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ABSTRACT 

The purpose of this lessons learned paper is to communicate the utility of shielding in small spacecraft planning for 

the support of mission assurance and reliability.   Numerous SmallSats have been flying in polar low Earth orbit for 

science, communications, technology demonstrations, and imaging with academic, commercial, and government 

interests.  Shielding has been part of mission assurance and reliability from the advent of long duration spacecraft 

missions.  The Shields-1 CubeSat has been operating in polar low Earth orbit since 16 December 2018 with atomic 

number (Z)-grade radiation shielding and demonstrates shielding effectiveness.  Shields-1 has collected a 

representative example of solar minimum data in 2019 with eight Teledyne Dosimeters over varying shielding 

effectivenesses. It serves as current experimental data and has been compared with NOVICE Shielding estimates using 

the AP8 – AE8 trapped radiation model with the Shields-1 CAD and generic CubeSat three unit (3U) models.    Using 

NOVICE model radiation analysis coding, the shielding effectivenesses, based on a generic CubeSat 3U structure 

with four electronic boards, were estimated for aluminum wall thicknesses ranging from 0.204 cm to 4.44 cm 

(0.550 g/cm2 to 12.0 g/cm2).  For modeled polar orbiting spacecraft, solar maximum total ionizing dose (TID) increases 

by nearly a magnitude for thin-walled aluminum 0.550-g/cm2 - 0.686-g/cm2 (0.204-cm – 0.254-cm) typical CubeSat 

structures.    The shielding effectiveness estimated by NOVICE Sigma, which is a shielding sphere approximation 

around a detector, showed a linear relationship with wall thickness, which increased over the wall thickness by a ratio 

of 1.43 determined by linear regression analysis.  Using NOVICE Adjoint Monte-Carlo Modeling of solar minimum 

and solar maximum with the inclusion of a worst-case solar particle event over a one-year mission without 

geomagnetic shielding, the TID for minimum and maximum conditions for a generic 3U with a wall thickness of 

0.254 cm is 158 RAD and 1540 RAD, respectively.  The modeled total solar maximum TID is over estimated, because 

at low orbital latitudes a spacecraft will have shielding from the Earth’s magnetic field.  However, TID will still be 

significant at high latitudes over the poles, where a spacecraft is exposed in a solar particle event.  In contrast to a 

thin-walled generic 3U CubeSat, the Shields-1 electronics enclosure has a shielding effectiveness of 21.3 g/cm2 from 

NOVICE Sigma modeling and is expected to show reduced total ionizing dose increases during the present active 

Solar Cycle 25 period.  Because solar particle events during solar maximum increase TID on electronic parts with 

thin-walled shielding in short periods of time, it is a mission assurance and reliability consideration on the mission 

value of the spacecraft versus adding shielding for risk reduction of premature spacecraft or instrument payload loss.   

Since the volumes of many instruments and system electronics have reduced with small spacecraft, shielding material 

costs and weight penalties have diminished.  A small spacecraft project budget and schedule may limit traditional 

radiation-hardened part use and radiation testing requirements, where shielding can contribute to mission assurance 

and reliability with reduced costs. 
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INTRODUCTION 

Shielding has been part of mission assurance and 

reliability practices for long duration spacecraft missions 

for decades, such as  Voyager 1 and 2 and Galileo with 

the use of a shielded electronics enclosure or vault.  

NASA reliability guidelines include system level 

radiation design margin, total ionizing dose levels for 

commercial electronic parts, charge mitigation, and 

mission assurance and reliability practices.1-3  Radiation 

design margin has been used to increase reliability by 

reducing the system level uncertainty of individual 

electronic parts working together in a radiation 

environment.  The Voyager series used a radiation 

design margin of 2.3  Galileo used a radiation design of 

2 and 3 for parts requiring spot shielding.4   Total 

ionizing doses for commercial parts have been 

recommended at levels from 2 kRads to 10 kRADs with 

lower values for complementary metal oxide 

semiconductor (CMOS) parts which are important in 

various aerospace applications.2   Shielding reduces the 

effects of internal charging from the electron 

environment.5  Mission assurance and reliability 

practices describe for all mission types from flagship 

missions to high risk experiments, such as CubeSat 

technology demonstrations, the importance of adding 

radiation design margin into the system in addition to 

other reliability tests and strategies.1 

The shielding of CubeSats has been challenging due to 

the volume constraints of the standard unit (U).  A 1U 

CubeSat has a 10-cm x 10-cm x 10-cm volume.  Typical 

aluminum wall thicknesses have been limited to 

thicknesses from 0.204 cm to 0.254 cm with 

corresponding areal densities of 0.550 g/cm2 to 

0.686 g/cm2 or a skeletal design.  The earliest CubeSat 

design described using a thickness of 0.318 cm.6  The 

various CubeSat design specifications document the 

structural exterior interface requirements for deployers 

provide the outer volume dimensions.7 

Shields-18 (figure 1) was launched on 16 December 2018 

with a shielded electronics enclosure (vault), part of the 

NASA CubeSat Launch Initiative (CSLI) ELaNaXIX 

Mission into a 500-km altitude circular orbit at an 85o 

inclination.9  The Shields-1 electronics enclosure (vault) 

includes a 3-g/cm2 atomic number (Z)-grade wall 

thickness.10    

 

Figure 1.  Shields-1 electronics enclosure (vault) with a 

3-g/cm2 Z-grade wall thickness with and without solar 

panels over the structure.  (Image Credits: NASA)  

The Shields-1 Z-grade electronics enclosure (vault) was 

designed with aluminum, titanium, and tantalum to 

reduce the overall thickness compared with aluminum of 

the same areal density at 1.1 cm, which enabled 

incorporation of the electronics.  The challenge of 

putting mass into CubeSat shielding is the volume,  

because aluminum has a low density of 2.7 g/cm3 

compared with other metals with higher Z values.  

Shown in figure 2 is a thin Z-Shields, a NASA Langley 

Research Center (LaRC) innovation with shielding 

thicknesses from 0.204 cm to 0.254 cm (1.15 g/cm2 to 

3.00 g/cm2), on top of a plastic CubeSat 1 unit (U) 

skeletal structure.  In figure 2, an aluminum plate is on 

the right, which is 1.1-cm (3.0-g/cm2) thick and 

compared with the thin Z-Shield, which has a typical 

CubeSat structure thickness.  Because the shielding 

structure must comply with the CubeSat standard 

volume constraints, the use of aluminum beyond the 

typical 0.204-cm to 0.254-cm thickness reduces the 

volume available for system bus electronics or 

instrument payloads.  The thin Z-Shields adds mass 

needed for shielding at a reduced volume.   
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Figure 2.  A comparison of thin Z-Shields and aluminum 

thicknesses for adding structural shielding mass to a 

CubeSat 1 unit (U).  Thin Z-Shields enables increased 

mass thickness.  (Image Credit: NASA) 

For polar low Earth orbit, there are shielding 

considerations for both total ionizing dose and proton 

single event effects from the South Atlantic Anomaly 

(SAA) during solar minimum.  During solar maximum, 

there are shielding considerations for solar particle event 

(SPE) proton total ionizing dose, SPE proton single 

event effects (SEEs), and increased trapped belt electron 

total ionizing dose.   The solar activity has been 

increasing over the past two years due to the current solar 

cycle proceeding towards an estimated solar maximum 

in 2025.11  According to the National Oceanic and 

Atmospheric Administration (NOAA) Space Weather 

Prediction Center (SWPC), a  typical  solar cycle has a 

severity (S) scale event probability from S1-S5 with 50 

minor (S1), 25 moderate (S2), 10 strong (S3), 3 severe 

(S4),  and less than 1 extreme (S5) solar particle event 

(SPE).  SEEs have increased probability of occurrence 

from moderate to extreme severity because of the 

increased likelihood of proton energies greater than the 

minimum proton thresholds of the spacecraft shielding.  

The SWPC evaluates the severity from magnitude flux 

levels above 10-MeV proton energies with the S scale 

with severities corresponding to historical occurrence 

rates for an 11-year solar cycle.  Many SPEs last several 

days and longer with increased flux over a short amount 

of time.   The additional proton flux from solar particle 

events increases radiation effects on electronics behind 

thin-walled shielding.   

Spacecraft radiation shielding around electronics has 

been described in terms of shielding effectiveness.  

When shielding is estimated for a space environment 

application, it is typically estimated by a slab 

approximation using a point source approximation with 

the shielding perpendicular to incident radiation for one-

dimensional stopping power or range calculations12-13 or 

as a spherical shell for isotropic radiation.14-15  Other 

shielding arrangements include solid sphere, dual slab, 

and slab backslab.14, 16  The slab and spherical 

approximations provide preliminary estimates of the 

radiation environment.  However, most spacecraft are 

built with internal electronic components and shapes 

other than spheres.  For instance, the CubeSat Standard 

has Us of various shapes from cubic to rectangular with 

planar exterior walls.  The Shields-1 electronics 

enclosure (vault), figure 1, shows the Z-shielding planar 

slabs being used as the exterior structural wall.   More 

specific shielding estimates are achieved with computer-

aided design (CAD) ray trace designs of the spacecraft 

structure to determine the shielding effectiveness, which 

incorporates all materials of the spacecraft for the 

combined shielding contributions around a location 

inside the structure.  By using the ray tracing function in 

NOVICE SIGMA for specific locations inside a CAD 

spacecraft design, the shielding effectiveness is 

approximated to a sphere with the shielding contribution 

of all materials in the spacecraft.  The shielding 

effectiveness enables a way of comparing different 

spacecraft and structural radiation shielding with a 

spherical shielding approximation in an aluminum 

equivalent value.    The shielding effectiveness is 

determined from SIGMA effective mass thickness 

estimates.14  The linear energy transfer (LET) cross-

section for each material in the sector analysis around a 

spherical detector is used for each particle transport.  The 

calculated effective material shielding is reported as an 

aluminum equivalent for the shielding effectiveness.   In 

addition to the shielding effectiveness measurements, a 

related measurement determined from the space 

environment proton radiation fluence and the shielded 

fluence is the proton minimum threshold, which can be 

determined by slowing down approximation.   The 

minimum proton particle threshold for a detector is the 

minimum proton particle energy that transmits through 

spacecraft shielding to the detector.  Minimum proton 

energy threshold for a detector is determined from the 

space environment proton integral fluence and the 

integral proton fluence at each modeled detector.    By 

knowing the integral fluence of the modeled 

environment and the shielded fluence, the percent 

particles remaining can be calculated.  This work 

describes the relationship between generic CubeSat 

shielding structures with four electronic boards and the 

Shields-1 electronics enclosure (vault) in the polar low 

Earth orbiting radiation environment for modeled solar 

minimum and solar maximum environments.  
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EXPERIMENTAL 

NOVICE Shielding Modeling   

The polar low Earth orbit radiation environment was 

modeled for a circular 85o-inclination and 500-km 

altitude, using The Aerospace Corporation* (A) proton 

(P) 8 and The Aerospace Corporation (A) electron (E) 8 

model for solar minimum and maximum over a one-year 

mission period.   Solar Particle Event (SPE) environment 

was modeled using the SOLPRO (King) Model, 95% 

confidence, over a 1-year period.  The SOLPRO model 

is at 1 astronomical unit (AU) and geomagnetically 

unshielded.   Using NOVICE SIGMA model radiation 

analysis coding, the shielding effectivenesses, based on 

a generic CubeSat 3U structure with four electronic 

boards, were estimated for aluminum wall thicknesses 

ranging from 0.204 cm to 4.44 cm (0.550 g/cm2 – 12.0 

g/cm2) for the AP8 minimum environment.  The generic 

CubeSat 3U structure was compared with the Shields-1 

electronic enclosure CAD with a wall thickness of 3.02 

g/cm2, containing the spacecraft electronics and the 

research payload shielding.  NOVICE ADJOINT Monte 

Carlo modeling was done for modeling the shielded 

fluence and total ionizing dose.14, 17 

Shields-1 Electronics Enclosure (Vault) Dosimetry 

Measurement 

Using a Teledyne Dosimeter in the Shields-1 

electronics enclosure (vault), measurements were taken 

using the high-count channel, which is 0.94 +/- 0.04 

RAD/step.   A step is a voltage increase for each channel 

count.  The measurements were taken over a 2-month 

period from July 2019 to September 2019. 

RESULTS AND DISCUSSION 

Shielding Effectiveness 

The shielding effectiveness 3U generic CubeSat 

structures aluminum wall thicknesses from 0.204 cm to 

4.44 cm (0.550 g/cm2 - 12.0 g/cm2) were plotted as a 

function of SIGMA shielding effectiveness, figure 3.  

The shielding effectiveness showed a linear relationship 

with wall thickness, which increased over the wall 

thickness by a ratio of 1.43, which is the slope 

determined by linear regression analysis.  The effective 

shielding was greater than the wall thickness in all cases, 

for example a 0.550-g/cm2 (0.204-cm) thick wall has an 

effective shielding of 0.788 g/cm2. 

* Specific vendor and manufacturer names are explicitly 

mentioned only to accurately describe the test software 

and hardware. The use of vendor and manufacturer 

names does not imply an endorsement by the U.S. 

Government, nor does it imply that the specified 

products are the best available. 

 

Figure 3.  Generic 3U CubeSat with four electronic 

boards effective shielding as a function of wall thickness, 

showing a linear relationship.   

In comparison, the Shields-1 electronics enclosure 

(vault), figure  1, effective shielding was determined to 

be 21.3 g/cm2.  The Shields-1 electronic enclosure 

(vault) contains wall thicknesses of 6 g/cm2 in the 

research payload in addition to shielding slabs from 1.28 

g/cm2 to 3.02 g/cm2, which contributed to the high 

effective shielding value.8  

Total Ionizing Dose and Radiation Design Margin 

Using NOVICE Adjoint Monte-Carlo Modeling of solar 

minimum and solar maximum with the inclusion of a 

worst-case solar particle event over a 1-year mission 

without geomagnetic shielding, the total ionizing dose 

(TID) for minimum and maximum conditions for a 

generic 3U CubeSat with a wall thickness of 0.254 cm is 

158 RAD and 1540 RAD, respectively. (Figure 4)  

 

Figure 4.  Generic 3U CubeSat Thin-Walled Aluminum 

Structure with a 10-times increase in TID from solar 

minimum (emin) to maximum (emax). 

The modeled total solar maximum TID is over estimated, 

because at low orbital latitudes a spacecraft will have 

shielding from Earth’s magnetic field.  However, TID 
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will still be significant at high latitudes over the poles, 

where a spacecraft is exposed in a solar particle event.   

There is very little contribution to TID from solar 

maximum as the shielding increases above 4 g/cm2 with 

the total ionizing dose approximately 400 RAD and 

decreases to below 200 Rad at 7 g/cm2 and negligible 

change at higher shielding levels.  The implication of 

solar maximum for thin-walled CubeSat shielding is that 

by adding radiation design margin of 2 or 3 into space 

environment mission planning, it shows that there is a 

system risk for radiation effects on sensitive commercial 

electronic parts, where the typical range is 2 kRAD to 

10 kRAD, which does not include margin, because 

1.5 kRAD from figure 4 with a radiation design margin 

of 2 is 3 kRAD and 4.5 kRAD for 3.  If a spacecraft 

design is to last multiple years during increased solar 

activity, then a thin-walled spacecraft structure is at 

system risk for commercial parts with low TID hardness. 

In contrast to the generic 3U CubeSat of 0.254-cm 

aluminum wall thickness, the Shields-1 total ionizing 

dose at solar minimum is experimentally determined 

over a 2-month period to have 75.6 +/- 3.2 RAD/yr, 

figure 5. 

 

Figure 5.  The Shields-1 electronics enclosure (vault) 

Teledyne Dosimeter high-count channel, where the 

step increases correspond to  0.94 +/- 0.04 RAD/step.  

The dose occurred over a 2-month period.10 

Minimum Proton Threshold and Percent Proton 

Particles Remaining    

The minimum proton threshold was measured for the 

0.55-g/cm2 (0.204-cm) generic 3U CubeSat wall 

thickness and the Shields-1 electronics enclosure (vault) 

with 3.02-g/cm2 Z-shielding wall thickness.  In table 1, 

summary shows values determined from the AP8 solar 

proton minimum  fluence and the shielded fluences for 

the generic 3U CubeSat and Shields-1 electronic 

enclosure (vault). 

Table 1. Thin-walled generic 3U CubeSat shielding and 

Shields-1 electronics enclosure values for minimum 

proton threshold and percent particles remaining.  Solar 

minimum total proton integral fluence is 2.20E+09. 

The table values of the total proton integral fluence 

(protons/cm2) were determined from the definition of an 

integral proton spectrum, where the total number of 

integrated protons is the summed value of protons for 

each energy binned value from highest proton energy to 

lowest proton energy, figure 6. The extrapolated proton 

minimum threshold energy assumes spherical shielding 

from ADJOINT Model.  

 

Figure 6.  Proton fluences of the AP8 solar minimum 

environment, the Shields-1 electronics enclosure (vault), 

and the Al thin-walled shielding (0.204 cm).  The total 

number of protons/cm2 in the AP8 minimum or shielded 

environment for each plot is the highest Y-axis value.   

In figure 6, the proton fluences indicate that the total 

proton integral fluence is the highest Y-axis value for 

each plot.  In table 1, the Al thin-walled generic 3U 

Name Shields-1 

Electronic 

Enclosure 

Generic 

CubeSat 

(3U) 

Material AlTiTa Al 

Wall Areal 

Density (g/cm2) 

3.02 0.55 

Total Proton 

Integral Fluence 

(protons/cm2) 

1.52E+08 5.68E+08 

Proton Minimum 

Threshold Energy 

(MeV) 

151 36.2 

Effective 

Shielding (g/cm2) 

21.3 0.788 

% Particles 

Remaining 

6.90 25.8 
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CubeSat has 1.52 x 108 protons/cm2, 25.8%, particles 

remaining in comparison with 5.68 x 108 protons/cm2, 

6.90%, particles remaining for the Shields-1 electronics 

enclosure.   By plotting  the total shielded integral 

fluence (protons/cm2)  onto the Y-axis of the AP8 min 

curve and extrapolating to the proton energy X-axis in 

figure 6, the minimum proton threshold energy is 

determined for each shielded fluence.  In table 1, the 

minimum proton threshold for the thin-walled generic 

3U CubeSat is 36 MeV and for the Shields-1 electronics 

enclosure is 151 MeV.  The significance of the minimum 

proton thresholds can be described in terms of shielding 

for not just the SAA energetic protons that contribute to 

dose, but also to single event effects for various 

semiconductor device hardnesses.  In figure 7, the 

differential AP8 solar minimum fluence and shielded 

fluences are shown.  For the shielded differential 

fluences the reduction in overall proton numbers for each 

energy shows more attenuation at lower incident 

energies.  At higher energies, above 100 MeV, 

attenuation is reduced (Table 2). 

 

 

Figure 7.  Differential AP8 solar minimum fluence 

versus shielded fluences, showing attenuation at low 

energies for both Al thin-walled shielding and Shields-1 

electronics enclosure.  At energies above 100 MeV, the 

Shields-1 electronics enclosure shows over 60% 

attenuation. 

 

 

 

 

 

 

Table 2.  The proton attenuation at high proton energies 

for Shields-1 Electronics Enclosure is greater than the  

thin-walled Al (0.204-cm) generic 3U CubeSat.  (Percent 

attenuation determined by the ratio of the differential 

shielded fluence value at a specific energy and the AP8 

minimum differential fluence at the same specific energy 

and multiplied by 100.) 

Name Proton Attenuation (%)  
100 MeV  200 MeV  500 MeV 

Shields-1 Electronic 

Enclosure 
76.5 61.7 63.0 

Generic CubeSat (3U) 13.7 12.4 12.6 
The Shields-1 electronic enclosure attenuates protons at 

76.5% for 100 MeV, 61.7% for 200 MeV, and 63% for 

500 MeV, which are in the SAA and contribute to proton 

single event effects for a range of semiconductor 

hardnesses.  In contrast, the thin-walled Al  generic 3U 

CubeSat structure attenuates less at 13.7% for 100 MeV, 

12.4% for 200 MeV, and 12.6% for 500 MeV, which 

show that there are some protons that contribute to single 

event effects in the SAA for thin-walled structures.  For 

reliability and mission assurance considerations, 

shielding provides a mitigating approach for single event 

effects not just from SAA protons, but also from SPE 

protons. 

Worst-Case SPE Estimates and Implications during 

Increased Solar Activity 

During solar active periods,  SPEs increase the proton 

flux over a period of days in many instances or longer.   

The proton single event environment increases when the 

energies are greater than the minimum proton thresholds 

for the shielding as determined in table 1.  Because the 

SOLPRO (King) model calculations were determined 

for a geomagnetically unshielded environment, the total 

spacecraft exposure in the SPE is reduced to the times 

over the poles for Shields-1 and a generic 3U CubeSat 

operating in polar low Earth orbit.  The period over the 

poles exposes the spacecraft to geomagnetically 

unshielded conditions, without Van Allen Belt 

attenuation.   For a worst-case solar particle event, the 

Shields-1 electronics enclosure attenuates over a 

magnitude the number of protons than a thin-walled 

aluminum structure across the worst-case SPE spectrum, 

figure 8.   
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Figure 8.  Differential SPE worst-case spectrum, 

showing magnitude level or more attenuation over all 

energy levels. 

In figure 9, the integral proton fluence for the worst-case 

SPE environment shows that Al thin-walled generic 

CubeSat structure attenuates the total number of 

protons/cm2 less than the Shields-1 electronics 

enclosure. 

 

  

Figure 9, Worst-case SPE integral fluence compared 

with shielded integral fluences of Shields-1 electronics 

enclosure and Al thin-walled generic 3U CubeSat 

shielding. 

Shields-1 electronics enclosure has a 2-order reduction 

in SPE protons compared with less than a magnitude for 

the thin-walled structure, when comparing the total 

integral fluences in figure 9.  For safety and mission 

assurance mitigation approaches from single event upset 

phenomena, the number of bit error corrections or reset 

frequency due to SPE protons would be significantly 

reduced or eliminated for most solar particle events due 

to the high minimum proton threshold for the Shields-1 

electronics enclosure of 151 MeV, table 1.  In table 3, it 

is shown that virtually all protons are attenuated with the 

shielding with less than 1% protons remaining for the 

Shields-1 electronics enclosure. 

Table 3.  Total SPE proton integral fluence compared 

with shielded fluence with Shields-1 electronic 

enclosure having less than 1% particles remaining and 

46% for Al thin-walled generic 3U CubeSat. SPE total 

proton integral fluence is 1.13E+10.  

 Name Total Proton Integral 

Fluence (protons/cm
2
) 

% Particles 

Remaining 

Shields-1 Electronic 

Enclosure 9.14E+07 0.809 

Generic CubeSat 

(3U) 5.15E+09 45.6 

The reduction of solar particle event fluence for a 

shielded structure during solar maximum increases 

mission assurance and reliability by reducing or 

eliminating the probability of a proton single event upset 

over a short period of time of the flux increase for a SPE.  

NOAA describes the occurrence of varying levels from 

low to extreme intensity solar particle events with its 

reporting scales of 10 MeV flux.  NOAA also tracks 50  

MeV and 100 MeV channels on the GOES-16 

spacecraft.18  Based on an 11-year solar cycle and solar 

cycle 25 estimated solar maximum in July 2025, the 

number of minor intensity SPE events will be shielded 

completely with an Al thin-walled generic 3U CubeSat, 

which is estimated at approximately 50 (S1) events, 

because the minor intensity events have a magnitude 

increase in the 10 MeV flux, and the 50 MeV and 100 

MeV proton channels flux counts are less or not changed.  

The other SPE NOAA severity (S) scale estimates for 25 

moderate (S2), 10 strong (S3),  three severe (S4), and 

less than 1 extreme (S5) events during a solar cycle put 

thin-walled aluminum generic CubeSat at risk of single 

event effects with increased flux in a short amount of 

time.  The 10 MeV GOES 16 channel flux increases by 

magnitude for each severity from minor to extreme, and 

an SPE has a broad proton spectrum as shown in figure 8.  

The lower energy SPE protons have the higher fluence 

and decrease at the higher energies.   The NOAA SPE 

number predictions for the increasing severities suggest 

that proton single event effects would increase in 

probability for increasing SPE severity, since more 

proton flux energies will be higher than the 36 MeV 

minimum proton threshold for a thin-walled aluminum 

structure, table 1.   The challenge with CubeSat shielding 

is adding the mass within the volume constraints of the 

CubeSat standard as described with the thin-walled 
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Generic 3U CubeSat.  The Z-shielding enables increased 

shielding effectiveness within the constraints of thin-

walled structures for not only total ionizing dose 

reduction, but also for  proton single event mitigation, as 

described in table 3 by the less than 1% protons 

remaining for a worst-case solar particle event for the 

Shields-1 electronics enclosure. 

CONCLUSION 

Shielding provides a system level mitigation for total 

ionizing dose and proton SEE.  CubeSats have limited 

volume and wall thickness constraints using aluminum.  

The Shields-1 electronics enclosure and thin Z-Shields 

offer increased mass and therefore shielding for thin-

walled structures, such as CubeSats.  Mission assurance 

and reliability describes the importance of adding 

radiation design margin and space environment 

considerations during spacecraft development for all 

mission types including typical research technology 

demonstrations that use CubeSat platforms.   Minimum 

proton thresholds increase with shielding areal density, 

which reduces the number of energetic protons available 

for total ionizing dose and SEE from the SAA or solar 

activity.   Energetic proton attenuation reduces TID and 

SEE for commercial, radiation-tolerant, and radiation-

hardened parts and adds mission assurance and 

reliability not just during solar maximum, but also for 

solar minimum periods. 

ACKNOWLEDGEMENTS 

The authors wish to thank the Shields-1 Team:  R. 

Bryant, M. Jones, R. Lueg, K. Somervill, T. Burns, C. 

Rhoades, M. Cooney, N. Miller, B. Seufzer, V. Stewart, 

H. Soto, S. Thibeault, A. Thornton, S. Gayle, C. Fay, M. 

Banchy, D. Keck, J. Alexa, S. Sankaran, J. Applin, J. 

Cutler, B. Blake, B. Crain, A. Goff, S. Princiotto, M. 

Wrosch, ELaNaXIX Mission NASA CubeSat Launch 

Initiative, and NASA Wallops Flight Facility CubeSat 

Ground Operations.  DLT wishes to thank  J. Minow, I. 

Jun, and W. Kim for helpful technical discussions. 

REFERENCES 

1.  NASA-STD-8729.1A,  NASA Reliability and 

Maintainabiity (R&M) Standard for Spaceflight and 

Support Systems, 13 June 2017; p 52. 

2.  NASA Preferred Reliability Practice,  Practice No. 

PD-ED-1258, Space Radiation Effects on Electronic 

Components in Low-Earth Orbit, April 1996; p 7. 

3.  NASA Preferred Reliability Practice,  Practice No. 

PD-ED-1260, Radiation Design Margin Requirement, 

May 1996; p 7. 

4.  Fieseler, P. D.; Ardalan, S. M.; Frederickson, A. R., 

The Radiation Effects on Galileo Spacecraft Systems at 

Jupiter. IEEE Transactions on Nuclear Science, 2002, 

49 (6), 20. 

5.  NASA Technical Handbook, Mitigating In-Space 

Charging Effects - A Guideline, NASA-HDBK-4002B, 

17 June 2022. 

6.  Heidt, H.; Puig-Suari, J.; Moore, A. S.; Nakasuka, 

S.; Twiggs, R. J., CubeSat: A new Generation of 

Picosatellite for Education and Industry Low-Cost 

Space Experimentation, SSC00-V-5, 14th Annual/USU 

Conference on Small Satellites, Logan, UT, 2000; p 19. 

7.  The CubeSat Program, California Polytechnic State 

University, CubeSat Design Specfication (1U-12U) 

REV 14.1, CP-CDS-R14.1. 2022; p 34. 

8.  Thomsen, D. L. I.; Kim, W.; Cutler, J. W. In 

Shields-1, A SmallSat Radiation Shielding Technology 

Demonstration, SSC15-XII-9, 29th Annual AIAA/USU 

Conference on Small Satellites, Logan, UT, Logan, UT, 

2015; p 7. 

9.  NASA, ELaNa 19 FactSheet. 2018. 

10.  Weston, S., NASA/TP—2022–0018058, State-of-

the-Art Small Spacecraft Technology. January 2023 

ed.; 2022. 

11.  NOAA Space Weather Prediction Center, Solar 

Cycle Progression 2023. 

https://www.swpc.noaa.gov/products/solar-cycle-

progression (accessed 07/19/2023). 

12.  Berger, M. J.; Coursey, J. S.; Zucker, M. A.; 

Chang, J., ESTAR, PSTAR, and ASTAR: Computer 

Programs for Calculating Stopping-Power and Range 

Tables for Electrons, Protons, and Helium Ions (version 

1.2.3). National Institute of Standards and Technology, 

Gaithersburg, MD, 2005. 

13.  Berger, M. J.; Seltzer, S. M. NASA SP-3012, 

Tables of Energy Losses and Ranges of Electrons and 

Positrons; 1964. 

14.  Experimental and Mathematical Physics 

Consultants, NOVICE: a Radiation Transport/Shielding 

Code Users Guide; Gaithersburg, MD, 09/29/2014, 

2014; p 576. 

15.  Hastings, D.; Garrett, H., Spacecraft-Environment 

Interactions. Cambridge University Press: New York, 

NY, 1996; p 292. 

https://www.swpc.noaa.gov/products/solar-cycle-progression
https://www.swpc.noaa.gov/products/solar-cycle-progression


 

Thomsen 9 37th Annual Small Satellite Conference 

16.  AIAA G-083-1999, Guide To Modeling Earth’s 

Trapped Radiation Environment; Reston, VA, 1999; p 

55. 

17.  Jordan, T. M., An ADJOINT Charged Particle 

Transport Method. IEEE Transactions on Nuclear 

Science 1976, NS-23 (6), 5. 

18.  NOAA Space Weather Prediction Center GOES 

Proton Flux. 

https://www.swpc.noaa.gov/products/goes-proton-flux 

(accessed 07/23/2023). 

 


