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Experimental fluxes of protons (middle panel), and helium (bottom panel), and 

sunspot number (top panel) in solar cycles 21 -24.  

Curves are the detector data obtained from spacecraft.  

Points are the calorimeter data  
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The protons and helium  



 We used data from solid-state detectors  GME(MED)/IMP8 

(http ://spdf .gsfc.nasa.gov/imp 8_GME/GME_home.html ; [Fujii&McDonald, 1997]),  

EPHIN/SOHO [K¿hl et  al,  2015]  and CRIS/ACE 

(http ://www .srl .caltech.edu/ACE/A/ ).  These data were used to establish the 

regularities  of change particle  fluxes in interplanetary  space at heliocentric  

distances ~ 1 AU. 

 Data from spacecraft  Pioneer-10 and Voyager-2 [Fujii&McDonald, 1997; 

Reinecke et  al. ,  2000; McDonald. et  al,  2003]  were used to study the proton  and 

helium fluxes at different  distances from the Sun . 

 Data from short-term  (from  several days to months 1.5) balloon 

experiments NMSU [Webber et  al. ,  1991] ;  LEAP [Seo et  al,  1991],  CAPRISE [Boezio et  

al.,  1999],  IMAX [Menn et  al. ,  2000],  BESS [Shikaze et  al. ,  2003;  Sakai et  al. ,  2013]  

were another source. These data were used to describe the shape of the particle  

energy spectra at energies from about ~80 to 105 MeV/nucleon. For same purposes 

data of calorimeters  mounted on satellites  AMS [Alcaraz et  al. ,  2000a&b]  and 

PAMELA [Adriani  et  al. ,  2013]  were used also. 
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The experimental energy spectra of protons (top panel) and helium nuclei (bottom 

panel) for different times. Dotted lines are power dependences describing the 

unmodulated part of the energy spectra.  



The formula for calculating the particle flux F
(z)

(E,t) for any time t and over the entire 1 

range of energy E can be represented as 2 

                                          ()( ) () () ),(**, tEEAtEF zzz Yg-= ,                             3 

where Y(z)
(E,t) is a  function depending on energy E as well as time t. We will call Y(z)

(E,t) the 4 

"deceleration function". 5 

We note that in most models [Nymmik et al., 1994; Usoskin et al., 2005; Matthia et al., 6 

2013; O'Neill et al., 2015 ] the  product F0
(z)

(E) = A
(z)

E
-g
 is defined as a local GCR interstellar 7 

spectrum (LIS) on the boundary of the solar system [Webber&Higbie, 2009]. In our case the 8 

function F0(E) can not be considered as LIS spectrum because we assume A
(z)

 = const(E).  9 
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Heavy charge particles 
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Thus, for calculating the HCP fluxes the Formula (2) takes the form  1 

                                      ()( ) () ( ) ( ) ),(, tEEAtEF HeHezz YV g-= ,                                    2 

where the normalization coefficients z
(z)

 = F
(z)

/F
(He)

 are ratio the HCP flux F
(z)

 to the helium flux 3 

F
(He)

. 4 



The some dependencies Y(E,t) obtained from the proton and helium experimental data are 

shown in Fig. 1 (points). This figure also shows that experimental dependences Y(E,t) can be 

approximated by the expression: 
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where e(z)(t) is a deceleration potential (in MeV/nucleon) depending on time t. 

1E+2 1E+3 1E+4 1E+5

Energy, MeV/nucleon

1E-7

1E-6

1E-5

1E-4

1E-3

1E-2

1E-1

1E+0

D
e
c
e

le
ra

ti
o

n
 f

u
n
c
ti
o

n

H (PAMELA 2009)

He x 0.01 (AMS 1998)

He x 0.01 (BESS 2000)

Figure 1. Experimental deceleration functions y(E,t)  

(points) and their approximations by function (curves). 



Correlation analysis and linear dependence  1 

                                            () () () ( )ttWt zz Dkee -+= 0                                 2 

were applied to find the best time delay Dt. 3 

 W(t-Dt) is the smoothed average monthly sunspot number corresponding to time (t-Dt) with respect to 4 

time t when the GCR particle flux was measured; e0
(z)

 is a deceleration parameter (at 1 AU) for a hypothetical 5 

case of absence of solar activity W(t-Dt) = 0; k(z)
 is a coefficient depending on particle type (protons or HCPs). 6 

 7 
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For this purpose results obtained in [McDonald. et al, 2003] have been used. In this paper 1 

the particle fluxes (175 MeV protons and 365 MeV/nuclton helium) measured by Pioneer-10, 2 

Voyager-1, and -2 spacecraft moving away from the Sun at ecliptic plane during solar cycles 21-3 

23 are discussed. It was found that the experimental data (at distance r from 1 to ~80 AU) and 4 

data calculated by previous formulas match with a good accuracy if the radial dependence of the 5 

deceleration parameter e(t) established for distance 1 AU (formula 5) is taken into account as 6 

()( ) ()() ()() ( ) () ()( ) ( )ttWrkrttWrkrrt zzzzz DeDee a -Ö-+=-Ö+= - 1201, 00 ,                7 

where  a = 0.05 for protons and a = 0.07 for helium; Dt = 6 and 16 months for even and odd 8 

solar cycles respectively if r < 15 AU, and Dt = 16 months if r > 15 AU. 9 

 10 



 1 

Table 1. Proton and helium parameters 2 

Charged particle Proton
 

He 

ɸ, 
(cm2-sr-s-MeV/nuc.)

-1 
1.7 10

5
 1.0 10

4
 

g 2.72  2.72 

e0, MeV/nuc 820 580 

k, MeV/nuc 4.7 3.2 

a 0.05 0.07 

Dt  
6 month for even cycles 
16 month for odd cycles 

 3 



Nucleus Nucleus Charge Nucleus mass Normalization coefficient 

He 2 4 1 

Li 3 6.9 3.0e-3 

Be 4 9 1.6e-3 

B 5 10.8 6.0e-3 

C 6 12 2.4e-2 

N 7 14 6.2e-3 

O 8 16 2.4e-2 

F 9 19 4.0e-4 

Ne 10 20.2 3.7e-3 

Na 11 23 7.1e-4 

Mg 12 24.3 4.8e-3 

Al  13 27 7.5e-4 

Si 14 28.1 3.6e-3 

P 15 31 1.1e-4 

S 16 32.1 6.1e-4 

Cl 17 35.4 1.2e-4 

Ar 18 39.9 2.4e-4 

K 19 39.1 1.9e-3 

Ca 20 40.1 5.0e-4 

Sc 21 44.9 1.1e-4 

Ti 22 47.9 3.8e-4 

V 23 50.9 2.0e-4 

Cr 24 52 3.85e-4 

Mn 25 54.9 2.4e-4 

Fe 26 55.8 2.5e-3 

Co 27 58.9 1.4e-5 

Ni 28 58.7 1.2e-4 

Table 2. GCR HCPs and normalization coefficient z(z) = F(z)/F(He) in Formula (3) 
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