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ABSTRACT 

We rwiew the elements that enter into phenornenologica I 
models of the composition, energy spectra, and the spatial and 
temporal variations of galactic cosmic rays, in(-liiding the so- 
called ":momalous" cosmic ray cwrnponent. Starting from an 
existing model, designed to describe the hehavior of cosmic rays  
in the near-Earth environment,, W P  suggest possible i ipdatcs and 
improvements to this model. a n d  khen proposc a qiiantit,ative 
approach for extcntling .;iic*h ;L r n o c 1 c . l  into other regions of the 
he1 iosp here. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1. INTRODUCTION: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IR March of 1987 a two day zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWorkshop on the Interplanetary Charged Particle 

Environment was held at the Jet Propulsion Laboratory. The  purpose of this 
workshop was to  review current models of the interplanetary c h r g e d  pa.rticle 
environment in the energy range above -1 MeV/nuc, in an effort t,o improve oiir 
capability to  predict the environment that  will be seen by future spacecraft. One 
of the important a.pplications of such models is in predicting the effects tha t  ener- 
getic charged particles can have on microelectronic devices operating in spa.ce. 

The second day of the workshop wa.s divided into two working groups, one to  
consider solar particles, and a second to  consider galactic cosmic rays. We present, 
here a report of the galactic cosmic ray working group, drafted during the 
workshop itself. Within the somewhat limitkd time available, a review wa.s con- 
ducted of the significant parameters that  are required to  provide a phenomenologi- 
cal description of the elemental composition, differential energy sprctra,  and the 
spatial and temporal va.riat)ions of ga.la.ct,ic cosmic rays (CrCR,s) in the heliospliere. 
Also considered was the "anomaloiis cosmic ray" (ACR.) component. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- t,hoiight. to 
represent a sample of the neutral interstellar medium that has been accelerated to 
energies of - 10 h/leV/nuc. 

Adams et al. (1981; see also Adairis, 1986) have developed a descriptive model 
of cosmic rays in the near-Earth environment that  is based on the extensive meas- 
urements of the composition, energy spectra, and solar cycle variations of cosmic 
rays t h a. t, 11 a, ve b ten ma d e from sp n.c ec r af t , b a,l loo n , and ground- b a.se d o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 )  se r v a. tr i on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

over the past two or three decades. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a result of a review of t,hat model, and the 
da ta  on which i t  is based, we conclude t1ia.t it provides a reasonable and essen- 
tially complete description of cosmic rays n,ear Earth that  should be iiseful for a 
vaiiety of applications, including predictions of the radiation environment, arid i ta 
effect on :I variety of spacecraft components. We find, however, that  there arc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

few areas where improvements and updates to  the description of cosmic rays at 
Earth are now possible. 

In a.ddi tion, recent measurements from the Pioneer and Voyager spamcraft in 
the outer heliosphere now provide giiitlance on how descriptive inotlels of cosmic 
rays can be extended beyond 1 AIJ to --SO AU in rd i i i s ,  and up to --XI" in la.ti- 
tude. This report provides some guidance as to how this might be approached, a.nd 
to what, might be expected in the regions beyond. Further detail on the composi- 
tion, energy spectra, and spatia.] a n d  tcrtiporal behavior of cosmic rays, both at! 
Earth and further out in the heliosphere, can be found in a. number of other 
papers presented at this workshop by the individual authors of this report. 

. 

2. APPROACIT: 
In an effort to provide a mathematical model that  can be readily used to 

make qiiantitative predictions, we siiggest the following approach to  modeling the 
GCR and ACR corriponen ts. \VP R S S U T T I ~  thatl the differential energy sprctrurn, 
j ( Z ,  E, t ,  r ,  8, +), of a given specks of nuclear charge Z ,  kinetic energy per nucleon 
E, and heliographic coordinates r,  H, and cb can be represented by the the follow- 
in g se p a r ah 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe f u 11 c ti o r i  : 
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where j,(Z,E) is the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 AU spectrum of element Z at solar minimum (essentially the 
current Adams et al. model; see Sections 3.1 and 3.2), and where: 

F, is the time dependence (see Sections 3.4 and 4.1) 
Fr is the radial dependence (Section 4.2) 
F, is the latitude dependence (Section 4.2), and 
Fh is the longitude dependence (assrimed to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1). 

For lack of any definitive measiirements, F,, is preTently asslimed to he = 1 a n d  
will not be discus~ed further. Prelirniinnry recommendations for  the remainder of 
these factors are described below, along with an indication of their uncertainty. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA''1 

similar procediire is recommended for the ACR component zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(see Section 3.:3). 

3. MODEL FOR 1 AtT: 
We suggest the following updates and improvements in the model for cosmic 

rays at 1 AU. These alterations affect the values for j,(Z,E) but differ only to a 
minor extent from the current model of Adams et, al. 

3.1 ENER.GY SPECTRA OF GALA(~TTC COSMIC RAYS 
Figure 1 shows energy spectra for several e1ement.s as men.siired at,  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA1.r dilr- 

ing the Inst, solar minimum. Note that below -50 hleV/niicleon the spectra, of N 
and 0 (and to a less obvious extent., ITe) contain contribiitions from t1he 
"anomaloiis" cosmic ray component, while the spect,ra of H and C' continue to 
decrease down to at least 10 MeV/nuc, below which solar and interpla.net,a.ry fluxes 
typically dominat,e. Adams et al. (1981) used the measured He spectrum a.s a. gen- 
eric spectriim to  model the flux of ga1wt.ic cosmic-ra.y species with 3 5 Z i 1.6. 
We suggest t h a t  the mea.sured spectrum of carbon be used for this purpose instead 
of He. The motiva.tions for this change are that  GCR He at, some energies ma.y be 
as much as --20-30% 3TJe, which has a. difkrent charge to  mass mtio than "Je, 
and tha t  a. significant fraction of low energy (< 100 MeV/nuc) He is from the ACR 
component (see Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.3) .  The measured H and He spectra shoiild coritiriiic to 
be used for Z=1 and Z=2 species, while Fe shoiild be used a s  a. model for the 
spectra of 17 5 Z 5 92 species. Although this is a minor change, it ma.kes b 
use of the existing cosmic-ray data base. 

3.2 COMPOSITION OF GALACTIC COSrVIIC RAYS 
We suggest, that the relative abiindances of comi ic  rays that  a r c  a n  input, to  

the Adarns et, xl. model be rcvieued t80 see t,hat thcy incliide the most recent da ta ,  
including t)hat from the HEA0-(:2 ( 4  5 Z -C 30; Engrlmmn et, al., 1985) and  
HERO-C3 (Z>30; Stone et, al., 1987) expcririic~nts, and also rcwnt, balloon data 
(e.g., Dwyer and  Meyer, 1987). Recent, nwasiir(>rnents of I T  and I IP  shoiild also he zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 8 1 1 ' -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 QUIET TIME COSMIC RAY SPECTRA I 

(1974 -1978) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 1: Quiet-time energy spectra for the elements H, He, C, N, and 
0 measured a t  1 AU over the solar minimum period from 1974 to 
1978 (from Mewaldt et al., 1984). Note the "anomaloils" enhance- 
ments in the low-energy spectra of He, N, and 0. The da.ta are from 
the Caltech and Chicago experiments on IMP-7 and IMP-8. 

reviewed (e.$., Webber et al., 1987a, 1987b), since, ironically, some of the most 
significant uncertainties in cosmic-ray composition are in the relative flux of H, He, 
and heavier elements as a function of energy. 

3.3 THE "ANOMALOUS" COSMIC RAYS 
The anomalous cosmic-ray (ACR) component is now known to consist of six 

elements, He, C, N, 0, Ne, and Ar, with unusual relative abundances in the 
energy range below -50 MeV/nuc. Of these, He (Garcia-Munoz et al., 1973) and 
0 (Hovestadt et al. 1973, McDonald et al., 1974) were the first discovered and are 
the most abundant, while anomalous fluxes of N and Ne are also well established 
(see also Webber et al., 1975, Klecker et a]., 1977, Mewaldt et al., 1976, Webber 
and. Cummings, 1983). Recent Voyager measurements provide evidence that  there 
are small anomalous fluxes of C and Ar (Curnmings and Stone, 19873). 
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Observations in the outer heliosphere show that the ACR component has a posi- 
tive radial gradient, larger in magriitude than that of other cosmic ray species (see, 
e.g., the recent measurements by Cummings et al., 1987; McKibben et  al., 1987; 
and McDonald and La1 1986). For a review of earlier measurements of the ACR 
component, see Gloeckler (1979); for more recent reports see Jones (1983), Fisk 
(1986), Ga.rcia-Munoz et al. (198’7) McIiibben (1987), and references therein. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A widely held model of the origin of this component, due to Fisk et al. (1974), 
is tha t  it originates as neutral interstellar gas that drifts into the heliosphere, 
becomes singly-ionized near the Sun, and is then convected by the solar wind to  
the outer heliosphere where the ions are accelerated to  higher energies. These ions 
are then observed afber they have propagated to the inner solar system from the 
acceleration site. 

This model accounts for the composition of the ACR component.. For exam- 
ple, except, for carbon, the elements of the ariornaloiis component all h a v t  first, ion- 
ization pot,entia.ls larger than t h a t .  of hydrogen and are therefore likely neiitral in 
the int,erst.ella.r medium. The abundance of anonialoiis carbon is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 1 % of oxygen, 
consistent, with the expectation tha t ,  most of t,he carbon gas is already ionized i n  
the inters’t.ellar medium becxiisc. of its low first ionization potent,ial. This ionized 
gas is prevent’ed from enbering the heliosphere by the solar magnetic field embed- 
ded in t h e  outward-flowing solar wind. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASo far, the predicted singly-charged ioniza- 
tion state of the ACR component has not been confirmed by direct, mca.siirerncnt; 
however, there is considerable indirect evidence that this is the case, and cxpcri- 
ments have been conducted arid more are planned to t ry to provide this most cni-  
cia1 evidence for the model. 

We propose to model the composition and energy spectra. of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAACX com- 
ponent at 1 AIJ in the heliographic equatorial plane by using am energy and flux 
scaling recipe developed by Ciirnmings et al. (1984) and Cummirigs and Stone 
(1987a). Observations indicate that. t8he spectral sha.pe of the RCR component, 
underwent a change at the time of the reversal of the solar magnetic field ( in  
agreement with a model by Jokipii (1986)). I t  remains to be seen, however, 
whether t>he spectrum over the next fcw yea.rs will maintain this new shape or  will 
return to  its 1972-1977 shape. Based on data thru 1986, we propose two recipes, 
one for eil.ch half of the solar niagnetic. cycle. The generic ACR energy spectr i i~n is 
determined by fitting the ACR helium spectrum to the ACR oxygen spectrum 
with constamt flux and energy sca.ling factors as free parameters. 

Figure 2a shows the appropriate generic ACR energy spectrum for t,he qA>O 
solar minimum period ( -  1969-1980 and - 1991-2002) measured a.t 1.8 AIJ 
(adapted from Ciirnmings and Stone, 1987b). This spectrum should be rior~nalized 
to  1 AIJ by using a radial gradient of lSCr,/AU (see section 4.2), checking that, the 
resulting spectra are consistent with solar minimum measiirerrients at 1 ATJ (e.g., 
Figure 1). Figure 2b shows thc coinplementary ACR spec:t.riim for qA<O (-1980- 
1991) at 19.5 AU. This spectriirn also requires a. normalization t,o 1 AI1 iisirrg a. 
radial gradient of 1.5%/AU. 

The individual spectra for the varioiis spcric-1s o f  thcl ACR. cornponcn t ,  jA(E), 
at 1 AU can he derivcd froin t h c w  qvcric. slwctra. jC;(E), by: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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where j denotes the differential energy spectrum at E MeV/nuc, N(t) is the time 
variation normalization factor, N, is the correction factor to 1 AU, and fE(A) and 
fF(A) are the energy and flux scaling factors, respectively. The values of N,, fE, 

and fF are displayed in Table 1 for the various species. As an example of the use 
of this table, we find ACR abundances of --5:1:0.18:0.07 for I1e:O:N:Ne a t  10 
MeV/nuc for qA>O periods. The ACR abundances of C and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAr would be less 
than a few per cent of oxygen a t  this time (see also Figure 1). The uncertainties 
in composition derived by this approach should be less than -20% for He, N, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ,  
and Ne, and perhaps 50% for the rare elements C and Ar. 

The intensity of the ACR component is very sensitive to solar modulation, 
varying by a factor of >100 over the solar cycle. We propose that  the intensity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  
the ACR component can bc modeled by scaling from measured neiitron monitor 
rates using the relationship: 

. 

NM 
NM, 

I = 

where I, i s  the intensity of ACR oxygen at some time to, NM, is the neutron mon- 
itor count rate a t  to, and I and NM refer to some different, time t. Optimal valiies 
for I,,, NM, and the index n have not yet been determined, but Figures 3 arid 4 
show examples of such fits with n = 30 and 40, respectively, using the Mt. Wxsh- 
ington neutron monitor. 

In Figlire 3, ACR oxygen d a h  from 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAI7 a.re compared t,o t)he scaled nwi  t ron  
monitor intensity with n=30, while in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 Voyager 2 data  from 1 to 22 AU 
have been fit with a combined spatial and temporal dependence assuming a con- 
stant gradient of lS% per AU (see Section 4.2). In this case t he  value of n=30 
used in Figure 3 is consistent. with the 1977 to 1980 data, but  the observa.ttions 
after the field reversal in 1980 require a greater valiie of n,  or R.lternatively, a. 
larger radial gradient. Thus, as noted above, there was a change in the ACR com- 
ponent) that  apparently took place a t  the time of the reversal of the solar magnetic 
field. These examples show that the a.pproach recommended here can give a fairly 
accurate representation of the time hist,ory of the ACR coriipoiient, but  it reinains 
to examine existing data i n  detail to find optimal parameter valiies. 

3.4 TIME DEPENDENCE AT 1 AU 
Perhaps the largest uncertainty in the predictive power of the present Adams 

et al. model for galactic cosmic rays arises from the difficulties of fitting and 
predicting the time variations in the flux of cosniic rays over the solar cycle. The 
current model assumes a siriusoidal time dependence for the galactic cosniic ray 
flux a t  Earth,  hased 011 a fit to a mixture o f  ric.iitron monitor and ion chamber 
ineasiirerrieri Is ac.ciiriiiiixtt.d over more than  40 ywrs.  We suggest t h a t  the Adams 
et ai. mod~l  be modificd to include a more realistic time dcpendencc. Data  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

19 



n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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fE fF Nl 

‘ O ° C  

qA<O 

f E f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF Nl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Energy (MeV/ nuc) 
I IO 100 

Energy (MeWnuc) 

Figure 2: a) Generic ACR energy spectrum from Voyager 1 and 2 representative 
of ACR oxygen (as described in the text) for the solar minimum period 1977- 
19’78 (qA>O). b) ACR generic spectrum from Voyager 2 for the 1985-1986 
period (qA<O). 
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Climax and other neutron monitors (see, e.g., Figure 5) are now available for over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
33 years, equivalent to  three sunspot cycles and one and one half complete mag- 
netic cycles. While it may be fortuitous, it is interesting that the last eleven years 
of the data look very much like the first, suggesting that  the data be folded, aver- 
aged, and smoothed as appropriate to form a "standard" 22 year magnetic cycle. 
We believe that this approach is likely to give more realistic predictions for future 
missions than the present approach, and it is essentially guaranteed to be more 
accurate for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAex zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApost facto estimates. 

It must be kept in mind that  the temporal variations of cosmic rays of 
different rigidity are not perfectly correlated, and there are in some cases sys- 
tematic phase lags in the behavior of particles with lower rigidity. However, such 
differences in phase are not likely to be significant when averaging over periods of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
> 1 year. For the purposes of spacecraft and mission 'design, we recommend that  
the current approach of the Adams et a]. model be continued, namely to construct 
spectra for maximum and minimum flux levels from the envelope of all measure- 
ments and to interpolate between these two spectra. using the modeled or actua.1 
(as appropriate) neutron monitor level. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. A MODEL FOR COSMIC R14YS IN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE OUTER HELIOSPHERE: 

4.1 TIME DEPENDENCE IN THE OUTER HELIOSPHERE 
The cosmic ray intensity does not vary simultaneously throiighout the entire 

heliosphere. However, for many applications, such as the calculation of average 
doses, it is an appropriate approximation to consider the variation to be simul- 
taneous. Typical deviations from simultaneity occur approximately on the time 
scale of solar wind propagation through the heliosphere - generally about one year, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LL 
0 
c 

0 
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z 1.1 

a 

1955 1960 1965 1970 1975 1980 1 gas 

Figure 5: Monthly average counting rates of the Climax neutron moriitor for the 
period 1953 to 1987. 

22 



W 
L - THE UNIVERSIU (A) - 

OF CHICAGO' - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c3 

P - 1 0  PROTONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>67 MEV - 27 DAY AVERAGES 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t- . z  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 -  

3 -  

- 

(B) - 
. m  . .a +. 

8 .  8 #:..-.' ,*I.>. . .. .'C I .'. ..' ==  .: .,'. . ' '8 3 .'+ m:.; ~ 9 .  . 
m m 5 . m  .# +. ..-. . " 

a '* +'.= 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc: ' . 
1 -  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I I I I I I I I PF070 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

1986 

P I O N E E R - 1 0  R A D I U S  ( A U )  
30 40 I O  20 VI I V  I I I I 1 I I 1.01 T I 

Figure 6: Radial gradient of high-energy protons as measured by Pioneer 10 and 
IMP-8 (from Lopate et al., 1987). For additional recent cosmic ray gradient 
measurements see Decker et al. (1987), Fillius et al., (1985), Webber and Lock- 
wood, (1987), McKibben (1987), and references therein. 
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P I O N E E R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 0  R A D I U S  ( * U )  

/ V I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .I 1 
10 20 . 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figures 7a (left) and 7b (right): Radial gradient measurements for low energy H 
and He nuclei from Lopate et al. (1987; left) and McDonald et al. (1986; right). 
Note that He nuclei <lo0 MeV/nuc may contain significant contributions from 
anomalous cosmic ray He. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 8: Radial gradient measurements of anomalous oxygen nuclei measured 
by Voyager 1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 and Pioneer 10 (from Webber et ai., 1985). 

Table-2 Cosmic Ray Gradients 

Gr 
(%/AU)  (%/degree) 

Low Energy Ga lac t ic  Cosmic Rays 5( +5 y-3) 1 + 1  

In tegra l  Flux ( E  > 100 MeV/nuc) 2(+2,-1) 1 + 1  

Anomalous Cosmic Rays 15 ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+8 - 7 )  5 k 3  

* For 1980-1991; the s ign o f  G, apparent ly depends on the  

phase o f  the s o l a r  cycle ( see  t e x t )  
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an interval that is short compared to the 11-year solar cycle. ll'e therefore yiiggest 
that  the time dependence throughout the heliosphere be expressed in terms of the 
behavior at 1 AU, and that  the error limits given for radial and latitude depen- 
dence contain an allowance for possible time dependence of these parameters as 
well. Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 is an example of how application of the measured time-dependence 
of cosmic-ray modulation at 1 AU combined with a constant radial gradient can 
be used to represent the time behavior of the intensity in the outer heliosphere. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.2 SPATIAL DEPENDENCE OF COSMIC RAY INTENSITIES IN THE HELIO- 
SPHERE 

of position can be described by the function 
We assume that the intensiky of the GCR and ACR components zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa.s a function 

Cr(r- l)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH 
j(Z,E,t,r.O) = j,(Z,E,t) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe e 7  

where j,(Z,E,t) is the intensity of cosmic rays of charge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ and  kinetic enc'rgy E 
(Mc.V/niiclcon) at time t observed at  1 i\U. Here r is the rad ia l  1oc:ition f 'o~ Lvhirh 
the flux is to he computed, measured in ALJ from the Sun, 0 is the Iatitiide mws- 
tired in degrees from the heliographic eqiiator, and G, and C,,, are the rad ia l  and  

latitudinal gradients in percent per AlJ and percent per degree, respectively. 
Although G ,  and GH are obscrved thcmselve? to be funct,ions of enc'rgy arid time, 
the temporal dependence is not well known or understood, and we h a w   therefor^ 
tried to simplify our description of these> variations a s  much as possihlp. 

For the purposes of the model, wc define G, and CrH for the following clayses 

of cosmic ray?: 

(1) Low energy (< 100 MeV/nuc) galactic cosmic rays. 
(2) The integral flux of cosmic rays (E > 100 MeV/nuc), which has a mean 

(3) The anomalous cosmic ray component. 
energy of -2 CkV/nuc (median energy -1 GeV/nuc). 

The energy dependence of the gradients is reflected by the difference bvtween 
gradients measured for classes 1 and 2. Radial gradients for class (3) reflect pri- 
marily the different spectral form and (presumably) charge state of the anomalous  
component,. The values of the gradient, for galact!ic cosniic rays prc~.;uriiabIy vary 
smoothly wit,h energy betwcen the energies characteristic of class ( 1 )  a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a ) ,  hiit, 
we have not defined the functional form of the dependence. From a siiilable coin- 
pilation of data, it should be possiblc to do t,his in  a convenient manner corisistcnt 
with the available observations. Exariiplcs of radial gradient meas~irements for 
several species are shown in  Figure.; 6 Lo 8. 

Table 2 SiirnIriarizes nominal values for G, arid Gcr, including a central valiie 

and a range. Essentially all observed vnlucs are incorporated within the q i i o t c d  
ranges. There is evidence t,hat, t h e  ; ~ c t ~ u a l  griltlicnts may depend on tirrie or the 
phasc. of thv solar act iv i ty cyclo, a n d  t h a t  the sign of latitude gr;idicknts 1nilY 
depend upon the rii;ignetic polarity o f  the hcliospliere (we below). Thc. gr;tdieIits 
~intloiibtcclly also vary sor-ricnhat wi th  r;irli31 positiori (and  possi1)ly lic\liosphcric 
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longitude). For example, there is evidence that  the radial gradient is smaller in the 
outer heliosphere than in the inner heliosphere (Webber and Lockwood, 1986; see 
also Cummings et al., 1987), although the exact nature of this variation is not well 
established. For purposes of predicting the absolute flux of cosmic rays at some 
location and time this approach (Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3) should be generally valid. I t  is much 
less likely to give accurate estimates of small zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd i f le rences  in intensity between 
spacecraft a t  various locations in the heliosphere. The reader is warned tha t  this 
is currently an area of very active research and observations over the next few 
years can be expected to define the nature of the spatial distribution of cosmic 
rays in the heliosphere much more clearly. 

It should be noted that observations during 1975-1976 indicate that  for the 
solar minimum period of 1972-77, the sign of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGH for the ACR component was posi- 
tive (Bastian et al., 1979), while during 1985-1987 it was negative (Curnniings et 
al., 1987). 'I'hc sign of G ,  presumably reversed sign when the polarity of the solar 
magnetic field reversed in 1980, and it woiild t,hus be expected to be negative 
again in the solar minimum of 1997-98. ?'tit. available observations a r e  consistent, 
with the possibility that> the sign of (;e for galactic cosmic rays also reverws sign in 
the two halves of the solar cycle, but this cannot be established a t  this time. For 
purposes of simplicity, we assume here that all latitude gradients reverse sign 
every 11 years. Values quoted for G ,  are for near solar minimum conditions. The 
values a t  solar maximiim are uncertain, but are presumably transitional between 
the solar minimiim values. 

, 

Values in Table 2 w e  based on observations from Pioneer l O / l l ,  Voya.ger 
1/2,,TMP-8, and ISEE-3 over a radial range of 1 to 40 AU, and a Ia.tit,iide range of 
0 to 30°N. Measurements by Helios 1 and 2 have shown that  the ra.dia.1 gradient 
given here can be safely extrapolated in to -0.3 AU. Extrapolation milch beyond 
the ra.nge of observations, especially to latitiides > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 30 , should he considered 
very uncerta.in. In any extrapolation, the interstellar spectrum discnssetl in Section 
6 should be considered an upper limit on a.chieva.ble fluxes, at least for gahct ic 
cosmic rays with energies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 300 MeV/niic. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA t  lower energies, the maximum 
intensity and spectral shape of bot,h the GCR a.nd ACR components a.t large dis- 
tances from Earth are very uncertain. 

0 

5. LARGE-SCALE STRUCTURE; OF HELIOSP€IERE OUT TO 1000 AU 
A cartoon illlistrating the expectcd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlarge-scale striictrire of the heliosphere is 

shown in Figure 9. The solar wind flows radially out to a termination shock, 
where thc velocity decreases suddenly by a factor of -4. This occurs a t  a point 
where the wind ram pressure ( -  pV2) equals the interstellar pressiire, a t  50-100 
AU. Beyond this the (now subsonic) solar plasma is forced, by the flow of the 
interstellar gas, to flow bark around the side of' the heliosphere into a heliospheric 
tail. The d;lshed line is thc "contact surface" separating the solar gas from the 
inttmtellar gas. Outside the contact surface, wc h a w  the intcrstje1lar plasrna, 
which flows ; ~ r o \ i  rid thc hcliosphcrc~ at, some 20-40 km/scc. If the s o i i r i d  s p c ~ d  in  
the intcrstcllar gas is less than a l ~ o i i t  'LO km/sec, t,hcrv will be n s ~ ~ o n d  shock in 
the int,erstcillnr gas. 
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Recent calculations (Jokipii, 1987) indicate that the interstellar spectrum of 
cosmic rays extends into the contact surface. The outflowing solar gas outside of 
the termination shock appears to cause a substantial decrease in the cosmic ray 
intensity. Furthermore, the shock doesn't have a large effect on cosmic ray modu- 
lation. 

One may conclude that  the "modulation boundary" corresponds to the con- 
tact  surface, and that  the termination shock is inside the boundary. Previous 
models neglecting the shock are probably correct qualitatively. We expect that  
this contact surface is probably located approximately a factor of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1.5 beyond 
the solar wind termination shock (i.e., -100-150 AU). It should be realized tha t  
these distance estimates are quite uncertain, other estimates of the distance to the 
modulation boundary include values as small as -50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAU (see, e.g., Randall and 
Van Allen, 1986; Webber, 1987). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Shock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(external) 

Interstellar 
Plasma 

100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU. 
H 

Figure 9: Schematic overview of the heliosphere indicating the solar wind termi- 
nation shock and the contact surface (from Jokipii, 1987). 
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6. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACO ShlIC RAYS OUTSIDE THE IIELIOSPHERE: 

The galactic cosmic ray energy spectrum in interstellar space is essentially 
unknown. The effect of the solar wind is always to decrease the intensity from the 
local interstellar value. General equilibrium of the interstellar gas requires that  
the local int,erstellar cosmic-ray energy density be not greater than that  of the 
interstellar gas, or about 1 eV/cm3. If this constant were to be violated, the 
cosmic rays would not be contained by the Galaxy in a near steady state, as 
required by meteorite measurements. 

Many possible spectra satisfy this energy density constraint. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA popular form 
which is often assumed is: 

d Ji zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -  - A(E + 
dE 

where E is kinet ic energy in GeV/nuc, E, .--  0.4 GeV/niic, a.nd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA is chosen to 
match the high-tmergy spectrum ( > 2 0  GeV/niic:), whic*li is not significantly modii- 
latted (as a n  exxnplc, for protons A 2 1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 10"rnC2sr'~-'sec -'C;eVL*7, while A for 
He is aboiil, a factor of t.went,y smaller). IJsing this spec1,ra.l forin (or one of similar 
shape), and taking in to a.ccoiint the time-dependent effects of solar modulation, it 
has been foiind to be possible to accoiint in a reasonable manner for observations 
of the energy spectra of protons, alpha particles, a.nd electrons over the solar cycle 
(see, e.g., Evenson et al., 1983). It, shoiild be kept in- mind, however, that heca.use 
of the significmt, arnoi~nt. of energy loss that cosmic rays sufler during the solar 
modulation process, we have almost no information on the local interstellar energy 
spectrum of cosmic rays below a few hundred MeV/nuc. 

7 .  SUMMARY AND CONCLUSIONS: 
We conclude that, the current model for galactic a n d  a.nornaloiis cosmic rays 

at Earth (Adxms et al., 1981) is reasonably complete and should provide iisefiil 
estimates of the riea.r-Earth particle environment. The accuracy that can be 
expected is, of course, a function of both species and energy/nucleon. 111 pa.rticu- 
lar, it will bc much better a t  energies of several GeV/niicleon and  above, where 
the effects of solar moctulntion axe relatively small, than it will be a t  low energies 
(-100 McV/nuc). For the same reason one ca.n expect the GCR. predictions t,o he 
considerahly more a.ccura.te than the ACR predictions. With this in mind we esti- 
mate that  it should generally be possible to predict the flux of low energy particles 
at any one time to wit,hin a factor of -2, and  to predict integral fluxes (or the flux 
of GeV particles) to perhaps ?30% at radial distances of 1 t O . F i  AU from the 
Sun, and near t,hc ecliptic plane. (Note that  our comriients here are rest,ricted to 
the GCR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 1 , l id  ACR c:orriporients of the Ada.rns et al. model, and do not pertain to  
t.he prcdic*t,ions for solar flare particles.) When averaged over a period of several 
yeam we would expect the accuracy of the model to t x  better, since the greatnest, 
uncertainty in t,hc r~iodel appears to he i n  its description of the temporad behavior 
of cosmic: rays. Thew are wveral areas that we have ir idicatd, especially for 
clescriptioris of  th(1 tiirie dcpcntlenc~?, a [ i d  ol' t,ho A.CR cwnipoiicn t ,  wlicrt! the ~ . C C I I -  

racy o f  th is  rriot1c:l rnigh t, be irriprovcd, 1)ii t, w~ d o  riot, rxpecl, major diff~rei ices i ti 
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predictions of the overall cosmic-ray intensity for the near-Earth environment. 

We have also suggested an approach that  could be used to predict the 
behavior of cosmic rays in the outer heliosphere, making use of the wealth of new 
information that  has already been (and continues to be) provided by the Pioneer 
and Voyager spacecraft. Such an approach should in principle yield predictions 
for the galactic cosmic ray environment over a wide range of the heliosphere t ha t  
are of comparable accuracy to those presently available a t  Earth. 
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