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1.0 Introduction 

Ionizing Galactic Cosmic Ray (GCR) radiation exposure is a major risk factor for astronauts and 

electronics for deep space exploration. 

The purpose of this work is to provide an accurate GCR energy spectrum that can be used by radiation 

health physicists for astronaut exposures
1,2 

and for Single Event Effect (SEE) rate prediction codes 

CRÈME-MC [https://creme.isde.vanderbilt.edu/] and CREME96.
3
 GCRs are the major cause of "quiet 

time" SEEs in spacecraft in the solar system and beyond.  

Accurate knowledge of the GCR spectrum is needed, especially during solar minimum when the GCR 

flux is at its maximum.  

All GCR energy spectra (measurements and model) reported in this paper apply in free space – beyond 

the Earth's magnetosphere. An appropriate magnetic cutoff code such as that used by CRÈME-MC or 

CREME96 should be used to get the GCR flux within the Earth's magnetic field. 

New results presented in this paper model the "quiet time" GCR flux over the period from 1955 to 2012 

and provide the most comprehensive comparison that has been compiled, to date, between model and 

GCR in-flight measurements made above the magnetic cutoff, from balloons (high latitude) and satellites 

(high altitude).  

This data set spans Solar Cycle 19 to 24 and confirms the maximum flux attained during the past six solar 

minima. This includes the most recent solar minimum, which is by far the deepest minimum since the 

measurements began. The Badhwar-O’Neill model parameters are uniquely influenced by measurements 

from the NASA Advanced Composition Explorer (ACE) Cosmic Ray Isotope Spectrometer (CRIS) that is 

currently measuring the low energy (~50 - 300 MeV/n) spectrum for all ions from lithium (z=3) to nickel 

(z=28). See the ACE Web site: http://www.srl.caltech.edu/ACE/). 

This is a significant improvement to the overall accuracy of modeling the true GCR spectrum – now 

based on 55 years of cosmic ray measurements – because spacecraft designers need the actual history of 

GCR fluxes since it is the best knowledge of actual worst-case conditions. Badhwar-O’Neill 2011 

(BO'11) is the only GCR model that utilizes all of the GCR measurements made from 1955 to 2012. 

BO'11 has an improved method of determining the solar modulation parameter. The BO'11 model now 

uses the International Sunspot Number (ISS#) to determine level of solar modulation and an improved 

time delay function. 

We also added the ability of the BO'11 model to calculate GCR flux for the elements from copper (z=29) 

to plutonium (z=94). In this range, GCR flux measurements are essentially nonexistent; therefore, we 

used the relative abundance data
4,5

 multiplied by our silicon spectrum (z=14). 

To get the BO'11 model, send a request to patrick.m.oneill @nasa.gov. 

 

http://www.srl.caltech.edu/ACE/
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2.0 Galactic Cosmic Ray Spectrum – Model and Measurements 

2.1 Radiation Environment Assumptions 

The steady GCR flux is the dominant cause of SEEs for hard components (those not susceptible to 

protons) in low Earth orbit (LEO) and for all components in orbits above LEO (such as Molniya, 

Geosynchronous, Lunar, and Mars). Of all the elements, carbon, oxygen, silicon, and iron cause most of 

these SEEs because they represent the most abundant of the more ionizing elements. It is especially 

critical that these elements be modeled precisely.  

The BO'11
6,7,8,9

 uses the spherically symmetric Fokker-Planck equation that accounts for cosmic ray 

propagation in the heliosphere due to diffusion, convection, and adiabatic deceleration. The boundary 

condition is the constant energy spectrum (called the Local Interstellar Spectrum (LIS)) for each GCR 

element at the outer edge of the heliosphere (~100 AU). The Fokker-Planck equation modulates the LIS 

to a given radius from the sun, assuming steady-state heliosphere conditions. 

2.2 Local Interstellar Spectrum 

The BO'11 model uses a physically significant, simple, analytical form for the LIS of each element. The 

model uses the same power law that GCR physicists have used since Fermi10 first demonstrated shock 

acceleration for GCRs in the Milky Way.  

The LIS for each element is 

 

                jlis(E) = j0 
 (E + E0)

 -                                                                             (1) 
 

Where E is the elemental particle’s kinetic energy/nucleon and E0 is the particle’s rest energy/nucleon 

(938 MeV/n for every particle),  is particle speed relative to the speed of light. 

The model has three free parameters: , , and j0 for each element. 

Methods that determine Ф from the current measurement of solar activity at the sun – such as sunspot 

number – tend to precede the GCR modulation. The heliosphere's response has a lag of 8 to14 months to 

account for changes in solar activity. On the other hand, direct measurement of the GCR flux by a spacecraft 

instrument samples the current state of the heliosphere. The sunspot method has the advantage of predicting 

future GCR fluxes; however; the spacecraft method more precisely emulates the actual GCR flux. 

Analysis shows that the correlation of the spectra of all the significant GCR elements (z=1 to 28) is better 

using direct sampling of the heliosphere by spacecraft to determine Ф. This is important to the SEE 

analyst who needs to know the actual history of GCR fluxes. The SEE analyst needs knowledge of actual 

worst-case conditions for spacecraft designs.    

The BO'11 model now uses the ISS# rather than actual GCR flux to determine the value of Ф from a 

flight instrument. However, actual spacecraft data were used to calibrate the sunspot number for periods 
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where they overlap – Interplanetary Monitoring Platform (IMP)-8 from 1974 to 1997 and ACE from 1997 

to present. 

 

 

Solar Modulation Parameter (Ф) 

The Fokker-Planck equation uses a single parameter – the solar modulation parameter (Ф) – to account 

for attenuation of the LIS due to the state of the heliosphere. Larger values of Ф cause lower GCR flux. In 

units of rigidity (volts), Ф is proportional to the momentum/charge required for a particle to penetrate the 

heliosphere.  

The solar modulation parameter (Ф) is directly associated with solar activity and can be determined (in 

principle) by a number of methods. The various solar indices – eg, sunspot number, radio and X-ray flux, 

neutron monitor rates, spacecraft GCR measurements, and even tree rings – indicate the temporal 

variation of the sun's intensity. 

Table 1. LIS for BO'11 

 

1. 1  2.774776 -1.770769       1.0295355E-03 

2. 2  2.779642 -2.250157       5.3713091E-05 

3. 3  3.205505 -0.6939054 6.3668558E-08 

4. 4  3.368330     3.078184       7.7654974E-08 

5. 5  3.385599      1.853244       1.7529467E-07 

6. 6  2.981311    -0.2386665  1.4104538E-06 

7. 7  3.162869     0.7369495     2.5751683E-07 

8. 8  8 2.917556     -0.5048721   1.5013566E-06 

9. 9  3.259731      2.065278      1.5567499E-08 

10. 10  2.962981      0.1020193    2.1901934E-07 

11. 11  3.152998     1.074219     2.9699576E-08 

12. 12  2.948759  -0.1119917    2.8983834E-07 

13. 13  2.994864      0.5002707    4.4308159E-08 

14. 14  2.879053     -0.1195741    2.6550569E-07 

15. 15  3.096346      2.159097    7.0265607E-09 

16. 16  2.933176      0.7371805   4.6928129E-08 

17. 17  3.176697      2.664137     6.0050547E-09 

18. 18  3.032804      1.131401     1.3141148E-08 

19. 19  3.140759      1.496659    8.1740321E-09 

20. 20  2.962995     -1.8125730E-02 2.7298233E-08 

21. 21  3.094214      0.6650744  3.9951229E-09 

22. 22  3.109239      3.4904722E-02  1.2611869E-08 

23. 23  3.071073      0.1630669    6.6375319E-09 

24. 24  2.995401     -0.1453178   1.6220483E-08 

25. 25  2.915389      7.7002598E-03 1.3574155E-08 

26. 26  2.773206     -0.5354044     2.0045466E-07 

27. 27  2.822085      7.3928069E-03 8.0848961E-10   

28. 28  2.818860      0.3198831      1.0219478E-08  
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One value of Ф describes the state of the heliosphere and applies at a specific time for all of the elements 

from hydrogen (z=1) through plutonium (z=94). 

The solar modulation parameter (Ф) is directly associated with solar activity and determines the 

modulated GCR flux for any given time. Prior versions of the Badhwar-O’Neill model used neutron 

monitor (Climax) count to determine Ф(t) for periods when actual spacecraft instrument data were not 

available, such as periods prior to 1974. However, we now use the ISS# for all times.  

However, we do not use the ISS# directly. First, we properly account for the time lag using the formulas 

described below. Then, we calibrated the "time delayed" ISS# by multiplying it by a constant. This 

calibration produces the excellent agreement with the Ф values derived from IMP-8 and ACE, shown in 

Figure 1. 

 
 

One of the significant differences in BO'11 versus prior models is that the sunspot number coefficient for 

deriving the modulation parameter (Ф) for heavier ions (z>1) is roughly half that used for protons (z=1) 

during the "plateau" (eg, centered around 1996.5) solar minimum cycles. During "peaked" (eg, centered 

around 1987.5) solar minimum cycles, the same coefficient is used for all z =1 to 28.   

 

 
Figure 1. Solar Modulation Parameter (Ф) as derived from ISS# and from actual spacecraft 

instruments – IMP-8 and ACE. 
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The ISS# was downloaded from the National Geographic Data Center – National Oceanic and 

Atmospheric Administration (NOAA) (http://www.ngdc.noaa.gov/ngdc.html). 

Solar Modulation Parameter (Ф) from International Sunspot Number Time Lag 

The secret to deriving Ф(t) from the ISS# is the formula for accounting for the time delay between the 

time of the solar activity (the sunspots) and the time this effect (the magnetic field disturbance) reaches 

into the heliosphere enough to significantly modulate the GCR flux.
11

  

The time delay formula used for BO'11 is shown in Figure 2.  

 

 
Figure 2. Time delay (in months) between solar events (sunspots) and their impact on the heliosphere 

regarding modulation of GCR ions.   
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Oxygen Flux (80 MeV/n) Model vs IMP-8 and ACE 

Figure 3 demonstrates the BO'11 model quality of fit for oxygen. 

 

 
 

 

 
 

Figure 3. Oxygen Flux (80 MeV/n) Model (line) versus IMP-8 (squares) and ACE (circles) 
measurements.   
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3.0 Galactic Cosmic Ray Flux Measurements vs Badhwar-O’Neill 
2011  Model  

High Energy Heavy Ions (z=1 to 28) 

The high-energy (>3000 MeV/n) measurements provide the foundation for the BO'11 parameter fit. The 

high energy data are used to determine two of the three fit parameters – the slope () and the absolute 

magnitude (j0) of the LIS. 

At these and higher energies, the flux becomes less subject to solar modulation; therefore, the 

measurements can be used to determine the LIS. This allows precise data fitting even though the flux is 

low in this energy region. 

Large instruments are used, and instruments can collect data for long periods (high energy ions are not 

subject to solar modulation). Engelmann, Ferrnando, Soutoul (EFS) (High Energy Astronomy 

Observatory (HEAO)) continuously collected data for 8 months. The balloon flights (JUL, ORTH) were 

only 1 day, and their collection factors were about the same as the EFS (~700 cm
2
 sr).  

Appendix C shows all of the high-energy flux measurements for z=1 to 28 ions. The average error (per 

data point) is shown on each plot for each data set. The solar modulation parameter (PHI) is shown on 

each plot even though, at these energies, it makes little difference. The average error (per data point) for 

all the ions in the high energy region is typically around 15%. 

Low Energy Heavy Ions (z=1 to 28) – NOT ACE (Arbitrary Data Measurements)  

The low energy (50 - 1000 MeV/n) measurements determine the BO'11 model free parameter (δ) of the LIS. 

For the abundant elements (B, C, N, O, Si, Fe), low energy (50 - 1000 MeV/n) measurements are 

available from several sources and ACE are typical. 

For some of the less-abundant elements (Be, Li, Ne, Mg, Ca and Ni), only one source (at most) of data is 

available in addition to ACE data.  

However, for the vast majority of the elements – the least abundant species (F, Na, Al, P, S, Cl, Ar, K, Sc, 

Ti, V, Cr, Mn, and Co) – ACE is the only source of low energy measurements. 

The GCR flux measurements for abundant elements – such as hydrogen, helium, carbon, oxygen, silicon, 

and iron – appear in the literature from 1955 to 1997. Spectra measurements are especially numerous for 

the 1960s, '70s, and '80s. Some measurements of the other elements are also available in the older data, 

although sparsely. Flight instruments have measured hydrogen and helium spectra extensively for years. 

A short balloon flight (~16 hours),  such as one using the IMAX (Isotope Matter – Antimatter 

Experiment) with a large superconducting magnet spectrometer, can accurately determine the "quiet time" 

GCR spectrum for these highly abundant species.  

The solar modulation parameter (PHI) is shown on each plot. At these low energies, the PHI is very 

important. PHI is derived from the ISS#, as described above. 
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Appendix D shows all of the low-energy flux measurements for z=1 to 28 ions. The average error (per 

data point) is shown on each plot for each data set. Since the flux is greater for solar minimum, accurate 

fit during the minimum periods (PHI < 650 MV) is more important. These periods were mainly used to 

determine the LIS parameter (δ). The average error (per data point) for all the ions near solar minimum 

for the "Arbitrary Data" is typically around 15%. 

Low Energy Heavy Ions (z=5 to 28) – ACE Only  

Appendix E shows the low-energy flux measurements for z=5 to 28 ions for both solar minimum and 

maximum. The average error (per data point) for the "best" fit and the "1 sigma" fit is shown on each plot 

for each data set. Each plot also shows the error distribution with the mean and standard deviation. Note 

that all of fits essentially (84%) lie below the "1 sigma" error fit. 

Since the flux is greater for solar minimum, accurate fit during the minimum periods (PHI < 650 MV) is 

more important. These periods were mainly used to determine the LIS parameter (δ). The mean fit error 

for the ACE solar minimum data is typically <10% for all the ions.  

Adjusted PHI vs Time 

Review of the plots in the preceding appendices shows that the major source of error between the GCR 

data measurements and the BO'11 model is the value of PHI derived from the ISS#. Therefore, it is 

instructive to see how much improvement occurs when the value of PHI is adjusted such that the BO'11 

model fits the data measurements most accurately. 

Appendix F shows the adjusted PHI to get best model – data fit for all low-energy ACE & Arbitrary Data 

flux measurements for z=1 to 28 ions for both solar minimum and maximum. 

Deepest Solar Minimum 

The current solar minimum (Cycle 23) is the quietest time, according to average monthly sunspot 

numbers since 1912. This is a good opportunity to observe a worst-case GCR spectrum since that should 

be a maximum of about 10 to 15 months after the sunspot minimum.  

The monthly average sunspot number from NOAA reached a minimum for Cycle 23 around October 

2009. The minimum value of Ф, as derived from ACE oxygen data, occurred around January 2010 and 

was approximately 430 MV. This compares to a value of about 500 MV for the Cycle 22 minimum, as 

observed by ACE in 1997. Of interest is the fact that the ACE oxygen flux is approximately 20% higher 

for the Cycle 23 minimum than that for the Cycle 22 minimum. 
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4.0 Conclusion 

The BO’11 model now agrees reasonably well for the "early" and the "recent" measurements.   

The new interactive Web-based model "NASA Space Cancer Risk (NSCR)-2012," developed by the 

NASA JSC Space Radiation Program Element, incorporated the BO'11 model for its GCR space 

environment. 

The radiation health community uses the BO'11 GCR model for astronaut protection. The BO’11 model is 

integral to the NASA transport code HZETRAN, and it is used by the electronic parts community as well.  
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16 

 

Appendix C: High Energy Spectra 

 
Line = BO'11 Model  

Arbitrary Data Measurements (squares) are correlated with the references (eg, PRO97BES) 

 

Note: The average error indicated on each plot applies only to data points >3000 MeV/n and each plot 

only shows the measured data points >3000 MeV/n even though that data set may contain data points 

with energies < 3000 MeV/n.  

 
 

PROTON - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro97BES.dat   1997.570       477.0878       2.607838     

 Pro98BES.dat   1998.575       666.7952       2.724817     

 Pro94Cap.dat   1994.605       565.4738       20.53057     

 Pro07Pam.dat   2007.000       484.1927       11.05974     

 BO AVERAGE ERROR =    9.230742  
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PROTON - High Energy, Solar Minimum 
Additional Files 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro93WSA.dat   1993.567       715.0115       2.078370     

 Pro65R.dat     1965.573       484.6338       17.28930     

 Pro73GMM.dat   1973.408       609.1092       4.228811     

 Pro87S.dat     1987.638       527.9987       15.98243     

 Pro87W.dat     1987.641       528.4525       6.262641     

 Pro98SMM.dat   1998.567       664.4254       7.867101     

 BO AVERAGE ERROR =    8.951442    



 

19 

 

 

 



 

20 

 

 

 



 

21 

 

 

 
 



 

22 

 

 
PROTON - High Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro92IMX.dat   1992.540       942.8263       10.04087     

 Pro70Ry.dat    1970.874       946.1595       22.56775     

 Pro99BES.dat   1999.611       865.3713       11.89829     

 Pro00BES.dat   2000.608       1020.844       4.726431     

 Pro02BES.dat   2002.600       1029.817       7.111317      

 BO AVERAGE ERROR =    11.26893     
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PROTON - High Energy, Solar Maximum 

Additional Files 

FILE              DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro89W.dat     1989.682       1248.804       1.847661     

 BO AVERAGE ERROR =    1.847661     
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HELIUM - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He66vRW.dat    1966.564       575.2775       17.96216     

 He93WSA.dat    1993.567       572.9689       15.66373     

 He97BES.dat    1997.570       449.6011       7.057961     

 He98BES.dat    1998.575       547.9679       8.550315     

 He94Cap.dat    1994.605       495.4308       26.45465     

 He07Pam.dat    2007.000       484.1927       7.836141     

 BO AVERAGE ERROR =    13.92083     

 

 

 

 

 



 

27 

 

 

 



 

28 

 

 

 
 



 

29 

 

 
 

 

HELIUM - High Energy, Solar Minimum 

Additional Files 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He65R.dat      1965.573       484.6338       10.29496     

 He87W.dat      1987.641       528.4525       9.036066     

 He87S.dat      1987.638       527.9987       22.94393     

 He98SMM.dat    1998.567       546.7391       9.349790     

 BO AVERAGE ERROR =    12.90619     

 

 



 

30 

 

 

 



 

31 

 

 

 
 



 

32 

 

HELIUM - High Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He70Ry.dat     1970.874       692.8234       26.41482     

 He92IMX.dat    1992.540       691.0951       20.73852     

 He99BES.dat    1999.611       650.9333       5.717887     

 He00BES.dat    2000.608       731.5487       10.60942     

 He02BES.dat    2002.600       1029.817       6.292054     

 BO AVERAGE ERROR =    13.95454  
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34 
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HELIUM - High Energy, Solar Maximum 
Files Rejected -  (Arbitrary 7's) 

FILE              DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He89W.dat      1989.682       1248.804       2.722097     

 BO AVERAGE ERROR =    2.722097  

 

    

 



 

36 

 

LITHIUM - High Energy 

   

 

 



 

37 

 

BERYLIUM - High Energy 

 
 

 
 



 

38 

 

 

 
 



 

39 

 

BORON - High Energy 

 
 

 
 



 

40 

 

 

 



 

41 

 

 

 



 

42 

 

 

 
 

 



 

43 

 

 

CARBON - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C74LW4.dat     1974.726       509.2871       16.84722     

 C72Jul.dat     1972.751       590.1960       15.72787     

 C77CW.dat      1976.000       465.6418       18.20770     

 BO AVERAGE ERROR =    16.92760   

 

CARBON - High Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C80EFS.dat     1979.795       830.2713       12.06566     

 BO AVERAGE ERROR =    12.06566     

 



 

44 

 

 
 

 

 
 



 

45 

 

 

 
 
CARBON - High Energy, Solar Minimum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C74LW3.dat     1974.553       515.0297       41.14713     

 C72Orth.dat    1972.748       590.3618       40.04637     

 C76SSS.dat     1976.789       456.1017       34.74538     

 C73GMM.dat     1973.353       519.4824       33.88317     

 BO AVERAGE ERROR =    37.45551  

 

CARBON - High Energy, Solar Maximum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C71SBS.dat     1971.370       623.2165       7.713494     

 BO AVERAGE ERROR =    7.713494     

 

 

 



 

46 

 

 

 



 

47 

 

 

 



 

48 

 

 
 



 

49 

 

NITROGEN - High Energy 

 
 

 



 

50 

 

 
 

 

 



 

51 

 

 

 



 

52 

 

 
 

 

 

 



 

53 

 

OXYGEN - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Ox74LW4.dat    1974.726       509.2871       26.42744     

 Ox72Jul.dat    1972.751       590.1960       15.76700     

 Ox77CW.dat     1976.000       465.6418       11.35872                   

BO AVERAGE ERROR =    17.85105  

 

 



 

54 

 

 

 
 

 

 

 



 

55 

 

OXYGEN - High Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Ox80EFS.dat    1979.795       830.2713       12.03748     

 BO AVERAGE ERROR =    12.03748     

 
 
 

 

 

OXYGEN - High Energy, Solar Minimum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Ox74LW3.dat    1974.553       515.0297       37.76938     

 Ox72Orth.dat   1972.748       590.3618       73.77858     

 Ox76SSS.dat    1976.789       456.1017       58.54860     

 BO AVERAGE ERROR =    56.69885   

 

OXYGEN - High Energy, Solar Maximum 

Files Rejected -  (Arbitrary 7's) 

----------NO FILES------------ 

 



 

56 

 

 

 



 

57 

 

 
 



 

58 

 

FLUORINE - High Energy 

 
 

 



 

59 

 

 

 



 

60 

 

NEON - High Energy 

 
 

 

 

 



 

61 

 

 

 

 



 

62 

 

 
 



 

63 

 

SODIUM - High Energy 

 

 



 

64 

 

 

 
 



 

65 

 

MAGNESIUM - High Energy 
 

 

 
 

 



 

66 

 

 

 



 

67 

 

 
 



 

68 

 

ALUMINUM - High Energy 

 
 

 



 

69 

 

 

 

 



 

70 

 

 

 

SILICON - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

----------NO FILES------------ 

SILICON - High Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 SI80EFS.dat    1979.795       830.2713       13.52751     

 BO AVERAGE ERROR =    13.52751  

 

 

 
 

 
SILICON - High Energy, Solar Minimum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 SI74LW3.dat    1974.553       515.0297       37.47513     

 SI72Orth.dat   1972.748       590.3618       60.49501     

 SI72Jul.dat    1972.751       590.1960       29.15157     

 BO AVERAGE ERROR =    42.37391 

    
SILICON - High Energy, Solar Maximum 

Files Rejected -  (Arbitrary 7's) 

----------NO FILES------------ 

 

 



 

71 

 

 

 

 



 

72 

 

 

 
 



 

73 

 

PHOSPHORUS - High Energy 

 
 

 



 

74 

 

SULFUR - High Energy 

 
 

 



 

75 

 

 



 

76 

 

CLORINE - High Energy 

 

 

 



 

77 

 

ARGON - High Energy 

 

 

 



 

78 

 

POTASSIUM - High Energy 

 

 

 



 

79 

 

CALCIUM - High Energy 

 
 

 



 

80 

 

 



 

81 

 

SCANDIUM - High Energy 

 
 

 



 

82 

 

TITANIUM - High Energy 

 
 

 



 

83 

 

VANADIUM - High Energy 

 
 

 



 

84 

 

CHROMIUM - High Energy 

 
 

 



 

85 

 

MANGANESE - High Energy 

 

 



 

86 

 

IRON - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Fe74LW3.dat    1974.553       515.0297       15.00534     

 Fe74LW4.dat    1974.726       509.2871       19.22553     

 Fe75M.dat      1975.740       461.3481       24.97471     

 BO AVERAGE ERROR =    19.73519   

 

 

 



 

87 

 

 
 

 
 

 



 

88 

 

IRON - High Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Fe80EFS.dat    1979.795       830.2713       11.20485     

 BO AVERAGE ERROR =    11.20485     

 
 

 
IRON - High Energy, Solar Minimum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Fe76SSS.dat    1976.789       456.1017       46.58792     

 Fe77CW.dat     1976.000       465.6418       23.15557     

 Fe72Orth.dat   1972.748       590.3618       77.43135     

 Fe72Jul.dat    1972.751       590.1960       43.69837     

 BO AVERAGE ERROR =    47.71830     

 

IRON - High Energy, Solar Maximum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Fe80FOW.dat    1979.416       1059.079       19.21520     

 BO AVERAGE ERROR =    19.21520   

 

 



 

89 

 

 

 



 

90 

 

 

 



 

91 

 

 
 

 

COBALT - High energy - NONE 



 

92 

 

NICKEL - High energy 

 
 

 

 



 

93 

 

 

 
 



 

94 

 

Appendix D: Low Energy Spectra 

 
Line = BO'11 Model  

Measurement (squares) are correlated with the references (eg, PRO66B) 

 

Note: The average error indicated on each plot applies only to data points <3000MeV/n, but each plot 

shows all of the measured data points that exist in each data set.  

 
 

PROTONS - Low Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

 FILE            DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro63FG.dat    1963.455       637.1404       24.62225     

 Pro63OW.dat    1963.575       632.7310       15.02571     

 Pro65OW.dat    1965.501       481.2304       4.917985     

 Pro66OW.dat    1966.548       571.2632       11.36108     

 Pro65BHM.dat   1965.447       479.2167       20.51697     

 Pro65RE.dat    1965.627       485.0185       28.88208     

 Pro66B.dat     1966.499       559.3981       11.73762     

 Pro97BES.dat   1997.570       477.0878       6.410701     

 Pro98BES.dat   1998.575       666.7952       16.14731     

 Pro94Cap.dat   1994.605       565.4738       11.24284     

 BO AVERAGE ERROR =    15.08645  

 

   

 
 



 

95 

 

 
 

 
 



 

96 

 

 
 

 
 



 

97 

 

 
  

 



 

98 

 

 
 

 

 
 



 

99 

 

 

 
 

 

 

Files Rejected -   (Arbitrary 7's) 

 FILE             DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro63MV.dat    1963.545       632.8328       65.65573     

 Pro63BHM.dat   1963.836       596.1647       21.15664     

 Pro66RE.dat    1966.641       593.0267       81.42393     

 Pro93WSA.dat   1993.567       715.0115       59.40961     

 Pro65R.dat     1965.573       484.6338       6.760087     

 Pro74R.dat     1974.499       601.2664       84.52446     

 Pro66G.dat     1966.517       563.7659       63.43481     

 Pro74GMM.dat   1974.542       599.4113       102.8642     

 Pro77Vm.dat    1977.252       494.4139       50.16814     

 Pro77Wy.dat    1977.510       507.0742       42.78721     

 pro78ek.dat    1978.584       818.9930       278.7522     

 Pro87S.dat     1987.638       527.9987       44.09135     

 Pro87W.dat     1987.641       528.4525       26.30991     

 BO AVERAGE ERROR =    71.33372    

 

 



 

100 

 

 

 



 

101 

 

 

 



 

102 

 

 

 



 

103 

 

 

 



 

104 

 

 

 



 

105 

 

 

 



 

106 

 

 
 
 
 
 
 

PROTONS - Low Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

   FILE          DATE           PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro92IMX.dat   1992.540       942.8263       113.5180     

 Pro61FG.dat    1961.515       1073.765       176.6916     

 Pro62FG.dat    1962.573       823.6523       33.71636     

 Pro61MV.dat    1961.603       1063.220       180.3427     

 Pro62MV.dat    1962.542       834.3836       202.9461     

 Pro67RE.dat    1967.716       869.5131       192.3126     

 Pro68RE.dat    1968.622       991.5895       267.6558     

 Pro69RE.dat    1969.538       998.6859       109.4019     

 Pro99BES.dat   1999.611       865.3713       105.2273     

 Pro00BES.dat   2000.608       1020.844       32.94044     

 Pro02BES.dat   2002.600       1029.817       5.189703     

 BO AVERAGE ERROR =    129.0857 

 



 

107 

 

 
 

 
 



 

108 

 

 
 

 

 



 

109 

 

 
 
 

 
 



 

110 

 

 

 
 

 

 



 

111 

 

 

 
 



 

112 

 

 
 

 

 

PROTONS - Low Energy, Solar Maximum 

Files Rejected -   (Arbitrary 7's) 

    FILE          DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Pro68R.dat     1968.581       981.7554       135.4016     

 Pro69R.dat     1969.041       994.8779       6.619009     

 Pro71R.dat     1971.515       782.7104       33.03931     

 Pro72R.dat     1972.332       810.7516       288.1599     

 Pro67G.dat     1967.988       928.3704       242.4603     

 Pro69G.dat     1969.471       1008.994       84.08736     

 Pro70G.dat     1970.474       994.4297       62.62927     

 Pro68LW.dat    1967.956       933.7995       125.3981     

 Pro71GMM.dat   1971.427       782.5904       16.93390     

 Pro72GMM.dat   1972.332       810.7516       263.5408     

 Pro79Vm.dat    1978.849       887.7434       386.2381     

 Pro82GMP.dat   1982.499       1183.914       224.4373     

 Pro84GMP.dat   1984.584       899.1680       133.9511     

 Pro89W.dat     1989.682       1248.804       37.41331     

 BO AVERAGE ERROR =    145.7364 

 

 

 



 

113 

 

 

 



 

114 

 

 

 



 

115 

 

 

 



 

116 

 

 

 



 

117 

 

 

 



 

118 

 

 

 



 

119 

 

 

 
 

 



 

120 

 

HELIUM - Low Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

    FILE          DATE        PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He63OW.dat     1963.575       632.7310       11.41053     

 He65OW.dat     1965.501       481.2304       11.11259     

 He63BHM.dat    1963.836       596.1647       20.65012     

 He65BHM.dat    1965.447       479.2167       12.53052     

 He65RE.dat     1965.627       485.0185       20.43687     

 He66RE.dat     1966.641       593.0267       38.18496     

 He66vRW.dat    1966.564       575.2775       21.46687     

 He66B.dat      1966.499       559.3981       19.02636     

 He93WSA.dat    1993.567       572.9689       12.92917     

 He97BES.dat    1997.570       449.6011       11.11594     

 He98BES.dat    1998.575       547.9679       6.896191     

 He94Cap.dat    1994.605       495.4308       24.51402     

 BO AVERAGE ERROR =    17.52284    
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HELIUM - Low Energy, Solar Minimum 

Files Rejected -   (Arbitrary 7's) 

    FILE          DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He65R.dat      1965.573       484.6338       8.380550     

 He66G.dat      1966.517       563.7659       12.26126     

 He73GMM.dat    1973.408       525.5283       12.62536     

 he74GMM.dat    1974.542       513.0281       9.974391     

 He77Wy.dat     1977.510       465.1496       6.281869     

 He77Vm.dat     1977.252       458.5849       9.465549     

 He78ek.dat     1978.584       626.8853       5.727871     

 He87W.dat      1987.641       528.4525       10.06009     

 He87S.dat      1987.638       527.9987       7.012885     

 He78GMA.dat    1978.430       604.7474       33.48859     

 He86GMA.dat    1986.384       513.0007       4.387522     

 He87GMA.dat    1987.600       530.7039       15.75659      

 BO AVERAGE ERROR =    11.28521   
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HELIUM - Low Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

    FILE          DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He61FG.dat     1961.515       1073.765       56.01486     

 He62FG.dat     1962.573       823.6523       44.98145     

 He67RE.dat     1967.716       869.5131       75.17842     

 He68RE.dat     1968.622       991.5895       102.0424     

 He69RE.dat     1969.538       720.0593       33.85181     

 He92IMX.dat    1992.540       691.0951       4.379588     

 He99BES.dat    1999.611       650.9333       3.593930     

 He00BES.dat    2000.608       731.5487       57.95938     

 He02BES.dat    2002.600       1029.817       3.451360     

 BO AVERAGE ERROR =    42.38369   
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HELIUM - Low Energy, Solar Maximum 

Files Rejected -   (Arbitrary 7's) 

    FILE          DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 He68R.dat      1968.581       981.7554       108.6536     

 He69R.dat      1969.041       994.8779       17.65793     

 He70R.dat      1970.526       716.4028       46.76329     

 He71R.dat      1971.515       608.0721       19.51150     

 He67G.dat      1967.988       928.3704       91.28412     

 He69G.dat      1969.471       725.4042       41.10138     

 He70G.dat      1970.474       717.8524       49.00396     

 He71GMM.dat    1971.427       608.0098       14.05173     

 He72GMM.dat    1972.332       622.6121       41.69375     

 He68LW.dat     1967.956       933.7995       66.35567     

 He79Vm.dat     1978.849       662.5335       29.26356     

 He82GMP.dat    1982.499       1183.914       97.14291     

 He84GMP.dat    1984.584       887.9470       53.54042     

 He89W.dat      1989.682       1248.804       8.721601     

 BO AVERAGE ERROR =    48.91040     
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LITHIUM - LOW ENERGY DATA 
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BERYLIUM - LOW ENERGY DATA 
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BORON - LOW ENERGY DATA 
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CARBON - Low Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C76DPAT.dat    1976.748       455.9699       26.06009     

 BO AVERAGE ERROR =    26.06009   

 
   

 

 
CARBON - Low Energy, Solar Minimum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C74LW3.dat     1974.553       515.0297       42.21569     

 BO AVERAGE ERROR =    42.21569     
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CARBON - Low Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

----------NO FILES------------ 

 

CARBON - Low Energy, Solar Maximum 

Files Rejected -  (Arbitrary 7's) 

FILE              DATE         PHI(MV)   ERROR=ABS(FLUX-DATA) 

 C69M.dat       1969.570       718.0887       48.41494     

 BO AVERAGE ERROR =    48.41494     
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NITROGEN - LOW ENERGY DATA 
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OXYGEN - Low Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Ox76DPAT.dat   1976.748       455.9695       24.19584     

 BO AVERAGE ERROR =    24.19584 

 
 

 

 

Files Rejected -   (Arbitrary 7's) 

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

 Ox74LW3.dat    1974.553       515.0297       45.80968     

 Ox86GMA.dat    1986.288       511.7451       22.46120     

 Ox87GMA.dat    1987.104       491.9082       5.159821     

 Ox88GMA.dat    1987.934       597.9689       7.827194     

 BO AVERAGE ERROR =    20.31448     
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OXYGEN - Low Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

----------NO FILES------------ 

 

Files Rejected -   (Arbitrary 7's) 

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

Ox69M.dat      1969.570       718.0887       56.16359     

BO AVERAGE ERROR =    56.16359   
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FLOURINE - LOW ENERGY DATA 
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NEON - LOW ENERGY DATA 
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SODIUM - LOW ENERGY DATA 
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MAGNESIUM - LOW ENERGY DATA 
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ALUMINUM - LOW ENERGY DATA 
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SILICON - Low Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

SI76DPAt.dat   1976.748       455.9699       23.79770     

BO AVERAGE ERROR =    23.79770     

 

SILICON - Low Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

SI71B.dat      1971.756       601.9181       29.50120     

BO AVERAGE ERROR =    29.50120    

 

 
 
 

 

   

 

Files Rejected -   (Arbitrary 7's)  

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

SI72GMJ.dat    1972.668       598.2584       11.98216     

BO AVERAGE ERROR =    11.98216    

 

 

Files Rejected -   (Arbitrary 7's)  

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

SI74LW3.dat    1974.553       515.0297       50.41383     

BO AVERAGE ERROR =    50.41383     
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PHOSPHORUS - LOW ENERGY DATA - NONE 
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SULFUR - LOW ENERGY DATA 
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CALCIUM` - LOW ENERGY DATA 
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IRON - Low Energy, Solar Minimum 

Files Used (Arbitrary 1's) 

FILE              DATE          PHI(MV)   ERROR=ABS(FLUX-DATA) 

Fe74LW3.dat    1974.553       515.0297       45.46681     

Fe76DPAt.dat   1976.748       455.9699       46.30156     

Fe74S.dat      1974.603       513.5059       6.138590     

BO AVERAGE ERROR =    32.63565          
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IRON - Low Energy, Solar Maximum 

Files Used (Arbitrary 1's) 

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

Fe71B.dat      1971.756       601.9181       16.74504     

BO AVERAGE ERROR =    16.74504      

  

 
 

 

Files Rejected -   (Arbitrary 7's) 

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

Fe77Y.dat      1977.500       464.6233       5.698211     

BO AVERAGE ERROR =    5.698211         

 

 

 

Files Rejected -   (Arbitrary 7's) 

FILE          DATE   PHI(MV)   ERROR=ABS(FLUX-DATA) 

Fe68BGI.dat    1968.707       1002.739       26.71205     

Fe72GMJ.dat    1972.668       598.2584       5.029116     

BO AVERAGE ERROR =    15.87058    
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COBALT LOW ENERGY DATA - NONE         
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NICKEL LOW ENERGY DATA         
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Appendix E: Low Energy ACE Spectra for Solar Minimum and 
Maximum Periods 

 
Solid Line = BO'11 Model for  

"BEST" ACE Measurements (solid circles)  

 

Dashed Line = BO'11 Model for  

 "1 sigma" ACE Measurements (open circles)   

 

Inset shows distribution of errors based on all ACE measurements made between 1997 and present. 

 

Note that all of fits essentially (84%) lie below the "1 sigma" error fit.  
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Appendix F: PHI from ISS# ADJUSTED to get Best Model – Data Fit 
 
These plots demonstrate the degree to which the value of PHI (based on sunspot #) determines the 

spectrum for each of the low energy data measurements for z=1 to 28. 

   

Circles, squares, … are the adjusted values of PHI such that the data measurements fit the most 

accurately. 

 

Solid Line = PHI as determined directly from the ISS# (PHIFRISS.DAT) 

 

Adjusted PHI for all low Energy ACE & Arbitrary Data for Solar Minimum and Maximum periods 

versus time  
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