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Precision Measurements of Solar Energetic Particle
Elemental Composition

H. Brsrmma_ end E C SoRe

Cabforma Institute of Technology
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1. Introduction

Using data from the Cosrmc Ray Subsystem (CRS) aboard the Voyager 1 and 2
spacecraft (Stone et al i977), we have deterrmned solar energetic particle abun-
dances or upper ltmits for all elements with 3 _ Z _ 30 from a combined set of 10
solar flares during the 1977-1902 tn'ne period Statistically meaningful abundances
have been determined for the first time for several rare elements including P, CI, K,
Tl and Mn, while the precmlon of the mean abundances for the more abundant ele-
ments has been improved by typically a factor of ~3 over prevmusly reported
values When compared to solar photospheric spectroscopic abundances, these
new SEP abundances more clearly exhlb]t the step-funcbon dependence on first
lomzatlon potential previously reported by Cook et al (1979, 1984) and Meyer
(1981,19B )

2. Observations

Each CRS includesfour Low Energy Telescopes(LET)and two High Energy
Telescopes(HET)ernploylngslhconsobd-statedetectorsand covenng a comhined
mcldent energy range foroxygen of 3 5 - 50 MeV/nucleon A scatterplotof LET
datafrom the Z = 14- _0 chargerange Lsshown m Fig I Even relabvelyrareele-
ments such as Ar and Ca are clearlyresolved For the rarerelements(eg, P, Cl,
K),the abundanceswere determinedby performingmaximum-hkebhood fitsto the
rare element peak and itstwo usuallymore abundant neighbors For the most
abundant elements(C,N, 0,Ne,Na. Mg, Al,Sl,S,Ar,Ca,Cr,Fe),the abundances
could be determmed Ineach of the flares,thesevalueswere averagedto obtain
mean abundances usinga weightingtechmque thattakesintoaccountboth sta-
bsbcalvanatmns and realabundance vartatlonsfrom flaretoflare

3. Results

The averageSEP abundances relabveto svllconforelementswlth3 _ Z < 30
are hstedInTableI In Fig 2,theseresultsforthe more abundant elementsare
compared tothoseobtainedby otherrecentinvestigationsItcan be seen thatthe
new abundances a/_reewellwlththeprevlouslydeterminedvaluesbut have abouta
factorofthreehigherprecLslon

4. Discussion

An orderingby firstlomzabon potenbal(FIP)of SEP compombon relabveto
"solarsystem"orphotosphericcompombon has been notedm thepast(Hovestadt
1974,Webber 1975,McGuwe et al 1979) In parbcular,Cook et al (197g,1984)
found a step-funcbondependence on FIP,w_thelementswlthriP> 10 eV depleted
by a factorof~5 m SEPs and elementswlthFIP < S eV approximatelyequallyabun-
dant m SEPs and thephotosphere Thisbehawor may be expectedon thebarnsof
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Usmg data from the Cosnuc Ray Subsystem (CRS) aboard the Voyager 1 and 2 
spacecraft (Stone et at 1977), we have deternuned solar energetic particle abun
dances or upper hIDlts for all elements With 3 ~ Z ~ 30 from a combmed set of 10 
solar flares durmg the 1977-1982 tune perlOd Statisllcally meanmgful abundances 
have been deterrrnned for the first time for several rare elements lOcludmg p, Cl, K, 
Tl and Mn, wh1le the prec1s1on of the mean abundances for the more abundant ele
ments has been 1mproved by typIcally a factor of .... S over preVlously reported 
values When compared to solar photospher1c spectroscoP1C abundances, these 
new SEP abundances more clearly exhIbIt the step-function dependence on first 
iOniZatIon potentlal preVlously reported by Cook et al (1979, 1984) and Meyer 
(1981, 1985) 

2. Observations 
Each CRS mcludes four Low Energy Telescopes (LET) and two HIgh Energy 

Telescopes (HET) employ1Og sl11con sohd-state detectors and coverIng a combmed 
mCldent energy range for oxygen of S 5 - 50 MeV I nucleon A scatterplot of LET 
data from the Z = 14 - 20 charge range 1S shown 10 Fig 1 Even relatively rare ele
ments such as Ar and Ca are clearly resolved For the rarer elements (e g , p, Cl, 
K), the abundances were deternuned by pertornung maXlmum-hkehhood fits to the 
rare element peak and 1tS two usually more abundant neighbors For the most 
abundant elements (C, N, 0, Ne, Na. Mg, Ai, SI, S. Ar. Ca, Cr. Fe), the abundances 
could be deternuned 10 each of the flares, these values were averaged to obtam 
mean abundances usmg a weightlng techruque that takes lOto account both sta
tistlcal vanat10ns and real abundance variations from flare to flare 

3. Results 

The average SEP abundances relatlve to silicon for elements With S ~ Z ~ SO 
are listed 10 Table I In Fig 2, these results for the more abundant elements are 
compared to those obtamed by other recent lOvestlgatl0ns It can be seen that the 
new abundances agree well With the preVlously determmed values but have about a 
factor of three higher preclS10n 

4. Discwarion 
An ordermg by first loruzation potentlal (FIP) of SEP composltlon relatlve to 

"solar system" or photospher1c COmpos1tion has been noted lo the past (Hove stadt 
1974, Webber 1975. McGurre et al 1979) In partlcular, Cook et al (1979. 1984) 
found a step-functlon dependence on FIP. With elements With FIP > 10 eV depleted 
by a factor of .... 5 lo SEPs and elements With FIP < 8 eV approXlmately equally abun
dant m SEPs and the photosphere This behaVlor may be expected on the baSIS of 
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Fig I.ScatterplotofSEP datafrom LET inthe Z = 14 - 20 charge range <Z>
LSthe average,and AZ the difference,oftwo essentlallyindependentcharge deter-
rmnatlonsobtamed from theLET dataforeach analyzedpartlcle

dynarmcal1omzatlonmodels such asthatofGelssand Boehsler(1984)forthe for-
matlon ofthe corona _ 3 shows thatthe step-functlonorderLr_by FIP Ismore
clearlydefinedm the new data,includingthe elementsP,CI,K, Tl,and Mn How-
ever,Fig 3 alsodisclosesstatisticallymgmflcantenhancements and depletionsof
severalelements such as Na,Fe and Ni,wbJch are discussedby Breneman and
Stone (1985)in the contextofan acceleratlon/propagatlonfractlonationof SEPs
based on theioniccharge-to-massratioofthespeciesmaklr_ up the SEPs

_n Fig 4, the SEF abundances are compared to galactlccosrmc ray source
(GCRS) abundances (Lund 1984) The absence of a HP-dependence in the
SEP/GCRS ratiomdlcatesthatthe GCRS may have a FIP-dependentstep-functlon
fractlonatlonhke thatofthe SEPs {Cooket al 1979,Meyer 1981,Lund 1984) Both
may exhibita depletlonof elementswlthFIP greaterthan ~I0 eV because of the
smallerfluxof ionizingphotonswzthenergiesgreaterthan thatofLy-a (102 eV)
Both C and N appeartobe distinctlydifferentm SEPs and theGCRS

TableI SEP averageelementalabundances (Si= 1000)

Z abundance Z abundance Z abundance Z abundance

3 <136 10 ssv_ iv z01_.a_24 143_._
4 <0iv 11 v3.3__#16 z0v_+## 26 50_+_
5 < 0 34 12 1206 -_1 19 2 n_+* ol"_-o 9_ 26 959 ._5
6 2710 _+_ 13 67 -_-4A+4Sl20 68 _*_0z 27 < 13 5
7 775 +54-51 14 I000 21 (0_-o_2J_".°se_*28 336_%e_
6 6z30_+_ 15 4.o_07022 3 _ 29 (04o__8_)*
9 (0°_.°_"'*_--0_,_6 222_+__2_ (034_.00_),30 _.ogt_

* Abundances forthese_iementsare based on fewerthan 5 particlesand are
b__hlyuncertain
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Fig 1. Scatterplot of SEP data from LET m the Z = 14 - 20 charge range <Z> 
is the average. and 6Z the dltIerence, of two essentlally mdependent charge deter
nnnatIons obtamed from the LET data for each analyzed partIcle 

dynamlcalloruzabon models such as that of Gelss and Bochsler (1984) for the for
mall on of the corona FIg 3 shows that the step-function ordermg by FIP IS more 
clearly defined In the new data. mcludmg the elements P. Cl. K. TI. and Mn How
ever. Fig 3 also dIscloses statlstlcally sigruficant enhancements and depletions of 
several elemenls such as Na. Fe and NI. which are diScussed by Breneman and 
Stone (1985) m the context of an accelerallon/propagatlOn fractionation of SEPs 
based on the Iomc charge-lo-mass ratIO of the specIes makmg up the SEPs 

ln Fig 4. the SEP abundances are compared to galactIc COSmIC ray source 
(GCRS) abundances (Lund 1984) The absence of a FIP-dependence m the 
SEP I GCRS rallo mdicates that the GCRS may have a FIP-dependent ~tep-functlon 
fractIonation like that of the SEPs (Cook et al 1979. Mt>yer 1981. Lund 1984) Both 
may exhIbIt a depletIon of elements With FIP greater than ",10 eV because of the 
smaller flux of Ionizmg photons With energIes greater than that of Ly-a (102 eV) 
Both C and N appear to be distmctly dJ1Ierent m SEPs and the GCRS 

Table I SEP average elemental abundances (SI = 1000) 

Z abundance Z abundance Z abundance Z abundance 

3 < 136 10 887 ~J 17 2 01!:8.1~ 24 143.!11 
4 < 017 11 73.3.!16 18 207.!i8 25 50.!fJ 
5 < 034 12 1206 !:It 19 295+1 oJ -D9. 26 959 .!J.1l5 
6 2710.!118 13 874.!tP 20 68.!16 27 < 135 
7 775.!ft 14 1000 21 (0 22.!818)· 28 336.!BN 
8 6230.!H:8 15 478!:8.pa 22 35.!lt 29 (0 40.!8~)· 
9 (0 29.!8R)· 16 222 .!~ 23 (0 34.!8J:)· 30 1.09!:8i~ 

• Abundances for these E~ements are based on fewer than 5 partICles and are 
highly uncertam 
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Fig 2 Comparison of the new SEP abundances with otherrecentSEP abun-
dance measurements
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Fig 3 SEP abundances (Sl= i)relatweto spectroscoplcphotosphericabun-
dances(Grevesse1984),plottedvs FIP
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Fig 3 SEP abundances (Sl = 1) relat1ve to spectrosCop1C photospher1c abun
dances (Grevesse 1984), plotted vs FIP 

SH 21-



2 1 6 SH 2 1-_

I0
1 1 1 1 I I" I I ' I I I "'1 I I 1 1 1' I I

total uncertalnty_,

_ N sEP..c.rto,.ty--_

.o z. tE Ne
in

CaM_Fe
° 2-- ---

AI _ C_ _ Ar
u
€
o

€

o

a.
_J
€/3

O_ I I I I I I I I I I ,J I I I .I . I I I I
4 6 8 I0 12 14 16 18 20 22

flrsJ Jonlzohon polenhol (eV)

Fig 4 SEP abundances (Sz= I)relatzveto galacticcosrmc ray source abun-
dances(Lund 1964),plottedvs FIP
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