dashed line. The Voyager 2 rate
has been divided by 0.958 on the basis of an intercalibration that took
place in 1977-78 when the two spacecraft were close together in space.

In the VLISM, the Voyager 2 rate is about 2% higher than that of Voyager 1,
which is an indication of the systematic uncertainty of the observations.

b, Counting rate of particles triggering the electronic threshold of the first
detector (L1) of some of the LETs and representing mainly ACR protons
with ~0.5-35MeV plus backgrounds of ~2s7' due to GCRs. €, Sum of three
rates of GCR electrons with ~5-45MeV observed by TET. The three rates
in the sum are the ones labelled D13, D14 and D15 in Table 10 of Cummings
et al", except that here the background has not been subtracted.

to a background of GCRs, as the heliosheath particles have escaped
into interstellar space. In all the Voyager 2 rates shown, there are
sudden increases of GCRs and decreases of ACRs during day 309 of
2018, indicating the crossing of the heliopause at 119.0au, similar
to the changes that occurred at Voyager 1 when it crossed the helio-
pause 6.2yr earlier at 121.6au.

Before the Voyager 1 crossing, the Voyager 1 rates showed evi-
dence of interstellar flux tubes invading the heliosheath and pro-
viding a conduit for heliosheath particles to escape and an access
point for GCRs to be observed in the heliosheath®. These intensity
dropouts for ACRs and coincident increases for GCRs began ~14d
and ~27d before the crossing and lasted a few days in each case.
No such flux tubes were observed by Voyager 2 before its crossing
of the heliopause. However, after Voyager 2 crossed the heliopause
there are indications in Fig. 2 of layered step-like increases and
decreases in the ~2-100 MeV GCR electron intensity that are anti-
correlated with step-like changes in the 0.5-35MeV ACR proton
rate. This anticorrelation somewhat resembles the anticorrelation in
the changes of GCRs and ACRs in the Voyager 1 flux tubes observed
during a 30d period before crossing the heliopause, as seen in Fig. 1,
where the GCRs increase when the ACRs decrease. We note that the
pitch angles of particles entering LET A along its boresight, shown

a 115
1.10
105}

4
[

‘o 1.00E

DOY 309/2018

T

-

ol
(;-8) arey

0.95 f

Rate

g

085E - ‘ ® ~2-100 MeV electrons from TET F
# '- Mostly ~0.5-35 MeV H from LET A r5
0.80HH\HHHHH\HH\HH\HH\HH\HH’

160 i
140 - H
120 F |
loo?uu\\u\:MH\\HH\HH\HH\HH\HH
300 305 310 315 320 325 330 335 340
Day of 2018

%itw

LETA

Pitch angle (°) o

Fig. 2 | Counting rates and particle pitch angles around the time of

the Voyager 2 heliopause crossing. a, Counting rate of ~2-100 MeV

GCR electrons from TET and ~0.5-35MeV ACR protons from LET A

(LAT rate) for times just before and just after the Voyager 2 heliopause
crossing on day 309 of 2018. The two shaded areas highlight two strong
anticorrelations present in these two rates in the VLISM. Other significant
anticorrelations are present, particularly evident in the period from day 310
to day 335. Both rates are 6 h averages. Error bars represent +1s.d. b, Pitch
angle of particles entering LET A along its boresight. The boresights of the
two telescopes responsible for the rates, LET A and TET, are pointed in the
same direction.

in Fig. 2b, are not significantly changing, compared with the 120°
opening angle of the telescope, during the period after the helio-
pause crossing, so the variations seen in the electron and proton
rates are not due to local changes in the magnetic field direction.

The transitions to the plateau level after the heliopause crossing
took longer in the case of Voyager 2 versus Voyager 1 for the rates
shown in Fig. 1, and they are similar in time for particles with very
small gyroradii and much larger gyroradii. For example, a 5MeV
electron has a gyroradius of 1.8 x10™*au in a 0.7 nT magnetic field
versus 0.030-0.036 au for a 380-540 MeV proton, which is approxi-
mately the range of median energies ascribed to the >70 MeV H rate
in Fig. 1 (ref. '*). Thus, the longer transition time for Voyager 2 is
not a gyroradius effect. However, the intensity of GCR protons with
>70MeV and GCR electrons with ~5-45MeV was only ~90% of
that observed 30 d later and further into interstellar space. Therefore,
there is modulation of GCRs in a layer immediately beyond the
heliopause. This layer has a similar extent to the layer in which ACRs
are streaming outward along the interstellar magnetic field lines, as
discussed below, suggesting the possibility that the anticorrelation
in the rates arises from the interaction of the solar and interstellar
magnetic fields back along the flank of the heliopause.

Streaming of the ~0.5-35MeV protons is evident in Fig. 3 dur-
ing the transition period after the heliopause crossing. LET A and
LET C are mounted back to back, so differences indicate a stream-
ing of particles. From day 255 of 2018 to approximately day 305,
the rates are very nearly equal, indicating isotropy, but afterwards
there are varying degrees of anisotropy until day 10 0of 2019, when the
rates drop to background levels. All three available rates from the
front detector of the Voyager 2 LETs are shown in Fig. 3, along with
the streaming index formed from the ratio of the hourly-averaged,
background-corrected LC1-to-LA1 rates. The inset shows the tele-
scope boresight components and the magnetic field components for
2018 day 310 in the N-T plane of the RTN coordinate system. The
RTN coordinate system is spacecraft centred, with R radially away
from the Sun; T is parallel to the Sun’s equator and in the direction
of the Sun’s rotation, and N completes the right-handed system.
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Fig. 3 | Voyager 2 counting rates, streaming index, magnetic field strength and particle pitch angles for the period from day 180 of 2018 to day 20 of
2019. a, Hourly-averaged counting rates from the first detector in each of three LETs, designated LA1, LC1 and LD1, which are dominated by ~0.5-35 MeV
protons plus backgrounds of ~2s7' due to GCRs. The inset shows the orientation of the telescopes’ boresights in the N-T plane along with the magnetic
field direction in the same plane for day 310 of 2018. Error bars represent +1s.d. b, Ratio of background-corrected rates of ~0.5-35 MeV protons from
LET C and LET A (uncorrected rates shown in a). The ratio is not plotted past 2019 day 10, the time at which the rates became background due to higher-
energy GCRs. The background rates were calculated from days 16 to 22 of 2019. ¢, Hourly-averaged magnetic field strength. d, Pitch angle of particles
entering LET C along its boresight plotted on an hourly basis. e, Daily-averaged rate of mostly >70 MeV protons. It is the same as the V2 rate that is

plotted in Fig. 1a except for a different time period. Error bars represent +1s.d.

The direction of the magnetic field changes relatively little after
the heliopause crossing®, so the inset is appropriate for the period
beginning 2018/309 until the end of the magnetic field data. On
the basis of the generally positive streaming during this period, it
is likely that the particles are flowing along field lines that remain
in contact with, or in close proximity to, the heliopause back along
the flank of the heliosphere. This contact or proximity apparently
abruptly ends on day 10 of 2019. Thus, the flow direction is consis-
tent with Voyager 2 being on interstellar magnetic field lines in the
VLISM that are connected to the heliopause further back along the
flank of the heliosphere.

This cosmic ray boundary layer on the outside of the heliopause
was not evident at the place and time where Voyager 1 crossed it,
but this could be due to the different rates of separation of the helio-
pause from the spacecraft. Washimi et al.”? used a three-dimensional
model to calculate the positions of the heliopause versus time along
the trajectories of both spacecraft and showed that Voyager 2 could
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expect to remain closer to the heliopause after crossing than in the
case of Voyager 1.

We note that the degree of streaming presented in Fig. 3 increases
with time at the same time as the intensities are decreasing until day
10 of 2019, when the background level due to higher-energy GCRs
is reached. This anticorrelation of the magnitude of the anisotropy
with the intensity needs further study.

In both Figs. 1 and 3 there is evidence of another episode of
anisotropy for the 0.5-35MeV proton rates starting approximately
on day 222 of 2018 (see also Fig. 4). This is approximately the same
time that the >70MeV proton rate (Fig. 3¢) begins to increase and
also near the time at which Burlaga et al."” indicated that Voyager
2 had crossed into a magnetic barrier characterized by a region
of increased magnetic field strength shown in Fig. 3c. As shown
in Fig. 3e, the intensity of >70MeV protons began to increase at
about this time and continued to rise steadily until the sudden jump
at the heliopause crossing, indicating that a cosmic ray boundary


http://www.nature.com/natureastronomy

ARTICLES NATURE ASTRONOMY
a LETD LETC LETA
31.0 : (start) (start) (start)
305 ¢ # + | Mostly ~0.5-35 MeV H _ i l mag l
{'{' ﬂ ! ° LAL T I
30.0 it elLCl 2 r
H ¢ 12 102 V2 roll on 2018/256 } }
i ° DL ~ [ t
295 H. N , f
++ %{ - 1.00 j‘"+ ....... + .................................................. + ......................................
29.0 4 i §£} a I + }
Eal | - L
s 285 } g{»{' ¢ #m % g 0o} t +
2 d H* = T O B O EO N RO N
5 280 < 096
o g {} } W $ d 70 30 60 90 120 150 180 210 240 270 300 330 360
275 ¢ g *} * | Degrees from N towards T
L |
27.0F t # it )
265 E : : %’ * Fig. 5 | Rate of ~0.5-35 MeV protons from Voyager 2 averaged over three
’ : : * telescopes (LETs A, C and D) during a spacecraft roll manoeuvre on day
26.0 3 : : ﬂf 256 of 2018. The data are binned in 30° N-T angle bins and plotted at the
2550l b b b b b c b b Lo Lo average angle of the data within the bins. The angles in the N-T plane of the
b boresights of the telescopes in the normal, fixed orientations are indicated,
~ 160 [- R : revtreressesertetty, as is the direction of the magnetic field in the N-T plane for the day of the
o 140 - o : 9o "¢ @e°°0100% 00 roll. Error bars represent +1s.d.
=4 r \ :
SECISSSVAVS S i
S 100 / : I * LETA
o o :
8oL T On day 256 of 2018, the Voyager 2 spacecraft executed a two-
c revolution roll about the R axis to help with the calibration of the
~ 1004 : magnetometer. This roll occurred in the middle of the anisotropy
o 80 I event; the time is shown as the vertical dashed line in Fig. 4. In Fig. 5
2 el \ [N ,’.‘./A:\..“ : . leTe we show the average counting rate of ~0.5-35MeV protons from
5 o °v Sty meene leagese the three telescopes in 30° bins from the N axis towards the T axis.
= L] . . ol . . . .
S T A A I s There is a small but significant anisotropy, such that the intensity is
largest in approximately the +N and —N directions (0 and 180 on
d 5 | the horizontal axis), and thus represents a bidirectional pitch angle
€ 100 . ORI sl ***.#*"  distribution, with the maximum intensity approximately perpen-
% 28 Eor D e S dicular to the magnetic field direction. Note that this characteriza-
g prga ," 3 ,,’\ R j-‘-’" | tion of the anisotropy would be different for day 230, for example,
g 20p ¥V ! °LETD since on that day the LAl and LD1 rates are nearly the same, as

200 210 220 230 240 250 260 270 280 290 300 310
Day of 2018

Fig. 4 | Voyager 2 counting rates and particle pitch angles around the
time of the particle anisotropy event. a, The same as Fig. 3a except
that the averaging is 1d versus Th and the time period is day 200 to
310 of 2018, which provides a more detailed view of the anisotropy
event that begins on day 222 at the beginning of the magnetic barrier.
Error bars represent +1s.d. b-d, Pitch angles of the particles entering
the three telescopes along their boresights. The dashed vertical line
denotes the time of a roll manoeuvre by the spacecraft to help calibrate
the magnetometer. The dotted vertical line at day 222.5 indicates the
beginning of the anisotropy event.

layer also exists on the inside of the heliopause. A similar gradient
of GCRs before the heliopause crossing was present in the case of
Voyager 1, as shown in Fig. 1.

In Fig. 4 we show the 0.5-35MeV daily-averaged proton rates
from day 200 to 310 of 2018, along with the pitch angles of par-
ticles entering the three telescopes along their boresights during
this period, which includes the period of the magnetic barrier.
The vertical line at day 222 marks the beginning of the anisotropy
event, as evident by the change in trend of the LA1 rate, which we
assume is the beginning of the magnetic barrier. The variation of the
pitch angles is relatively smooth and small compared with the open-
ing angle of 120° of the telescopes, and the anisotropy variation,
though small, is significant and not smoothly varying, as evidenced
by the behaviour of the rates before and after day 240. It appears
that the local magnetic field is not governing the behaviour of the
particles, suggesting that the anisotropies reflect conditions remote
from the spacecraft.

shown in Fig. 4, whereas on day 256 LA1 and LC1 have nearly the
same rate. Thus, the anisotropy is variable in the magnetic barrier.

When Voyager 1 crossed the heliopause, it was found that
the transition to interstellar intensities had different timescales,
depending on the pitch angle of the particles being observed and
on the mass of the particles’. This is shown in Fig. 6a. ACR O nuclei
with pitch angles near 90° persisted longer in the VLISM than did
those with more field-aligned pitch angles’. Not shown in Fig. 6 but
shown in Fig. 2 of Stone et al.” is that ACR O persisted longer than
ACR He, which persisted longer than ACR H. This phenomenon
was explained as being due either to a gradient drift in a non-uni-
form magnetic field® or to a particular pitch angle dependence of the
perpendicular diffusion coefficient”. Fig. 6b shows that this phe-
nomenon did not occur at Voyager 2. LET D in both the Voyager 1
and Voyager 2 cases had a telescope viewing angle to the magnetic
field that encompassed 90°, and yet the behaviour is quite different.
At Voyager 2, ACR O in LET D is similar to the average of LET
A and LET C and the timescale for the transition is similar to that of
0.5-35MeV protons as seen in Fig. 1. Thus, the conditions of a par-
ticular latitude gradient of the magnetic field strength or a particu-
lar form of the diffusion coefficient that led to the effects at Voyager
1 were not present at Voyager 2.

When Voyager 1 entered interstellar space there was no evi-
dence of a significant gradient in the intensities of H in the VLISM
along the trajectory of Voyager 1''. Voyager 2 is sampling a different
region of the VLISM, being below the heliographic equator, whereas
Voyager 1 is above it. At the time when Voyager 2 crossed the helio-
pause, the two spacecraft were 167 au apart. In Fig. 7 we show the
energy spectra of H, He and electrons (e* + e~) from Voyager 2
for the period 2019/70-158 in the VLISM and compare them
with the energy spectra of the same species from Voyager 1 in the
VLISM". The energy spectra in all cases are nearly identical. Thus,
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Fig. 6 | Intensities of O nuclei with 5.4-13.9 MeV per nucleon in the
vicinity of the Voyager 1 and Voyager 2 heliopause crossings. The symbol
(A, C) indicates an average of LET A and LET C intensities. The insets
show the directions of the telescope boresights in the N-T plane and the
magnetic field direction in the same plane for specific days*". The dotted
vertical lines show times of heliopause crossings. Error bars represent
+1s.d. a, Voyager 1. b, Voyager 2.

there is no significant gradient of the intensities across a wide region
of the VLISM.

Discussion
The crossings of the heliopause by the Voyager 1 and Voyager 2
spacecraft showed significant differences in the behaviour of the
energetic particle populations. At Voyager 1, it appears that inter-
stellar flux tubes had invaded the heliosphere and provided exit
paths to the VLISM for ACRs and entrance paths from the VLISM
for GCRs before the heliopause crossing. When Voyager 1 entered
these flux tubes in the heliosheath, the result was occasional, strong
anticorrelations in GCR and ACR particle intensities. Similar
anticorrelations of ACRs and GCRs were seen at Voyager 2 but in
the VLISM just past the heliopause rather than inside the inner
heliosheath. This suggests that Voyager 2 may have been on mag-
netic field lines in the VLISM that were connected back to the flank
of the heliopause. Supporting this concept was the observation of
strong streaming of ~0.5-35MeV protons along the magnetic field
line for ~66d after the Voyager 2 heliopause crossing in the direc-
tion from the flank towards the nose of the heliosphere. The magni-
tude of the streaming is somewhat variable but generally increases
with distance travelled by Voyager 2, although the intensity of the
particles is decreasing. At the same time the magnetic field direc-
tion is not changing'’, suggesting that the streaming is controlled by
conditions at a remote source, presumably at the connection point
to the heliopause.

There appear to be cosmic ray boundary layers on both sides of
the heliopause, with the outer one only being evident at the position
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of Voyager 2. In these layers the GCRs are modulated. In the case
of Voyager 2, the layer on the inside of the heliopause coincides
with the newly discovered magnetic barrier'’, which is marked by a
region of small but significant anisotropies of ~0.5-35MeV protons.

In the case of the Voyager 1 crossing of the heliopause, there was
a persistence of ACRs in the VLISM that depended on mass (heavier
particles persisted longer) and on pitch angle (ones with pitch angles
near 90° persisted longer). This effect was not seen at Voyager 2 and
implies that the gradients of the magnetic field strength and/or the
pitch angle dependences of the diffusion coefficient were different
in the two cases®’.

Comparison of the Voyager 1 and Voyager 2 energy spectra of
H, He and electrons at two positions in the VLISM separated by
~167 au shows that there is no significant intensity gradient of these
particles over that region.

Summary

The heliopause is the contact surface where the interstellar and
solar plasmas meet at the outer boundary of the heliosphere. As
Voyager 1 approached the heliopause in 2012, it found two regions
where the interstellar magnetic field and GCRs had invaded the
outer edge of the heliosphere, indicating a boundary that was more
complex than a single, uniform contact surface. Voyager 2 did not
find the same invasion six years later. Instead, it found a layered
region in the local interstellar medium just outside the heliopause
where the GCRs are modulated and the ACRs from inside are
streaming outward along the interstellar magnetic field, which is
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wrapped around the heliopause. There is more to be learned by
continued observations of the VLISM and by further development
of simulations and astrophysical applications.

Methods

There are two types of CRS datum presented in this paper. The simplest type is the
hardware rates, which consist of the counting rates of particles penetrating a single
detector or multiple detectors in coincidence and leaving an ionization energy
loss that exceeds hardware thresholds for each detector. These rates are shown in
Figs. 1, 2a, 3a,e and 4a. In Fig. 5, hardware rates are also used but in this case the
spacecraft is rotating and the data are collected into angle bins measured from the
N axis towards the T axis in the RTN coordinate system before plotting.

The other type of datum consists of ‘pulse-height’ data. In addition to obtaining
a count added to a rate counter when a particle deposits energy in a detector that
exceeds a threshold value, in many cases a number from a pulse-height analyser
is recorded that is related to the amount of energy deposited in a detector or
combination of detectors. Using prelaunch calibrations, the pulse-height analyser
numbers are converted to energy deposited in megaelectronvolts. Using techniques
described in detail in Appendix A of Cummings et al."’, the energy spectra of
different ions and of electrons shown in Fig. 7 were constructed, and the rates in
various energy bins, as shown for example in Fig. 6, were produced.

There were some differences between the Voyager 1 and Voyager 2 analysis
procedures. For example, for Voyager 2 all three LETs available were used for the
ion spectra (LET A, LET C and LET D; LET B was damaged at the time of the
Jupiter encounter in 1979) versus only LET C and LET D on Voyager 1. For the
HET data, HET 1 was used on Voyager 2 versus HET 2 on Voyager 1. The electron
spectra for Voyager 2 were constructed in the same way as described by Cummings
etal.", except that a 20% systematic uncertainty was added in quadrature to the
statistical uncertainty of each rate instead of 10% in the case of Voyager 1. This
resulted in the reduced chi squared of the fits being close to 1 in both cases.

Data availability

Most of the CRS data can be obtained by clicking on the DATA link at
https://voyager.gsfc.nasa.gov/ and following other links to obtain rate and flux data.
All data that were used in the figures can be provided by the corresponding author
on request.
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