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Abstract

‘l-he production rates of cosmogonic nuclic!es in the solar

space were calculated for the primary protons in the galactic

system and in interstellar

and solar cosmic rays. At

I AU, the long-term average fluxes of solar protons usually produce nlany r.,;i~ atoms of

a c~~smogenic nuclide than the primary protons in the galactic cosmic rays (GCR), the

cxreptions being nurliclcs made oIIly by high-energy rt’act. ions (like “)lle), Llccause the

particle fluxes inside metcorit. cs and other large objects in space include many secondary

neul rons, the ])roclucl, ion rates ilr(~ much highrr nn(i ral ios inside Iargc ol)jml,s arc often very

dif~~rcnl from l]ICXWby jusl. l~lr prilnaq’ (;~~]~ protons in small ohjocts. ‘rhc prodllclion

ld[(’3 ~J~t t)sili(;g(’lli~ ilI:Cli(l W ;~r{’ ralclllatml 10 ~’iir!rIly aljollt filCIOrS Of 2.5 during a llpiritl

I l-)’~’ilrsoldr Cyrli’, ill ;Igr(’(ilr](’111 with 111(’ilSllr(’1ll(’Il lSofsll(Jrl- liV(l(i ril(li[)lll]~ l;(l(’s ill r~lctjr]tly

fall{’11 Ilwlmjritos. ‘1’lIf’ I)ro[luclif)rl of roslll(~grrlic IIllclidvs I)y I k (:( ‘1{ ])iirliulm olllsidr

111(’ l](~lios]jllrr(t is Illgllor tll;lrl Illill 1)~ 111(’ Illo(llllill[’fl (j(:ll I)rilllilri(*s Ilor[ll;llly ill tllc Solilr

s~slt’rll, llfJ\vtlv(lr. 11](’rc is c(~llsi(lt”rilll![’ 1111(”{’rlililll~ ill III(’ 1111S{’s 01 illl~’rslt’ll;ir ]~r[~l(~lls iIll[l,

Illvrf’ft)r[’. ill III(I [)rt~(lllcli(~ll rill~’+ [Jf fq(wlll[)gt’llic I]llclill[’s iIl il]l(’rsl(’llilr <]J;I(”(I, l)rt~fll]ttil)ll

rill(% dllfl r;~ti(~s for rlwlll(]g(’rlic Illlrli(los I!(IIII(I II(I ;11)1(’ 1{) 1(11’111lr\ I)ill’11(”1(’s t 11;11\\”(’l’($>111;!11

ill ~l);Ic(I or II I;II \\{’rv (IS])(MI(I lo iIll llIIIIIilcllil;IliIfl \l)Iv’lrIIIII 01” (;( ‘1{ [),lrli[lt*s,



with solar activity and is lowest at periods of maximum solar activity. The highest fluxes

of GCR particles observed recently in the solar system, during soliw minimum, is less than

those of the unmodulated GCR particles in interstellar space. Eve]i higher fluxes of GCR

particles, especially at lower energies, probably exist -t Ihe sources of the GCR particles.

These different spectra and fluxes of cosmic-ray parliclcs will result in a wide riinge of

production rates of nuclides.

Most studies of cosmogonic rluclides ~av~ hwn for Iargc objects (the Earth, r-noon. and

mct,coritcs). for long periods of time (avcragt+ ovor many solar cycles), and for exposure

I.Ot hc cosmic rays at abou’ I .+1’ froln Ihr sun. Rrcenlly, Ihcrc h;~s hmIII more interest in

cosmogt”ric Illlrli(lc I)rodllcl ior] Ilnd(’r (lilrcr~’nt (irclllrlslnl]cm. Tl]err llilVC’ bm’n a rlulntm of

lll(’il S1lr(’Ill(llll S Or C(wlllo!g(’nic I]llcli(l(’s ill vt’ry Slllilll (Jl)j~*(.ls, 111(’ Cosllllc sl)]lt~rui(’s rf’co. l’r(vl

froln (1.q) S(W s(dilrl(’llts Ritist)(~~k Ct iii., I!)N1l, ]!)N.5~ llVilnS [’l al. 1~)~~’ ~r][] l](,llss~r

: I!)7N: h;lve r(’]mrl(vl Iilrg(’01 al. , Vilri;ltiolls ill 111(’ il(”l. ivitios or .+l)ort-l~v(’d rosllmgt’rlic

r;lfliollllrli(lm (sllch its :112 -(lil~ “’lS1ll) 11](’;lsllr(’(i in [r(+il] 1]1(’l(v)ril(i [;111s 1l)al ill(li(”ill (’s

Illill 111(’ t’(~slllllg(’]li(’-ll~lt.li(l(’ [Jro(lll(-lioll-i.;ll(’” $“ilri;lliolls ov(’r ii Slllilf’ (’}(” 1($ is --’J-:\. 5( ’\”(’rill

l)ill)(’rS flilV(* ;I(l(lr(’ss(’(1 Ih(’ l)(~ssil)ilily of 1~1(’ I]ro(ll:(’lioll” of ro+lll(jg(’lli(. 1111(’li(l(’s olllsi(l(l

III(I Solilr ,~~sl(rll, \\’ilh Ili(] (oslllog(irlir” 1111(.lifl(vi 1)(’illg I’(’lillll(’(1 (’V(’11 ill \(’r} SIllilll grilills

Itay’ iIll(l \“i;lk. I!IN:{ or Illilflt’ irl I)iggvr I)ilrli(”li s Ilow folir]~l ,Is ,osllli( sl)tl[’rlllt’s irl (10(*1)

s(lil s(’(lirtl~ rlts, l{ili~l)(~,k (’[. .’10 I!IH5 111(’ilSllr(’(1 il \f’r! Iligl) t“ollll’l!l 01” 1“11(’ (ill)olll M)

(ll~rll kg 1, irl i~ (’()~ll)i(. sl)ll(’rlll(’ illl(l Sllgg(’Sl l~lill, 111(’ irril(liillioll t)((”llrr(~(l olllsi(l(l 111()

Sol; lr sysl(~lil, I)lirjl]g I)(hrio(ls of 111111Sll;lll~ IOIV S(!!.l,- ;Iclivily, %IJI’11 ;1S (lllrill~~, It It’ \lilllllll(’r

\ljllil]lllill !:(l(ly, l!)7[i , I)igi) IIIIS(I: 01 (;(’1{ I),lrli(”l(’s (’OIII(!1)(’ I)nw’llt ill II](’ illll(’r ~lllilr

S\sl I*lll illl(l I)ro(lucr I’IIII;IIIC(’(1 ;Illl[jllllls (JI’ (’oslllog(’lli(”” Illl(li(l(’s (’;lSl;lglloli illl(l I,ili, 1!1S(),

‘1’11(’ l)rf)(lll(!ioll rill(’S for s(’V(’11 ([)rllllloll (’(wltlo~;(~tli(” r;l(liollilt’li(i(’s or” lll)l)l(l.l+il S is[)l(tl)w

;lrt’ (“ill (’lllillt’tl 11(’1’(’ for il vilrirty d l)ritllilry I)loll)ll SIl!wLril. \f)!II~I of I lI~Is~Br~,s~lll~ iv~trtt

r(’l)orh’(1 t’ill’lit’r Hm’dy , I!W3. I!)W:; [his \vork (’llill]~(’s il I’(’w of IIIII\I*(’ilrli(’r sl)~I(I ril iil](l

ill(”lll(l(~s il Ilullllwr ~)rnvm (’sli;l];llt*s 1(’r [II(* 1)1’illliir~ (;~’lt ljr(~l(~lIs ill illl{’rsl[’llilr sl)dct,,

‘1



Primary Cosmic-Ray Proton Spectra

The spectrum of solar protons is well approximated by an exponential function in

rigidity ~Reedy and Arnold, 1972;; it has a spectral shape averaged over the ]asl ten

million ,ears !Reedy et al., 1983] of R,-, = 100 LIV. The intensity adopted for !his solar

proton spectrum is an integral flux above 10 \leV of 70 protons cm -2 s -‘, which is the

average over the last few nillion years as determined from lunar-rock mcasilrerncnw by

Kohl et al. 11978i. Production ralcs for other SOlar-~JrOhTT spectral shapes can he found

from calculations in olher papers [or example, Rmdy aIId Arnold, ]!]72; \lichel ct al..

1982], hy using surface pmduclion ralcs for lunar saInplcs or rneloorites mult. iplml by a

fact,or of two 10 get rates for l.hc ornni(lirrct orliil irradiation of very small objwts irl s~)acr.

I:nr 11]0 f:(~ll l)rolons irl irll(’rl)larl(’l;lr! S])ilCP and in ir]t(*rstt*llar space. a vdrirly or

slwctral StliLp(’S and irll(’lls”li(vi dr(’ p(wsihlr. [n lh(’ inner Soliir s~’st(’m. the’ ac[,i\’ily of [hc

slln Ill(](iiiim 1]1(’S])(’(”t.ril 1)1(1( ’11 ])iirl irl(+ ;li I11(’sf.’[)il?t iclw (’rll.vr 111(’Solilr s~sh’111 R(x!(ly

(*I iii,, I!)H3:, ‘rtl(l iiclivily of III(’ sIIII Ilsl]ally “ilri(’s kvith arl I I-y(wr cycl(’, wiltl 111(”SIH)II:(JSI

activily 1)(’rio(l (hol;lr Il]ilsill]llll]) rt’sllll illg ill lllt’ I(mwl 111).svs 0( (: (’1{ ])ilrli Cl(’s in 111[’il]llvr

Solilr S\ ’Sl(’lllm ‘[’11(’ tirll(’ f)l IOW[’S1 ~olilr ar[ijily flllrillg il t)’])i(”ill I l-~(’iir s(’l;ir (“J’(”1(’ (Solilr

IIlillirllurll) still r(’slllls irl il sl)(’lfrl]rl] of (~(’li I)ilr’li(”l(% Iilill is tll’(’r(”il!i(’f 1, (’S])( (“iilll}’ ill l(nv~~r

t’rl~’rgi(ls. rrlillivr 10 Itl;ll irl 111(’I(l(” ill Irllt’rsll’llilr sl)il~(’o

( ‘;l~til~ljl)li ,11~(1I,iil 1!)S() giv(’ illl (vill;lliorl for 111(’111:S(in I)rolor;s” (“rll 2 .< 1, 01 111[’

( ~(~11ljrolorls” ;1s ;l fllrlclioll d ;I S(Jlilr rllofllllilt ior] I)ilrilrll(’1 (’r, \l,



solar cycle (M = 550 NleV). The solar-cycle-averaged omnidirectional integral flux of GCR

protons above 1 GeV used here is 1,8 protons cm-2 s- 1. which is slightly higher than the

value used by Reedy and Arnold [1972], 1,7 prot,ons cm-z s- 1. The CICR integral fluxes

and spectra] shapes used for solar maximum, solar minimum, and the average over an 11-

year solar cycle are similar to those of Michel and Stiick /l!184~, B!iandari et al. 11979], and

13handari 11981], including the slightly higher value for the solar-cycle average. The solar-

proton spectrum. the GCR-protcn spectra for solar maximum, the solar-cycle average, and

solar minimum discussed above, and an IS prolnn spwtrurn hasrd cm equation (1) with !tl

: 0 are. shown in Figure 1.

‘rhc spectra of GCR particles in int.crstellar (1S) space hasn’1 Iwrn l]l~i]s~lr(d diructly

ilnd is hard to model or mtirnatc. Th(lprotons with cncrgics I)elow - I00 MeV ill 1S spare

nrvcr vnter the inner

s~)m-l,ra 10 [S space,

flUX(w, iilld 111() rrlergy

solar system. hence it is had to CXt, ~i~olilt,(j l)il~k ‘WIII I]lo;lsurcd

Indirvrt rvitlcl]t c. sl]ch as (i(~l+ rlt’ctrons, intx!rstcllar giillllllil-rily

conlont of tllr IS rlltvii,lrn. iir(’ 11s(’(1 in mlilllaling Lilt!s]jmlr~lrr] 01”IS

(i(;ll ])ilrliCIM, Wi])t’(’iilIIJ’ ilt l(n~cr c[l~’rgivs 11, (Jarria-llulloz, ]J(’r~ )r]al colr]lllunicat ion.

I!)N5;. orlr spectrl]rn for IS spaco is I Ilv (’xl)rmsion of (~,lsla[noli and l.al ‘I!)WI wilh ll]cir

Illodulaliorl l)iirilrll(’lrrt ,M. (I(lllal (). ‘Iqllc Sllill)(’ for I,h[’ir f.xprmsiorr \\’it}] Xl (1 is vrry

Sirl]il;ll’ 10 (l; I 10,”)()) “N7, with 1; in \l(’V. (~ilStilglloli ilrl(l l,al [1!)S01 ;11so 10tt! Itlill, ;1

V;llll(’ or Y! IO() NI(’V wol!ld giv(’ a (;(:ll-prolor] spwl rurrl lhal is sirrlilar to vsfilr]alvs for

111;11,ill 111(’ Ioc;ll IS s[)MF, (it. hcr(i[’tcrrr)irlatior]s of tilt’ (;(;I{ sI)[’( I r;l ill IS S[)ilC(’ 11+(’(1 }lvrr

iir(~ tll(x-w of W(’hhr and Yushak : I{)H:I] arlfl ]1) ;\rl(] .4xford l!)~,~)~, \4’~ll)lwr ilrl(l }’:l+ll;lk

‘I!W3’ givv illl f’(]llill.ioll (or 111(’irirlt(’rslcllar sIwclrl]rll,

,I(i:,’r,,) I,2X10’;l’;’”;’(K , ‘l,,) ““” . (~)

whor(~ l’: is hirlvtic ( n(’rgy, all(l illrlu(lr ilrl Ilrlc[’rt;lirlly for thvir IS-s] )( ’(’lriil sllitl)(’ ])iirilrll(’ll(’r,

which Ihvy dcllvrlllirlod to hr ‘1,, 300”! 10(1 filv\- rlllrlw)ll 1. ‘1’lltw IS slmctril arr SIIOWI1

irl ]:igllrr 2, Nt)lv Illc l;w~r sl)rwul irl t,llr flllxm, (’%l)M’iilllY ill, IOW’(’l” vtlvrgiw, for t 1](’M’

(i



IS spectra. Al] of these estimates of the IS GCR-particle spectrum are fairly flat at

lower energies and all approach a spectra shape of about E-26S at high energies. Such

~lnmodulated IS spectra could be approached in the solar system during the long periods

of essentially no solar activity that occur about every few hundred years [Eddy, 1976], such

as the Maunder Minimum [Reedy et al., 1983; Castagnoli and La], 1980~.

Onc estimate of the proton spectrum at the source of (;CR parlicles is a power law

in rigidity [H. ‘W’olk.personal communication, 1983]. .it high enmgies, this rigidi!y power

law was assumed to have the same intensity al)d shape as that ohscrved in the solar

2). (SoIc that the intensity use4 here was hasml on the values of the

(Iiscllsswi above and is lower than (hat US(XIin Rwdy ~]986/. ) The

part of this spcrt rum is sirrlililr to t hat rrquircd for the nllcl(’osyrltll(?sis

(’osrllogt’rlic -Nll~.li(l[~” I)rt)(lll(tiorl l{ill(lS

I)lo(lllc!ion I)y Solilr I) II) IOIIS ll!illilll~ (Ioll:i’1” dl(+ IIlilt I)y ])rirllilry (~(~11 I) I”OIOII S.” !) IIIV

111](’li(l, s rt];l(l[t ril:iillly I)y Iligll. (’ri(’rgy l)l’O1O1ls, ” sll(’11 iLS 1“11(1 illl(l ‘“(’t:l, tlilV(’ V(’ry IOW” l)ro-

(111(.1 ioi) rntw I)y 1 11(’ lo\V-(*ri(’rgy Solilr l)rotolls, ” ‘1’111%(’ I]igll l’ilt.{’S I)y solilr I)rolorls OIIIJ”twrur

i



very near the surface of an irradiated object, and solar-proton production I&cs ~Lecor. w

relatively unimportant below depths of a few centimeters [Reedy et al., 1983; Reedy and

Arnold, 1972]. Only the GCR source spectrum exceeds the solar-proton production rates,

because of its high fluxes at lower energies. In most meteorites, production by solar protons

is usually not observable because the surface layers are removed by ablation during the

meteorite’s passage through the Earth’s atmosph~’re, The ratio of the amount of a nuclide

readily made by solar protons (for example, 2(-’41) to that. of a high-energy product (such

as “)Be) is a good indicator of the object’s size when it was irradiated in space. Activities

of 26A I and I’)Be were measured ill several groups of small (0.3- to 0.5-mm) spherules col-

Iectcd from sediments on the ocean floor [Raisbeck et al., 1983]. ‘rhe 26A1/’’13e3eraLio and

1}1(?“;AI aclivity were quite high in sm.eral of them, which indicate that those sl)hcrules

probably came from parent bodies less than a fcw ccntimctcrs in diameter. Studies of such

slna]l objmts would be interesting because they may be difrerenl !rom the forms of solar

systurn matter found in most rnutcorites.

IXlrillg ]wriods of normal solar variations when Ihc sun is having an 1l-yciir ryclc of

solar ii~ti~ily. sllch ;1s sllll SpOt I]ll]l]fx’rs, th(’ cxtrorlws in the activity of the sun And its

slllw(lurr]t Illo(lllla[ion of the (;CK ]xlrt. iclm arc rvprcs(’]]lwl by the solar Ininir]]urn and

I]laxirlluln usmf in ‘]’able 1, Viost cosn]ogonic I]uclides ir~ ~’xlral(?rr(!striil] rnatlcr i-irr rllii(]c

by srcol)(]ary rosrrlogcni(’ nr’ulrons. The cross s(’c~ions as a function or rl]vrgy for n]nkir]g

neutrons arc sil]li!i~r in shape to those for making ‘lIIc, so Ihr rvla[ivc ra(m for rna.kill~ ‘Illr

givrn in Tilhlcs I and 2 can be IIsed to ustirnatc (he r(’li~tiv(’ rat.cs for producing coslllog(ynic

Iluclidm it] Iargr objects in space. The ratio Of 2,11 fOr t,ll(l ‘{II(* ])roduction rtitrs Iwl,wwr]

tlllc oxl,rrlmw for an I I-year solar cycle is almutl Ihc variation 1hat woul(l !)(1 (’SIMICIWI

for Itlv production] of S, colldary t]cutrcms arid Cosrlwgonic Iluclidt!st W’h(’rl t’;vans (’t ill.

i I!N2] lllt’ilSllt’(’(1 Ijhc artivitivs of short- livwl ril(lif)llll(-li(l(’:: in it Ilulnlwr of Itlrtxwrilm t hat

f(’il fronl 190/ to 1!)78, 111(’ activ; tiwi variwi ill l)has(’ willl II)(’ solar ilCti Vit~ illl(l irllpliwl

a l)r(~flll(”l;t)rl-ri~’v Vikrialliotl ov(’r ;1 solar cYclr of a factor of 2.5-3. 11(’ussor rt ill, i I!)7NI



reported similar but sli~htl~ smaller production-rate changes over a solar cycle. Some of

the measufid variatior,s in activities of cosmogonic radicmuclides could have been caused

by differences in the meteorites’ sizes or shapes or in the sample location. However, the

calculations repm”Led here show that most of these radioactivity variations are caused by

the solar Inoculation of the GCR-particle flux. La,-ger variations in nuclide production

rates would be expected if the solar activity exceeded the average extremes used here,

such as during the Maunder .Minimum or the Grand Maximum ‘Eddy, l(Y76~.

In Table 1, the ratio of the GCR production rates typically observed in meteorites to

the solar-cycle-averaged rates f~r primary GCR protons ranged from 2.3 (for 36CI) t.o 8.0

(for 26AI). Because the flux of primary protons inside a meteorite is attenuated by nuclear

interactions, t.hc ratios of observed -wtivitics to those l.:ade only by tbe primary GCR.

protons should be even larger. These relatively low contributions by the primary particles

r L.~~z’I-Irlarypart iclm in nuclide production in Iargc objects likeillustrate the i]~lijortal;cc (), ,,( .,,

ln(’boritcs. Sinlitar rcslllt.s for the prodllctio[] of coslnogcnic nuclirlcs by prirnar>’ (~(~11

‘1{)84:. This hig difr(’rcnce Iwtwm’n nu( Iidep;krl,!clcs vmrv rrportwl hy \lichel and Stiick , .

prmll]clion hy ]~rilr:”wics only and hy the flllly (1OVVIOIWCIscrondary cascade prwwnt in

Ill(wl l]~olw)ril~”s, which iir(’ r(’lalivcly lilrg~ (10 to :10 (’111 in ril(l~ll S). il’dicillcs that SIIlilll

Illvlrorilcs ~vilIlout a fully (Icvclo]ml CilSCii(l C could hfiv(’ sonlr Illlllsllal IJroduction rahw or

ratios. St I]dim 01’c(~sll][)grllic rluclidm in SIIC!Isnlall 111(’ivorilt’sor ill is(~trwpic irridi aliens

of SIIIiIll spllerw at il(crlrrators ~\lir. hcl VI al.. I!)N6] iil!+() lVolllfi 11(’lp IIS llll(l(?rSlil Il(l [11(’

l)r(~(l~tction and tral]sport or s(woll(lary partichw ill Ir](’t(wrilvs illl(l [)1.llvr Inatlvr ill sl)acc.

‘1’11(’prod{ ]ction rill.(% of rlucli(lrs I)y (~(;ll ])rotons in inlvlslr]lilr Sl)il(’(’ arr high, rollgl]ly

silrlililr 10 1,11(~ r“~tvs l~ro~lllcml 1)~ l)Ot,ll I)rilllary ill](l %(’~oll(lilrY (;(~lt I)ilrtli:l(% i!) [n(~l, (’orit.tis,

‘1’hr rrlatiwly I(w’-rll(’rgy i!!’f’lorls llorlllilll~ rrlllovwl I)y SOli~r Illo(llllilljioll” in tllc illllw

solclr s~st(illl tlilV(t ])ro(]lic(*(] ill)ollt 1 ])(* Sill] )(} Illlrlll)rr of I]llcli(lrs il!i ilfl’ 111+1(1(’I)Y S(’coll(lilr J”

11(1111rOIls ill Ilwtj(wril)(’s. ‘1’ll(vw Iligll I)ro(lll(tioll r;ll(’s. I]llls 111(I r(’li~liV(’1~ low I(ws of l)ro(lllrt.

Illlclitlw I)y rwoil ill slrlall grilills : lliiv illl(l \~i\lk, j~)~:I]. 111(’iit! I,:J”II, orl(” sIIOIII(I I)(’ iil)l(~ to



identify grains that were irradiated in interstellar space. Such grains may have been

incorporated in meteorites or could enter the Earth’s atmosphere as cosmic du~t. Some

grains may have been exposed to unmodulated GCR particles in an asteroidal regolith and

then incorporated in gas-rich meteorites lCaffee et al., 1986]. The 31~e production rate ir,

interstellar space is about 4 times that for the average over a solar cycle, and the flux

of protons above 1 GeV in interstellar space is 2-3 times that for the solar-cycle average.

Thus, the production rates of cosmogonic nuclides by GCR particles that have not been

modulated are higher (by factors up to 2 to 4) than those obseived near the Earth during

long periods of typical solar activity.

Such high production rates in the interstellar medium could account for the high “~Be

seen in a cosmic spherule ~Raisbeck Ft al., 1985], although the measured I’)Be activity of

50 dpm kg’1 is higher than the IS rates and the GCR source rate. IIowcver, the ‘6A I

activity in the same spherule is not unusllally high (about 71 dprn kg - 1), which it wcmld

be if made with a GCR speclrum that can make 50 dpm kg 1 of l(’file, Production of I’]Be

from carbon was not included in these calculations but should not be a significant source

of l“lle unless very large amounts of carbon were originally present in the sphcrule.

10



Conclusions

The results of the calculations given in Tables 1 and 2 show that the production of

cosmogonic nuclides by primary cosmic-ray protons can vary considerably with both the

size of the extraterrestrial object and the amount of the solar modulation of the primary

CCR particles. Very small objects have high production rates by solar protons. Typical

meteorites are large enough that the cascade of secondary particles dominates nuclide

production. Intermediate-size objects could have some unusual production rates and ratios.

Temporal , d spatial variations in nuclide production can also result from differing GCR-

particle modulation. Variations by factors of 2 to 3 can occur during a normal solar

cycle, in agreement with mcasurerncnts of short-lived cosmogonic radionuclides in recent

rnelcorite falls [Evans et al., 1982; IIcusscr et al., 1978\, and even larger deviations ran

occur when solar modulation is n]uch stronger or weaker than usual. IIigh production rates

of coslnogerlic r]ll(-lidcs arr (Ixp(Iuted to occur in interstellar spare and near the sources of

(.;CR l)ar[iul(’s, 11(]’,~’cv(-’r.llI(Irv ard ronsidrrabic uncertainties in (Flc spectral shapm illld

int(’nsitilrs of in[(’rstcllar ])rotons. so thr prmluction ralm of cosmogonic nuclidcs in IS

spacr have Illlc[’rliLilllics Of IIlc or(l(*r of ii far-lor of 2. I:rolll their cosllqqenic nucli:les

~Raisl)wk (’t al., IW3’, some coslrlic : herl]les ii])p(~itr to havr I)crn sIIIall ohjm--t.s ill spitrc,

alt bough III(’ t’~i(lcncc for ii cmmic s})ll{’rlllr’ irratliiltc(l ollt d’ i I)(I solar systvm :I?aislwck

Pt al,. 1985~ is l]Ot slrollg.
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hell)vd in ])lilnr)ir)g t.}lis \w)rk.
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Tablel. Nuclide Production Rates by Primary Cosmic-Ray Protonsin the Solar System,

Assuming C2-Chondritic Chemistry.

—. .—-. — .—— — —— —— —.- -——-—.

Parameter

Integral
Flux’

-. .-

Nuclirle

3He

“’1-le

2I .X(,

2(’:11

‘{’;(:I

“n Ar

fi:l\l,,

106 years
Av. SCR

R,, =1OO

70

566.

1,1

:~{)~,

:1.14.

().{]

-!
1 2.

,-,!)(),

Solar Solar Solar Typical
Mzx. CCR 14v. GCR Min. GCR \leteorite

.Y=950 .M ~ 550 .?4= 375

1,~1 1.80 2,39

.- .-.

(atoms minute ““[ kg -1 J

189. 317. 458.

4.9 8.1 11.5

I I .(i 20,8 32.

1.:; U.1 ]~.;

I .s ‘1.1 1.3

:{, 3 3,:) H.()

7.C I :1.(i ~],

..- ---

900.

150.

60.

7.

‘)(),

105,

I5



Table2. Nuclide Production Rates by Primary Galactic-Cosmic-Ray Protonsin interstel-

lar Space, Assuming C2-Chondritic Chemistry.

——. . .—— —... -————. ———..——

Castagnoli Ip and Webber and GCR Source
and Lal Axford Yushak R-2.65

Parameter

Integral
Flux”

%’uclide

:Illc

‘“lk

“ x(’

2(’:41

‘{’i(:l

“w:fr

‘:’NIll

Nll=loo

3.63

M=O - T,-, =300 ~ 100

4.33

I ~~i.

29.

117.

W.

Il.

‘J,[

!)(),

-0.51
2,23 ?1.40 2.72

-0.42

~atOrns Tninute 1 kg 1)

-T?:

I !).).

16.

N1.

,1’1.

(i,

I(im

(;!),

s I ,,;()
38. :Iq.

1.:]6

S!.!)l
:?:1.!. I 007.

I .(K

IJ?, !()

I 3(i, X45,
‘1.71

~lm{)[

4:1. I(i:J.
I .Mi

s’,!m14
2](), 1:{(;7.

1,72

I [i
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