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ABSTRACT

In the latter moments of 17 July 2023, the solar active region 13363, near the southwestern face of

the Sun, was undergoing considerable evolution, which resulted in a significant solar energetic particle

(SEP) event measured by Parker Solar Probe’s Integrated Science Investigation of the Sun (IS⊙IS) and

near-Earth spacecraft. Remote observations from GOES and CHASE captured two M5.0+ solar flares

that peaked at 23:34 and 00:06 UT from the source region. In tandem, STEREO COR2 first recorded

a small, narrow coronal mass ejection (CME) emerging at 22:54 UT and then saw a major halo CME

emerge at 23:43 UT with a bright, rapidly expanding core and CME-driven magnetic shock with an

estimated speed of ∼1400 kms−1. Parker Solar Probe was positioned at 0.65 au, near-perfectly on

the nominal Parker spiral magnetic field line which connected Earth and the active region for a 537

kms−1ambient solar wind speed at L1. This fortuitous alignment provided the opportunity to examine
how the SEP velocity dispersion, energy spectra, elemental composition, and fluence varied from 0.65

to 1 au along a shared magnetic connection to the Sun. We find a strong radial gradient, which is best

characterized for H and He as r−4.0 and most surprisingly is stronger for O and Fe which is better

described by r−5.7.

Keywords: Solar energetic particles (1491), Solar coronal mass ejections (310), Solar storm(1526), Solar

activity (1475)

1. INTRODUCTION

Solar energetic particle (SEP) events are periods of

elevated intensities of high-energy particles typically as-
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sociated with solar flares, coronal mass ejections (CME),

stream interaction regions, corotating interaction re-

gions, and other energetic solar events (Cane et al. 1986;

Reames 1999; Kallenrode 2003). These particles can

pose a hazard to astronauts and spacecraft (Sihver 2021)

along with causing economic damage on Earth (East-

wood et al. 2018). Characterizing SEP events is cru-

cial for understanding space weather and its impact on
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Table 1. Parameters of spacecraft configuration in Figure 1

STA ACE PSP

Carrington longitude [°] 268.8 271.2 288.0

Carrington latitude [°] 4.4 4.5 3.2

Heliocentric distance [au] 0.96 1.01 0.65

Solar wind speed [km/s] 538 538 417

Magnetic footpoint Carr. long. 313.1 317.8 326.6

space missions and satellite operations, in addition to a

broader understanding of the origin of other high kinetic

energy particles such as cosmic rays.

The difficulty of connecting near-Sun activity to SEP

events measured in-situ is that the SEPs exhibit no obvi-

ous characteristics that can be detected via remote sens-

ing methods, especially at planetary distances. The un-

fortunate caveat of in-situ measurements is that we are

often limited to a single observation point to work from,

so the rare opportunities to measure SEPs at different

points within the solar system are important for sifting

out the key transport mechanisms that affect a given

parcel of particles. Notable previous multi-spacecraft

events that examined radial effects included Lario et al.

(2006) through the IMP 8 and HELIOS era, 4 June

2011 and 17 Nov 2011 Lario et al. (2013), 17 April 2021

(Dresing et al. 2023), and 14 March 2022 (Walker et al.

2025). More rare are SEP events which are observed by

spacecraft with small longitudinal separation and radi-

ally separated by interplanetary distances, such as 28

April 1978 and 21 June 1981 Lario et al. (2006) as well

as the 17 July 2023 event described in this study.

The major benefit of this 17 July 2023 SEP event is

that it occurred during the era of spacecraft particle de-

tectors with the ability to examine compositional vari-

ations in heavy ions, whereas earlier instruments were

limited to protons, electrons and He. So the study of ra-

dial evolution of SEPs in the era of Parker Solar Probe

(PSP) is key to determining the ion dependent favor-

able interplanetary conditions for transport along the

Parker spiral magnetic field and the ability to test dif-

fusive models for particle transport.

2. SPACECRAFT CONFIGURATION AND SOLAR

ACTIVITY

On 17-18 July 2023, the largest SEP event in the 16th

orbit of PSP occurred when the spacecraft was nearly

aligned with the Solar Terrestrial Relations Observa-

tory (STEREO), and Advanced Composition Explorer

(ACE) along a common Parker spiral. This alignment

allows for the measurement of particles from the same

SEP event as they travel at approximately 10% of the

Figure 1. Spacecraft configuration of (1) STEREO A in
red, (2) PSP in violet, and (3) ACE in grey prior to the on-
set of the SEP event from the Solar-MACH model (Gieseler
et al. 2023). The black reference arrow designates the foot-
point of the flares and field line projected to 1 au. The
nominal Parker spiral field lines based on the measured solar
wind speed are plotted and colored to match their associated
spacecraft. See Table 1 for specifications.

speed of light, passing each spacecraft from 0.65 to ∼1.0

au. The ability to analyze particles from the same SEP

event at multiple spacecraft locations provides an un-

precedented opportunity to study the evolution of SEP

event characteristics as it propagates radially, nearly in-

depdendent of longitudinal effects, through interplane-

tary space. About 29 hours after the initial burst of

SEPs, the interplanetary shock driven by the coronal

mass ejection (CME) associated with the event reached

PSP and increases in lower energy ions were measured.

The uniqueness of the spacecraft configuration is

shown in Figure 1, which displays the location of all 3

spacecraft in a 2-D plane and the nominal Parker spirals

based on measured solar wind velocities. Table 1 lists

the related parameters as well as the negligible latitu-

dinal separation of 1.3°. The relatively minor magnetic

footpoint separation of ∼11° longitude indicates that all
three spacecraft are magnetically connected to the same

general region on the solar surface, providing confidence

that the measured SEPs are from the same event.

Figure 2 shows the SDO/HMI photospheric magnetic

field map for the relevant Carrington rotation 2273, the

magnetic footpoints of PSP at 15 R⊙, and the corre-
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Figure 2. PFSS model derived magnetic field map from
SDO/HMI (Poduval & Zhao 2014). Red triangles mark the
magnetic footpoint of PSP at 15 Rs, blue circles indicate
the coresponding PFSS-determined footpoint location in the
photosphere, and the black crosses outline the heliospheric
current sheet boundary.

sponding photospheric footpoints calculated from the

potential field source surface (PFSS) model1. The solar

activity emerged from active region (AR) 13363, located

on this map at (-22°, 285°)2 and PSP was clearly well-

connected to it for several days. Also shown is the cal-

culated position of the heliospheric current sheet (HCS).

The complex shape of the HCS, which crosses the solar

equator at roughly 210°longitude, had persisted in this

general configuration for nearly 6 months. Although,

the bulge-like shape in the HCS at (+15°, 315°) seems

to have only begun to form during the previous Carring-

ton rotation, suggesting some more localized evolution

during the observational period of the SEP event.

AR 13363 exhibited notable activity preceding the

SEP event. It started with an M5.0 flare that began

at 22:54 UT on 17 July 2023 based on GOES-16 X-ray

measurements in Figure 3, followed by a small, narrow
CME. Then, at 23:17 UT a larger M5.6 flare occurred,

with an extended period of X-ray emission for several

hours, and a large halo CME erupted from the south-

western area as shown by STEREO COR2’s white-light

coronagraph in Figure 3.

3. IN-SITU ENERGETIC PARTICLE

INSTRUMENTATION

This study utilizes the energetic particle instruments

on PSP, STEREO, and ACE. While there are differences

in the temporal, energy and mass resolution of the in-

struments, they generally measure similar energy ranges

between 1 and tens of MeV/nuc. The sensors are capa-

1 Available at: https://spp-isois.sr.unh.edu/psp footpoints/Plots/
2 Heliographic latitude, Carrington longitude

Figure 3. (Top) Time evolution from GOES-16 spacecraft
of 1 to 8 Å for 1 second X-ray flux (left y-axis) and flare cat-
egory according to GOES classification (right y-axis). (Bot-
tom) Composite image of STEREO COR2 and COR1, col-
ored red, shows white light coronagraph images from 1 to
9 R⊙. EUVI 195 ultraviolet light image of the solar disk,
colored green, is also shown for context. Note: The sup-
plemental animation begins on 17 July 2023 at 22:00 and
continues over the next 10 hours to show two CMEs in quick
succession erupting from AR 13363.

ble of measuring energetic ions from H to Fe (with the

exception that ACE/SIS does not measure protons) and

here we concentrate on H and He (referred to as “light

ions”) and O and Fe (“heavy ions”). The details of the

instrumentation on each spacecraft is described below.

3.1. IS⊙IS onboard PSP

PSP is a flagship NASA mission designed to study the

upper corona and inner heliosphere in-situ (Fox et al.

2015) and the IS⊙IS (McComas et al. 2014) instrument

suite is designed to study energetic particles at close

proximity to the Sun after its launch in 2018. IS⊙IS

is comprised of a low energy instrument, EPI-Lo (Hill

et al. 2017), which uses the time-of-flight verses residual

energy technique to measure ∼0.020 to 10 MeV ions and

contains 80 apertures spread across a hemisphere, and

a high energy instrument, EPI-Hi (Wiedenbeck et al.

2017), which covers roughly 1 to >100 MeV/nucleon,

https://spp-isois.sr.unh.edu/psp_footpoints/Plots/
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depending on chemical species. EPI-Hi is further parti-

tioned into the Low-Energy Telescope (PSP/LET) and

High-Energy Telescope (PSP/HET), both of which uti-

lize the standard dE/dx verses residual energy tech-

nique to measure ions in an approximate energy range

of 1 to 20 MeV/nucleon for PSP/LET and 10 to 100

MeV/nucleon for PSP/HET.

PSP/LET has three apertures, PSP/LET A is ori-

ented 45° away from the spacecraft-Sun line in the ap-

proximate sunward direction of a Parker spiral mag-

netic field line and, PSP/LET B, points 180° away

from PSP/LET A. The third aperature, PSP/LET C,

points 90° between the other two along the ecliptic plane.

PSP/HET has two apertures, PSP/HET A is oriented

20°away from the spacecraft-Sun line and PSP/HET B

is pointed 180° from the PSP/HET A direction. This

study primarily utilizes the sunward pointing apertures

(PSP/LET A and PSP/HET A).

3.2. Low and High Energy Telescopes onboard

STEREO

STEREO (Kaiser et al. 2007) formerly consisted of

two NASA spacecraft, Ahead and Behind, launched in

2006 to provide stereoscopic observations of the Sun.

Sadly, STEREO Behind suffered hardware damage and

was lost in 2014, prior to the launch of PSP, so all

STEREO references in this study are for the surviv-

ing STEREO Ahead (STA) spacecraft. STEREO’s

instrument suite includes the Sun Earth Connection

Coronal and Heliospheric Investigation imaging suite

of remote ultraviolet (EUVI) and white-light (COR1,

COR2) coronagraph cameras which provide the data

shown in Figure 3. The particle detectors onboard

STEREO used in this study are the Low Energy Tele-

scope (STA/LET) (Mewaldt et al. 2007) and High En-

ergy Telescope (STA/HET) (von Rosenvinge et al. 2008)

as part of the In-situ Measurements of Particles and

CME Transients (IMPACT) suite of instruments.

STA/HET is composed of 9 solid-state detectors

to measure SEPs in the energy range of 13 to 100

MeV/nucleon in ∼11 energy intervals and arranged in

stacks oriented in the sunward direction with 55° fields
of view. STA/LET is composed of 14 solid-state de-

tectors to measure SEPs in the energy range of 3 to

30 MeV/nucleon in ∼12 energy intervals and arranged

in two fans directed in the sunward and anti-sunward

directions with wide fields of view 123° in the ecliptic

plane by 29°out of the ecliptic plane. STA/HET’s ion

measurements are limited to H, while STA/LET has ob-

servations of H, He, O and Fe.

3.3. Solar Isotope Spectrometer (ACE/SIS) onboard

ACE

ACE (Stone et al. 1998) is a NASA spacecraft

launched in 1997 to study particle composition, space

weather, and the solar wind at the semi-stable L1 La-

grange point. ACE carries Solar Isotope Spectrometer

(ACE/SIS) particle detector instrument to measure the

energy spectra and elemental composition of SEPs to

give insight into their origin and acceleration mecha-

nisms.

ACE/SIS is optimized for SEPs with energies rang-

ing from ∼10 to 100 MeV/nucleon via solid-state silicon

detectors that are able to identify energetic nuclei from

He to Ni over this energy range. The time cadence of

ACE/SIS is more limited in comparison to PSP/HET,

PSP/LET, and STA/LET with intensities available ev-

ery 256 seconds (versus every 60 seconds for PSP and

STA) and is not designed to detect anisotropies. During

this SEP event, ACE and STEREO are quite close to

each other, thus their measurements provide consistency

checks as well as ACE/SIS is able to extend the He, O,

and Fe measurements to higher energies than is possi-

ble from STA/LET alone. Additionally, STA/LET and

STA/HET provide the H measurements that ACE/SIS

does not have.

4. PARTICLE MEASUREMENTS AND ANALYSIS

4.1. Velocity dispersion

In order to estimate the release time of the SEPs, we

performed velocity dispersion analysis (VDA) by auto-

matically selecting sharp increases in intensity using the

method of Xu et al. (2020). VDA assumes that SEPs

of all energies were injected at the same time and that

the first particles measured are those which traveled a

nearly scatter-free path with negligible cross-field diffu-

sion to reach the spacecraft. Figure 4 shows the result

from the PSP/HET A proton data, where the onset time

as a function of inverse velocity results in a path length

of 0.72 au, which is consistent with a Parker spiral-like

path that would be expected compared to the radial PSP

distance of 0.65 au, and a release time of 23:51 UT. Also

shown in Figure 4 is the VDA result for STA/HET A

proton data, where the release time is estimated as 23:57

UT and the overall path length is 1.10 au compared to

the radial STA distance of 0.96 au, the increasing uncer-

tainties is expected as increased scattering occurs over

interplanetary distances.

It is important to keep in mind that VDA should be

treated only as a guide, since simultaneous injection,

comparable spatial transport and acceleration time scale

for a single location is not ensured for even the first arriv-

ing particles. Thus, the differences in SEP path lengths

and release times at PSP and STA are not a concern,

especially when considering the larger uncertainties for
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PSP/HET

PSP/HET

STA/HET

STA/HET

Figure 4. (Top row) Proton intensity spectrograms mea-
sured at 1 minute intervals by the (left) PSP/HET and
(right) STA/HET instruments for the first 6 hours of 18 July
2023. The cyan dots are automated fit points for the arrival
of protons at a given energy. (Bottom row) Velocity dis-
persion analysis of the spectrogram fit points, providing the
particle solar release time (t0) and the pathlength (L).

release time for STA/HET as shown in Figure 4. The

larger uncertainty suggests that particle scattering dur-

ing the last ∼0.35 au of the SEP path have affected the

accuracy of VDA. More importantly, the estimated re-

lease times from both spacecraft’s observations indicate

that the release time of the SEP event occurred slightly

over 40 minutes after the second M-class flare occurred

when the halo CME was at 6+ R⊙.

4.2. Fluence spectra

Energy spectrogram plots, shown in Figures 5, 6, and

7, display the flux at a given energy as a time profile

throughout the entire SEP event. The fluence spectra

are calculated for each spacecraft by integrating the en-

ergy spectrograms over the duration of the event: 17

July 2023 23:02 to 21 July 2023 23:02 for PSP and 18

July 2023 00:00 to 22 July 2023 00:00 for STA and ACE.

In the case of PSP/LET, only the sunward-facing A side

Figure 5. Energy spectrograms measured by PSP/LET A
for: (1) protons, (2) helium, (3) oxygen, and (4) iron. The
cut out in the H and He intensities at lower energies from
18 July 2023 at 08:03 to 19 July 2023 at 07:15 is due the
instrument being in dynamic threshold mode 1 (Cohen et al.
2021).

was included for fluence. All three spacecraft observed

a multi-day SEP event with a relatively rapid onset and

an exponential decay after the peak intensity. The asso-

ciated CME-driven shock crossed PSP at 19 July 2023

04:59 and later reached STA & ACE at 20 July 2023

15:29, but there was no coincident increase in particles

intensities at any of the spacecraft in this study’s mea-

sured energy range. This suggests the shock had weak-

ened and was no longer accelerating significant numbers

of MeV-energy ions at/beyond 0.65 au.

Figure 8 illustrates the 4 day integrated fluence mea-

surements for protons, helium, oxygen, and iron ions

obtained from IS⊙IS, ACE/SIS, and STA/LET instru-

ments (spectrograms for the same time period are shown

in Figures 5, 6, 7). The agreement between STEREO

and ACE for He, O and Fe is good. It is clear that the

spectra are not simple power-laws, but gradually steepen

with increasing energy. Despite the separation between

PSP, STEREO, and ACE, the spectra are remarkably

similar in shape, suggesting little impact on the shape

from transport.

To compare fluence measurements across instruments

while accounting for differences in spacecraft distances,
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Figure 6. Energy spectrograms measured by STA/LET A
for: (1) protons, (2) helium, (3) oxygen, and (4) iron at 10
minute integrations. Note reduced proton flux at ∼3.38 is a
known instrumental effect.

Figure 7. Energy spectrograms measured by ACE/SIS for:
(1) helium, (2) oxygen, and (3) iron.

we initially applied radial adjustment factors to the flu-

ence spectra for each ion species to account for PSP

being located at 0.65 au from the Sun, while STEREO

and ACE were positioned at 0.96 and 1.01 au near Earth,

respectively. We scaled the fluence spectra for each ion

species in a manner similar to Lario et al. (2006) for the

r-dependence based on Helios and IMP-8. Initially, an

inconsistency in across different ion species was noticed

when scaling the fluence of heavy vs. light ions for single

Figure 8. Comparison of fluence spectra for protons,
helium, oxygen, and iron ions obtained from PSP/HET,
PSP/LET, ACE/SIS, and STA/LET instruments during the
SEP event. Shading indicates the statistical uncertainties.

rn value. Instead, we found it necessary to use different

rn values for light and heavy ions.

Figure 9. Fluence spectra for hydrogen and helium ions
from the three spacecraft, scaled by a factor of r−4 .

Figure 9 illustrates the radial adjustments applied to

the fluence spectra for hydrogen and helium ions, the

PSP/HET and PSP/LET fluence spectra are scaled by

a factor of 4.76, corresponding to r−4.0, where r rep-

resents the radial distance from the Sun to each space-

craft. Figure 10 depicts the radial adjustments applied

to the PSP/HET and PSP/LET fluence spectra for oxy-

gen and iron ions. These heavier ions exhibit a stronger

depletion in fluence abundance at the near-Earth space-

craft, requiring a radial adjustment of a factor of 9.23,

corresponding to r−5 .

4.3. Ion Composition
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Figure 10. Fluence spectra for oxygen and iron ions from
the three spacecraft, scaled by a factor of r−5.7 .

Ion composition ratios, such as the ratio of helium

to hydrogen (He/H) and the ratio of iron to oxygen

(Fe/O), quantify the relative abundances of ion species

in the overall energetic particle population and their

evolution throughout SEP events. Figure 11 depicts

He/H and Fe/O for overlapping energies from STA/LET

and PSP/LET A. At the lowest energies (around 2

MeV/nucleon) both the He/H and Fe/O abundance ra-

tios are fairly typical of large SEP events (Reames 1995)

and then decrease with increasing energy. Such behavior

is often observed in SEP events as a result of species-

dependent breaks in the fluence spectra (Cohen et al.

2005; Mewaldt et al. 2005). The He/H abundances

are slightly lower at STEREO compared to PSP, but

the energy dependence is very similar. Although only

the PSP Fe/O measurements extend to lower energies,

where they overlap with the STEREOmeasurements the

ratios are approximately the same and relatively energy-

independent. It is only the lower energies of the PSP

observations that exhibit a strong energy dependence.

5. DISCUSSION

The radial gradients measured in this SEP event ex-

ceed that of prior studies by Lario et al. (2006), which

estimated protons to have a radial dependence of r−3.3

over similar heliospheric distances. For the 17 July 2023

event, we found proton and helium radial dependence to

be near r−4 which suggests more scattering has occurred

throughout transport and is more similar to protons

modeled by Kozarev et al. (2010) at r−3.8±0.3, albeit

at higher energies of >80 MeV. One source of increased

scattering could be interactions of CMEs as they merge

together. As mentioned earlier a small, narrow CME

preceded the halo CME imaged in Figure 3.

Figure 12 shows radio observations over the 120

minute period centered around the CME-CME interac-

tion time. A Type III solar radio burst is clearly seen

A

B

Figure 11. Abundance ratios of (A) He/H and (B) Fe/O
for selected energies integrated over the SEP event.

Figure 12. Time-series of radio band intensities, from the
FIELDS instrument onboard PSP, showing Type II, III, and
IV radio bursts occurring at of near solar activity.

taking place nearly coincident with the M5.6 flare that

peaked at 23:17, noted by the fast drifting signal from

high to low frequencies over the course of the next 15

minutes. Type III solar radio bursts are associated with

the strong flares accelerating electrons which stimulate

radio emission. From 23:41 to 23:47, a Type IV ra-

dio burst at 10 MHz occurs during the period of initial

prominence eruption shown in Figure 13. Type IV ra-

dio bursts have been previously understood to be nar-

row beams emitting from coronal loops overlying the

EUV post-eruption arcades and associated with CME

and prominence eruptions (Gopalswamy et al. 2016).

Faintly drifting downward from 23:51 through the end

of Figure 12 at 01:00 is a Type II radio burst, which is

associated with the leading edge of a CME due to shock
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waves accelerating electrons to stimulate radio emission.

Curiously, at 23:51 there is a 14-minute ∼1 MHz en-

hancement which is coincident with the timing of the

large, fast halo CME, which emerged from AR 13363 in

Figure 3, overtaking the initial narrow, slower CME.

Interestingly, the oxygen and iron radial dependence

was considerably stronger at r−5.7 compared to lighter

ions. The cause of this is not immediately clear, al-

though one distinct difference between the heavy and

light ions is their typical charge-to-mass (Q/M) ratios.

In particular H and He are expected to be fully stripped

for a range of coronal temperatures while O and Fe are

not. This could lead to a significant difference in the rel-

ative rigidities and therefore the transport of the heavy

ions relative to the lighter ions from PSP to STEREO

& ACE. Potentially relevant to this is the appearance of

prominence material near AR 13363 between the erup-

tion of the two M-class flares.

1 2 3

4 5 6

Figure 13. Solar atmosphere images in H-alpha from the
CHASE spacecraft show the progression (1) prior to first
flare, (2) during the initial flare, where a prominence formed
above AR 13363, and (3) the prominence being ejected. The
atmosphere is also imaged in 30.4 nm by GOES/SUVI 18,
which shows the atmosphere (4) prior to first flare, (5) dur-
ing the initial flare, where a prominence formed above AR
13363, and (6) the prominence being ejected. Note: The
supplemental animation begins on 17 July 2023 at 19:26 and
continues over the next 4 hours to show a prominence quickly
forming and being ejected outward from AR 13363. The
GOES/SUVI 18 animation is continuous, but the CHASE
animation includes gaps and distortions due to data avail-
ability.

Figure 13 provides low coronal context of the magnetic

evolution occurring in AR 13363 via H-alpha images

from CHASE (Li et al. 2022) and ultraviolet 30.4 nm

images from GOES/SUVI 18 (Darnel et al. 2022), which

correspond to emission of H at ∼5000 K and He II at

∼50000 K, respectively. This magnetic evolution shows

the moments before the first M5.0 flare, the formation

of a prominence and its ejection during the beginning at

the beginning moments of the M5.6 flare. The M5.0 flare

coincided with a relatively small, narrow CME while the

second flare triggered a massive halo CME that traveled

at a significantly higher speed and later dominated the

COR2 field of view, shown in Figure 3.

Of particular interest is the movement of an over-the-

limb prominence, at the lower right of the solar disk, to

a location just above the M5.6 flare moments before its

eruption. The series of images in Figure 13 shows that

prior to the first M5.0 flare, no cool prominence ma-

terial was located above AR 13363. Then at the time

of the M5.0 flare, cool prominence material has moved

to the region for a short period of time before it is vi-

olently ejected away. The location of this prominence

raises the possibility that it was injected into the seed

particle source for the subsequent SEP event. Soft x-ray

flare emission is highly efficient at ionization of particles

within the flare reconnection loops, which we regularly

see as emission from ionized solar plasma in extreme ul-

traviolet images. Thus, the cooler prominence, of which

a typical temperature is between 0.005 to 0.05 MK, at

heights above the flare loops acting as a seed particle

source would inject mostly O and Fe ions with consid-

erably lower charge-to-mass ratio (Q/M) compared to

other flare accelerated plasma.

While intriguing, it is not clear that the lower rigid-

ity (potentially exacerbated by the prominence mate-

rial) of the heavy ions is the cause of the greater de-

pletion in heavy ions along the final ∼0.33 au of radial

distance. One would expect such a rigidity effect to

also be reflected in a change in spectral shape from PSP

to STEREO and ACE, with a greater depletion at the

higher energies. However, as can be seen from Figures

9 and 10, common scaling does remarkably well for all

of the energies measured by the three spacecraft. It is

unclear what mechanism could result in a radial gradi-

ent that is potentially mass or Q/M dependent (but not

rigidity dependent) and is consistent with the results

presented here.

It is possible, however, that a change in spectral shape

may be more evident at lower, or higher, energy ranges

than covered within this study and this will be exam-

ined in future work. We have also explored a qualita-

tively similar multi-spacecraft SEP event between PSP,

STEREO, and ACE on 7 August 2023 and did not see

a similar radial dependency based on ion species, which

may suggest that this is not a common observation and

unlikely to be due to intercalibration issues.

Diffusive shock acceleration (DSA) tends to be more

efficient at accelerating high Q/M ratio ions than those
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with low charge-per-mass according to Lee (1982); De-

sai et al. (2003). In the case of light ions like hydrogen

and helium which are fully ionized, DSA can more eas-

ily elevate their energies to many MeV. However, heavy

ions like oxygen and iron require significant heating to

become fully ionized and thus are less efficiently accel-

erated by DSA. In the case of this particular SEP event,

heavy ions with even lower ionization states from the

cool prominence material may have been injected into

the seed population and reduced the efficiency of DSA

disproportionately as compared to H and He.

A similar study of radial dependence of SEP events

from observers with close footpoints, Lario et al. (2006),

found that even though the magnetic connection be-

tween IMP 8 and Helios 1 was close, the steep radial

dependence of peak intensities was enough to suggest

that the spacecraft were not really magnetically con-

nected. In this present study between PSP and STA,

the release time and path length derived from VDA, as

well as the derived magnetic footpoints of the spacecraft,

suggest good magnetic connectivity between the space-

craft. The substantially different radial dependence of

the heavy ions relative to the light ions suggests greater

diffusion or scattering of heavy ions, but without a sig-

nificant change in the qualitative spectral shape.

The curved, no-single power-law spectral shape might

be explained by an efficient particle escape (Fraschetti

2021), but the steepening of the radial gradient for all

ions and the surprising differing radial gradient for heavy

vs. light ion fluence remains a challenge to explain.

Modeling efforts can address the steep radial gradient

by numerically solving the focused transport equation to

determine the contribution of the focusing term to SEP

radial gradient (Ruffolo & Khumlumlert 1995; Ruffolo

et al. 1998). Although, another approach which consid-

ers drift effects is ideal for modeling heavy ions sepa-

rately. Drift velocities depend on the Q/M ratio, and

SEP heavy ions are typically not fully stripped of elec-

trons (Klecker et al. 2006), so it is expected that heavy

ions will have larger drift velocities than light ions at the

same MeV/nucleon (Dalla et al. 2013). Other consider-

ations such as SEP pitch angle, magnetic field inhomo-

geneity, and turbulent scattering can further exacerbate

the drift effects (Marsh et al. 2013; Laitinen et al. 2023).

6. CONCLUSION

The 17 July 2023 SEP event provided an ideal space-

craft alignment for observing how the SEP event char-

acteristics change from 0.65 to ∼1.0 au. The spectral

shapes of each ion species observed at different space-

craft locations were qualitatively similar and a sim-

ple power-law in radial distance scaling between the

PSP/HET, PSP/LET, STA/LET and ACE/SIS mea-

surements worked remarkably well for the full energy

range examined. While the H and He gradients were

stronger than those found in previous studies using He-

lios and IMP-8, they are consistent with some modeling

efforts with enhanced turbulence. Such conditions may

have resulted from a CME-CME interaction early in this

event. Quite surprisingly, the radial gradient of O and

Fe was significantly stronger than that for H and He.

It is not clear what mechanism to attribute this to, but

the similarity in spectral shapes observed by the differ-

ent spacecraft suggests rigidity-related processes are not

the primary cause. The abundance ratios of He/H and

Fe/O were relatively unchanged from 0.65 to 1 au and

exhibited the fairly common decrease with increasing

energy, although this was limited to mostly below a few

MeV/nucleon for Fe/O.
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