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Abstract

At Jupiter, part of the auroral radio emissions are induced by the Galilean moons Io, Europa and Ganymede. Until now, they

have been remotely detected, using ground-based radio-telescopes or electric antennas aboard spacecraft. The polar trajectory

of the Juno orbiter allows the spacecraft to cross the magnetic flux tubes connected to these moons, or their tail, and gives

a direct measure of the characteristics of these decametric moon–induced radio emissions. In this study, we focus on the

detection of a radio emission during the crossing of the Ganymede flux tube. Using electromagnetic waves (Juno/Waves) and

in-situ electron measurements (Juno/JADE-E), we estimate the flux tube width to be a few 100 km, a growth rate of the radio

emission >3x10-4, an electron population of energy E=4-15 keV and an emission beaming angle of θ=76°-83°, at a frequency

1.005-1.021xfce. We also confirmed that radio emission is associated with Ganymede’s down-tail far-ultraviolet emission.
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Key Points:9

• First detailed wave/particle investigation of a Ganymede-induced decametric ra-10

dio source using Juno/Waves and Juno/JADE instruments11

• Confirmation that the emission is produced by a loss-cone-driven Cyclotron Maser12

Instability13

• Ganymede-induced radio emission is produced by electrons of ∼ 4-15 keV, at a14

beaming angle [76◦-83◦], and a frequency 1.005− 1.021× fce15
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Abstract16

At Jupiter, part of the auroral radio emissions are induced by the Galilean moons Io,17

Europa and Ganymede. Until now, they have been remotely detected, using ground-based18

radio-telescopes or electric antennas aboard spacecraft. The polar trajectory of the Juno19

orbiter allows the spacecraft to cross the magnetic flux tubes connected to these moons,20

or their tail, and gives a direct measure of the characteristics of these decametric moon–21

induced radio emissions. In this study, we focus on the detection of a radio emission dur-22

ing the crossing of the Ganymede flux tube. Using electromagnetic waves (Juno/Waves)23

and in-situ electron measurements (Juno/JADE-E), we estimate the flux tube width to24

be a few 100 km, a growth rate of the radio emission > 3× 10−4, an electron popula-25

tion of energy E = 4 − 15 keV and an emission beaming angle of θ = 76◦ − 83◦, at a26

frequency ∼ 1.005 − 1.021 × fce. We also confirmed that radio emission is associated27

with Ganymede’s down-tail far-ultraviolet emission.28

Plain Language Summary29

The Juno spacecraft crossed magnetic field lines connected to Ganymede’s auro-30

ral signature in Jupiter’s atmosphere. At the same time, Juno also crossed a decamet-31

ric radio source. By measuring the electrons during this radio source crossing, we deter-32

mine that this emission is produced by the cyclotron maser instability driven by upgo-33

ing electrons, at a frequency 0.5 to 2.1% above the cyclotron electronic frequency with34

electrons of energy 4-15 keV.35

1 Introduction36

With the arrival of Juno at Jupiter in July 2016, the probe passes above the poles37

once per orbit, every 53 days, and acquires high-resolution measurements in the auro-38

ral regions (Bagenal et al., 2017). In particular the Waves (radio and plasma waves in-39

strument, Kurth et al., 2017), JADE (Jovian Auroral Distributions Experiment, McCo-40

mas et al., 2017, providing electron measurements) and MAG (Magnetometer experiment,41

Connerney et al., 2017) instruments offer a unique opportunity to investigate in-situ the42

Jovian radio emissions produced in these polar regions. These instruments enable con-43

straints on the position of the sources (Louis et al., 2019; Imai et al., 2017, 2019) and44

the mechanism producing these emissions (Louarn et al., 2017, 2018), the Cyclotron Maser45

Instability (CMI) which is also responsible for the production of the auroral kilometric46

radiation at Earth and Saturn (Treumann, 2006; Wu, 1985; Wu & Lee, 1979; Le Queau47

et al., 1984b, 1984a; Pritchett, 1986a).48

This instability produces emissions very close to the electron cyclotron frequency49

fce, and requires two primary conditions : (i) a magnetized plasma, where the electron50

plasma frequency fpe (proportional to the square root of the electron plasma density ne)51

is much lower than the electron cyclotron frequency fce (proportional to the magnetic52

field amplitude B); and (ii) a weakly relativistic electron population previously accel-53

erated along high-latitude magnetic field lines at typical energies of a few keV. The first54

orbits of Jupiter allowed Louarn et al. (2017, 2018) to study in-situ the radio emission55

during source crossings and determine that the auroral hectometric/decametric radio emis-56

sions are driven by the CMI with a loss cone distribution function, i.e. triggered by a57

lack in the up-going electron population.58

The Jupiter auroral radio emission is split into three major components, depend-59

ing on the emission wavelength, namely broadband kilometric, hectometric and deca-60

metric. Part of the auroral radio emissions in the decametric range are induced by the61

interaction between the jovian magnetosphere and the following Galilean moons: the best62

known case Io, discovered by Bigg (1964), and Europa and Ganymede (Louis, Lamy, Zarka,63

Cecconi, & Hess, 2017; Zarka et al., 2018, 2017). These three moons are also known to64
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induce Far Ultraviolet (FUV) aurora above Jupiter’s atmosphere (Prangé et al., 1996;65

Clarke, 1998; Clarke et al., 2002).66

In the Io case, we know that FUV and radio auroral emission are produced by Alfvnic67

interactions, and that Io-induced radio emissions are produced on the magnetic field lines68

connected to the main Alfvn wing (MAW) and reflected Alfvn wing (RAW) spots (Hess69

et al., 2010). In the Europa and Ganymede case, no simultaneous observation of FUV70

and radio emissions has yet been obtained.71

In this study, we focus on Juno’s crossing of field lines connected to Ganymede’s72

footprint tail, which took place on May 29, 2019, where simultaneous FUV (Szalay et73

al., 2020a) and radio emission were observed (see Section 2). In Section 3 we present the74

instability leading to radio emission and the calculation to determine the different pa-75

rameters of the radio emission (growth rate, electron distribution function and energy,76

opening of the emission cone). Finally in Section 4 we summarize and discuss the results.77

2 Observations78

On May 29th, 2019 between 07:37:14 and 07:37:32, Juno crossed the magnetic field79

tube connected to Ganymede’s tail (∼ 8◦ downtail from Ganymede’s main auroral spot).80

The in-situ measurements of Juno/MAG and Juno/JADE for the down-going electrons81

and the Juno/UVS images were used by Szalay et al. (2020a) to show the presence of82

Alfvn wave activity capable of accelerating electrons into the atmosphere and produc-83

ing FUV emissions, observed at the footprint of the crossed magnetic field lines. Here84

we focus on the study of Juno/JADE for the up-going electrons and the radio measure-85

ments of Juno/Waves.86

Figure 1 displays Juno measurements around the Ganymede flux tube encounter.87

Panel (a) presents the Juno/Waves measurements (low resolution mode) around the twen-88

tieth perijove (∼ −2/ + 1 h). Panel (b) is a 5-minute zoom-in of panel (a) using the89

Juno/Waves high-resolution mode. The solid-white line represents fce while the dashed-90

white line (panel b) represents 1.01×fce (typical frequency for a loss-cone-CMI-driven91

emission with electron energy of ∼ 5 keV, see Louarn et al., 2017). Panels (c–f) display92

Juno/JADE-E (electrons) measurements, with panel (c) presenting the electron differ-93

ential energy flux, panels (d-e) the electron distribution functions for energy in range [2-94

21] keV for different pitch angle ranges (panel (e) showing a subset for pitch angle cor-95

responding to up-going electrons) and panel (f) the partial electron density (all the low96

energy population (here < 0.050 keV) is not accounted for).97

Figure 1b displays an emission very close to fce, tangent to the 1.01×fce line, be-98

tween ∼ 07:37:00 and ∼ 07:38:10. During this time interval, and more precisely between99

∼ 07:37:14 and ∼07:37:32 (during Ganymede’s tail crossing), we observe an enhancement100

in the electron energy flux (panel c) at a few keV, strong intensification in the distribu-101

tion function (panel d) and an increase of the electron density (panel f).102

The maximum intensity of the radio emission (and the closest to fce) is observed103

between 07:37:25 and 07:37:30 (panel b), where a loss cone is observed in the up-going104

electron distribution function (panel e), i.e. the electron distribution function at low pitch105

angle from 0◦ to ∼ 25◦ is much lower than at higher pitch angle (50◦–60◦).106

3 The Cyclotron Maser Instability: determination of the emission pa-107

rameters108

In this Section, we review the main details of the CMI that will be used in this study.109

For more details, please refer to Wu and Lee (1979); Wu (1985); Le Queau et al. (1984b,110

1984a); Pritchett (1986a); Treumann (2006); Louarn et al. (2017).111
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Figure 1. Juno measurements around the Ganymede’s tail footprint encounter (from 7:37:14

to 07:37:32, Szalay et al., 2020a).

Panels (a,b) display Juno/Waves data (a) in low-resolution mode and (b) in high-resolution

mode. The solid-white lines represent the electron cyclotron frequency derived from the magnetic

field measurements of Juno/MAG, and the dashed-white line is 1.01 × fce.

Panels (c-f) display Juno/JADE-E measurements: (c) the electron differential energy flux; (d) the

electron distribution function for energy in range [2-21] keV at all pitch angles; (e) same as panel

(d) but only for pitch angles [0◦-60◦] corresponding to up-going electrons; (f) the partial electron

density calculated from JADE-E 3D moments.
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The CMI is a wave-particle instability for which the resonance is reached when the112

Doppler-shifted angular frequency of the wave in the frame of the electron (ω−k||vr||)113

is equal to the relativistic gyration frequency of resonant electron (ωceΓ
−1
r ). Thus, the114

resonance condition can be written as:115

ω = 2πf = ωceΓ
−1
r + k||vr|| , (1)

where the || index describes the component parallel to the magnetic field line, k the wave116

vector, vr the resonant electron velocity and Γ−1r =
√

1− v2r/c2 the Lorentz factor as-117

sociated with the motion of resonant electrons.118

In the weakly relativistic case (vr << c) the above resonance condition can be119

rewritten as the equation for a resonant circle in the [v⊥,v||] velocity space:120

v2r⊥ + (vr|| −
k||c

2

ωce
)2 = c2

(
k2||c

2

ω2
ce

+ 2(1− ω

ωce
)

)
. (2)

The resonance circle center v0 (located on the v|| axis) and its radius R are thus defined121

as:122

v0 =
k||c

2

ωce
=

ω

ωce
cNcosθ, (3)

where θ is the propagation angle of the emission with respect to the local magnetic field123

lines (kcosθ = ~k ·~b = k||) and N = ck/ω is the refractive index value;124

R = c

(
k2||c

2

ω2
ce

+ 2(1− ω

ωce
)

)1/2

= c

(
v20
c2
− 2∆ω

)1/2

, (4)

where125

∆ω = (ω − ωce)/ωce (5)

is the frequency shift.126

It is then necessary to determine the optimal electron population that will lead to127

the amplification of the wave and the production of the emission, which is done by cal-128

culating and maximizing the growth rate along different resonance circles. The simpli-129

fied version used by Louarn et al. (2017) is perfectly adapted to the amplification of X-130

mode waves propagating at frequencies close to fce, for N ' 1, in a moderately ener-131

getic (E << mec
2 = 511 keV) and low-density (fpe/fce << 1) plasma. Since the132

electron energy is equal to a few 0.1 keV to a few keV (see Fig. 1c) and the electron den-133

sity is equal to a few particles per cm−3 (see Fig. 1f), we can use the simplified formula134

of Louarn et al. (2017) to calculate the normalized growth rate of the instability along135

resonant circles in the normalized velocity space [β||,β⊥], with β = v/c, expressed as:136

γ

ωce
' 2π2∆ω2

∫ π

0

dφ b2 sin2(φ)
∂

∂β⊥
fb(β0 + b cos(φ), b sin(φ)), (6)

where β0 = v0/c is the center (see Eq. 3) and b = R/c the radius (see Eq. 4) of the137

resonant circle, ∆ω the frequency shift (see Eq. 5) and f the normalized electron dis-138

tribution function (
∫
fdv3 = 1). In practice, the factor to normalize the distribution139

function is c310−18/ne, where ne is the density (in cm−3). Here ne ' 1 cm−3 at 07:36:40,140

and ne ' 6 cm−3 at 07:37:26 and 07:37:28, and ne ' 2 cm−3 at 07:37:43 (see Fig. 1f),141

which is probably slightly overestimated (Allegrini et al., 2020), leading to underestimated142

growth rate.143

Eq. 6 means that the growth rate is obtained by integrating ∂f/∂β⊥ along a res-144

onant circle in the normalized velocity space [β||,β⊥] defined by its center β0, radius b,145

and angle φ.146
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Figure 2. Panels (a-d): upgoing electron distribution function in the normalized velocity

space [β||,β⊥] measured by JADE-E on 2019-05-29 at (a) 07:36:40, (b) 07:37:26, (c) 07:37:28 and

(d) 07:37:43. The isocontours are shown using a logarithmic scale in units of s3/km6. The red

circular arcs correspond to iso-energies of 0.5, 1, 2, 5, 10 and 20 keV and the radial black-dashed

lines to pitch angles of 15◦, 30◦, 45◦, 60◦ and 75◦. The radial red-dashed line at pitch angle 22.5◦

displays the lower limit of the loss cone. An example of a resonant circle is displayed in blue in

panels (b,c).

Panels (e-h): normalized growth rate γ/ωce estimates for different resonant circles at different

center E0|| and radius b, at (e) 07:36:40, (f) 07:37:26, (g) 07:37:28 and (h) 07:37:43. The over-

plotted black lines represent the isocontours of ∆ω = (ω − ωce)/ωce × 103.
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3.1 Electron distribution function147

Figures 2a-d display the distribution functions of upgoing electrons (pitch angle from148

0◦ to 82.5◦) measured by Juno/JADE-E at (a) 07:36:40, (b) 07:37:26, (c) 07:37:28 and149

(d) 07:37:43. Fig. 2b,c correspond to the period of maximum increasing decametric flux150

seen in Fig. 1b, while Fig. 2a,d correspond to time where Juno is outside the Ganymede151

flux tube. The colors correspond to different electron distribution function iso-contours,152

using a logarithmic scale in units of s3/km6. A loss cone in each distribution is clearly153

visible for pitch angle at least lower than 22.5◦ (dashed-red line), when iso-contours are154

not following the iso-energy curves (red-circles). Note that at high pitch angle (> 75◦),155

the iso-contours do not follow the iso-energy circles, which is due to spacecraft shadow-156

ing (Allegrini et al., 2017, 2020).157

Compared to 07:36:40 and 07:37:43, the distribution functions at 07:37:26 and 07:37:28158

show larger phase space density at every energy (the isocontours are enlarged), which159

corresponds to a denser, hotter and more energized plasma.160

3.2 Estimation of growth rate and emission characteristics161

From Fig. 2a-d and Eq. 6, we can calculate the normalized growth rate along dif-162

ferent resonant circles to determine the optimal electron population. An example of a163

resonant circle is displayed Fig. 2b,c in blue, with a center β0|| ' 0.20 (i.e. ∼ 10 keV)164

and a radius b = 0.11 (i.e. ∼ 3 keV).165

Figures 2e-h display the estimated normalized growth rate γ/ωce along resonant166

circles, calculated for different center E0 = β2
0∗255.5 and different radius b (taken from167

0.2–0.6×β0). The overplotted black lines represent the ∆ω value at each point of the168

resonant circles, calculated as ∆ω = (β2
0−b2)/2 (see eq. 4). Maximal growth rates are169

obtained during the source crossing (Fig. 2f,g), with values above 3×10−4 (orange to170

red regions), sufficient for the production of radio emission.171

Pritchett (1986b) performed numerical simulations of the weakly relativistic loss-172

cone maser instability, and determined (i) that the more the emission angle θ turns away173

from the perpendicular direction the weaker the emission is, and (ii) that at θ < 80◦174

the emission intensity drastically drops to the background noise level (and reaches it at175

θ = 70◦). This was also observed by Louis, Lamy, Zarka, Cecconi, Imai, et al. (2017),176

for the simulated Io-decametric-induced emission not visible for θ < 75◦ ± 5◦. Look-177

ing at the Juno/Waves high-resolution data during the source crossing, we can constrain178

this limit even further, since during the source crossing (between 07:37:25 and 07:37:30),179

no emission is observed above fce × 1.021 (i.e. ∆ω = 0.021). From these considera-180

tions, we can infer that large amplifications are obtained for energies in the range ∼[6-181

15] keV at 07:37:26 and ∼[4-15] keV at 07:37:28, at a frequency shift ∆ω = 8-21×10−3182

and 5-21× 10−3 respectively.183

Using the equations 3-5, assuming a refractive index N very close to 1 due to the184

very low-density plasma (fpe << fce), we can derive the propagation angle θ:185

θ = acos (β0/(1 + ∆ω)) . (7)

We can then determine that the observed emission propagates at an angle θ varying from186

∼ 81◦ to ∼ 76◦ (07:37:26) and from ∼ 83◦ to ∼ 76◦ (07:37:28).187

The measured B amplitude at 07:37:26 (07:37:28) gives an electron plasma frequency188

fce ' 6484 kHz (' 6490 kHz). Thus, ∆ω ' 8−21×10−3 (5-21×10−3) is equivalent to189

an emission frequency at ∼ 6535−6620 kHz (∼ 6522−6626 kHz), which explains why190

we observe emission closer to fce at 07:37:28 in the Juno/Waves data (see Fig. 1b).191

–7–
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4 Conclusion and Discussion192

In conclusion, we analyzed the first example of in-situ particle measurements of a193

Ganymede-induced radio emission, during the Ganymede’s tail flux tube crossing (Szalay194

et al., 2020a) connected to FUV emission. Looking at the distribution functions before,during195

and after the source crossing, we showed that the loss cone-driven CMI can explain the196

generation of decametric radio emission. The electron population involved in this emis-197

sion has an energy of 4−15 keV, with a wave propagation angle θ varying from 83◦ to198

76◦, at a frequency shift ∆ω = 5 − 21 × 10−3. Furthermore, the electron distribution199

functions show that a denser, hotter and more energized plasma (observed only during200

the source crossing, see Fig. 2) is necessary to allow the CMI to occur.201

Szalay et al. (2020a) showed that in this present case, Ganymede’s footprint tail202

is sustained by Alfvnic acceleration processes. Thus, as suggested by Louarn et al. (2018),203

all the radio emissions seem to be triggered by Alfvnic acceleration (as at Earth, Su et204

al., 2007). Furthermore, we now have direct proof that radio emission is associated with205

a Ganymede down-tail FUV emission, likely one of the reflected Alfvn waves originally206

generated at Ganymede (as is the case for Io).207

Looking at the data of Fig. 1, Juno spent at least ∼ 4−6 sec crossing the source208

of Ganymede-induced radio emission. Juno’s velocity was ∼ 50 km/s−1 during the source209

crossing, thus we can determine a source size of at least ∼ 250± 50 km. Taking a ra-210

dio wave propagating at the light speed, the wave spent 0.67−1 ms inside the source.211

Since at 07:37:26 fce = 6484 kHz and γ/ωce = 3−4×10−4, we can determine that the212

growth rate γ is equal to ' 10− 20× 103 s−1. At light speed, propagation of ∼ 150−213

300 km is then sufficient to amplify the waves by a factor e10, which is fully compati-214

ble with the measured size of the source and the observed intensity of the emission which215

peaks at ∼ 45 dB above the background at 07:37:28.216

The loss-cone-driven CMI then seems to be a common way to amplify waves and217

produce radio emissions, sustained by an Alfvnic acceleration process in the case of au-218

roral radio emissions (Louarn et al., 2017, 2018) as in the case of moon-induced radio219

emissions (present study). The next step should be to study the more numerous radio220

source crossings of Io’s tail (Szalay et al., 2018; Louis et al., 2019; Szalay et al., 2020b),221

in order to explain (i) how radio emission can be produced 10s of degrees away from the222

main Alfvn Wing spot, (ii) why these radio emissions are not observed from a distant223

point of view and (iii) how the electron distribution function and the radio emission in-224

tensity evolve with distance from the Main Alfvn Wing spot.225
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Wilson, R. J. (2020a, February). Alfvénic Acceleration Sustains Ganymede’s323

Footprint Tail Aurora. Geophysical Research Letters, 47 (3), e86527. doi:324

10.1029/2019GL086527325

Szalay, J. R., Allegrini, F., Bagenal, F., Bolton, S. J., Bonfond, B., Clark, G., . . .326

Wilson, R. J. (2020b). A new framework to explain changes in Io’s footprint327

tail electron fluxes, submitted. Geophysical Research Letters.328

Szalay, J. R., Bonfond, B., Allegrini, F., Bagenal, F., Bolton, S., Clark, G., . . . Wil-329

son, R. J. (2018). In situ observations connected to the io footprint tail330

aurora. Journal of Geophysical Research: Planets, 123 (11), 3061-3077. doi:331

10.1029/2018JE005752332

Treumann, R. A. (2006, August). The electron-cyclotron maser for astrophysical ap-333

plication. Astronomy & Astrophysicsr , 13 , 229-315. doi: 10.1007/s00159-006334

-0001-y335

Wu, C. S. (1985, August). Kinetic cyclotron and synchrotron maser instabilities336

- Radio emission processes by direct amplification of radiation. Space Science337

Reviews, 41 , 215-298. doi: 10.1007/BF00190653338

Wu, C. S., & Lee, L. C. (1979, June). A theory of the terrestrial kilometric radia-339

tion. Astrophysical Journal , 230 , 621-626. doi: 10.1086/157120340

Zarka, P., Marques, M. S., Louis, C., Ryabov, V. B., Lamy, L., Echer, E., & Cec-341

coni, B. (2017, January). Radio emission from satellite-Jupiter interactions342

(especially Ganymede). In G. Fischer, G. Mann, M. Panchenko, & P. Zarka343

(Eds.), Planetary radio emissions viii (p. 45-58). doi: 10.1553/PRE8s45344

Zarka, P., Marques, M. S., Louis, C., Ryabov, V. B., Lamy, L., Echer, E., & Cec-345

coni, B. (2018, October). Jupiter radio emission induced by Ganymede and346

consequences for the radio detection of exoplanets. Astronomy & Astrophysics,347

618 , A84. doi: 10.1051/0004-6361/201833586348

–10–



Figure1.



El
ec

tro
n 

de
ns

ity
 

(c
m

-3
)

07:35
1.53

284.30
78.29
74.75
14.55
22.19

07:36
1.51

290.60
77.78
73.52
14.43
18.81

07:37
1.49

296.50
77.14
72.24
14.33
16.04

07:38
1.47

302.00
76.39
70.92
14.23
13.77

07:39
1.45

307.10
75.53
69.55
14.15
11.89

07:40
1.43

311.70
74.56
68.14
14.08
10.32

2019-05-29 (149) 7:35 to 7:40

RJ
LonIII

Lat
MLatJRM09

MLT
L

6.0

6.4

6.2

6.6

7.0

6.8

Fr
eq

. (
M

H
z)

dB above bacakground

Wavesb

d

e

f

dB above bacakground
Waves

3 5

3 0

2 5

2 0

1 5

1 0

5

0
5

10

15

20
Fr

eq
. (

M
H

z)
a

06:00 06:20 06:40 07:00 07:20 07:40 08:00 08:20 08:40 09:00

3 0

2 5

2 0

1 5

1 0

5

 (s
3.km

-6)
Pi

tc
h 

an
gl

e
(d

eg
)

Pi
tc

h 
an

gl
e

(d
eg

)

0 .1

1

10

(sec
-1.cm

-2.sr -1)El
ec

tro
n 

en
er

gy
(k

eV
)

c



Figure2.



0.00 0.05 0.10 0.15 0.20 0.25 0.30
β

||

0.00

0.05

0.10

0.15

0.20

0.25

0.30

β pe
rp

-3

-3
-2

-2

-2

-1

0
1
2

07:36:40

07:37:43

Distribution function (log s3/km6)

-3

-3

-3-2
-2

-1

0
1

0.00

0.05

0.10

0.15

0.20

0.25

0.30

β pe
rp

-4

-3
-3

2-

-2

-1

-1

0

1
2

340.00

0.05

0.10

0.15

0.20

0.25

0.30

β pe
rp

-4 -2 0 2 4

Log (s3 /km6)

0 1 2 3 54

Growth rate          (x10-4) γ/ωce

07:37:43

07:36:40

07:37:2607:37:26

a e

b f

d h

c g

 Grow rate γ/ωce and Δω iso-contour along resonant circles 

1

2

3

4

5

6

R
ad

iu
s 

b 
(k

eV
)

2 4 6 8 10 12 14 16 18 20 22 24

24

26

26

28

28

30

30

32

32

34 36 38

1

2

3

4

5

6

R
ad

iu
s 

b 
(k

eV
)

2 4 6 8 10 12 14 16 18 20 22 24

24

26

26

28

28

30

30

32

32

34 36 38

5 10 15 20
Center E0 || (keV)

1

2

3

4

5

6

R
ad

iu
s 

b 
(k

eV
)

2 4 6 8 10 12 14 16 18 20 22 24

24

26

26

28

28

30

30

32

32

34 36 38

-3

-3

-3

-3

-2

-2

-1

-1

0

1

2
3

0.00

0.05

0.10

0.15

0.20

0.25

0.30

β pe
rp

1

2

3

4

5

6

R
ad

iu
s 

b 
(k

eV
)

2 4 6 8 10 12 14 16 18 20 22 24

24

26

26

28

28

30

30

32

32

34 36 38

07:37:2807:37:28

Source crossing


	Article File
	Figure1 legend
	Figure1
	Figure2 legend
	Figure2

