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A B S T R A C T . A wide variety of molecules have been observed in t he in ters te l lar clouds. 

T h e y are believed to be formed by reac t ion networks which begin w i th ionizat ion by cosmic-

rays . Cosmic-rays are also an i m p o r t a n t hea t ing mechan i sm for m a n y as t rophysica l regions. 

In th is pape r I shaU review the m e t h o d s used to infer t he cosmic-ray ionizat ion r a t e and 

t h e values which have been measured . 

1 Introduction 

Cosmic-rays are very h igh energy charged par t ic les which s t r e a m th roughou t the galaxy. 

T h e y are composed mos t ly of p ro tons a n d a lpha par t ic les wi th a b o u t 1% heavier nuclei, 

e lectrons a n d pos i t rons . T h e relat ively h igh abundance of heavy e lements suggests the 

origin of cosmic-rays are from regions wi th highly processed m a t e r i a l such as supernova or 

pu lsa rs (Cowsik a n d Pr ice 1971). 

The re is a large excess of Hthium,-beryl l ium-boron group e lements compared to other 

cosmic objec ts . If these are a s sumed to be spaUation p roduc t s f rom collisions of the heavier 

nuclei cosmic-rays wi th n o r m a l m a t t e r t h e n the cosmic-rays m u s t pass t h r o u g h abou t 3 

g r a m s / c m 2 of ma te r i a l . This gives p a t h lengths in t he galact ic disc of abou t 5 X 10 5 pc 

(Spi tzer 1968). 

2 Chemistry of Cosmic Rays 

In inters teUar clouds cosmic-rays pr imar i ly ionize hydrogen a n d he l ium 

T h e electrons are energet ic and cause addi t iona l ionizat ions a n d hea t ing of the gas . T h e 

reac t s quickly w i th molecular hydrogen to form 

Cosmic — Ray + H2 —• -f e 

-> H + + H + e 

Cosmic — Ray -f He —• He"1" + e . 

(i) 

(2) 

(3) 

H+ + H 2 -> H t + H (4) 
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which rap id ly reac ts w i th o ther a t o m s a n d molecules in t h e gas 

H+ + 0 OH+ + H2 

H+ + CO HCO+ + H2 

H j + N - • NH+ + H 

(5) 

(6) 

(7) 

usual ly by t ransferr ing a p ro ton . These p r o t o n transfer react ions w i th H3" a re t he ini t ial 

reac t ions in the ion-molecule react ions ne tworks which have been p roposed to explain the 

molecular abundances . For example t he 0 H + produced in reac t ion 3 goes on t o form b o t h 

O H a n d H 2 0 . 

P r a s a d a n d Tarafdar (1983) po in ted out t h a t t he fast electrons crea ted by cosmic-ray 

ioniza t ion also p roduce ul t raviole t pho tons by excit ing t h e L y m a n a n d Werner bands of 

H2. Calcula t ions of molecular dissociat ion a n d ionizat ion r a t e s by these cosmic-ray induced 

pho tons m a y be found in Sternberg , Lepp a n d Da lga rno (1987) a n d Gredel , Lepp and 

Da lga rno (1989). 

3 Cosmic-ray Flux Measurements Near Earth 

Measu remen t s of t he cosmic-ray flux a t t h e e a r t h allow one t o infer a lower l imit to the 

cosmic-ray ionizat ion r a t e of f = 6.8 X 1 0 ~ 1 8 s _ 1 (Spitzer 1968). Th i s represents a lower 

l imit as t h e lowest energy cosmic-rays don ' t p e n e t r a t e t he solar wind in to the ea r ths orbi t . 

More recent ly Cecchi-Pestell ini a n d Aiello (1992) have used Voyager d a t a a n d an some 

a s sumpt ions abou t t he ex t rapo la t ion t o lower energies t o e s t ima te a cosmic-ray ionizat ion 

r a t e of 4 x 1 0 ~ 1 7 s - 1 for t h e solar ne ighborhood . 

4 Recombination Lines 

Anothe r m e t h o d for inferring t he cosmic-ray ionizat ion r a t e is t o compare high lying re-

combina t ion lines wi th n e u t r a l hydrogen absorp t ion m e a s u r e m e n t s (Shaver 1976). T h e 

absorp t ion measu remen t s of neu t r a l hydrogen allow one t o identify cold gas along the line 

of s ight . T h e r a t i o of r ecombina t ion line opt ica l d e p t h t o 21 cm n e u t r a l hydrogen opt ical 

d e p t h is only a weak function of density a n d t e m p e r a t u r e t imes the cosmic-ray ionizat ion 

r a t e . T h e measu remen t s of ionizat ion r a t e along various lines of sight by this m e t h o d are 

s u m m a r i z e d in t ab le 1. 

Table 1: Ionizat ion r a t e : r ecombina t ion lines 

Au tho r s f ( s _ j 1 ) 

Shaver (1976) < 2 x I O " 1 7 

Shaver, Ped la r a n d Davies (1976) < 3 X I O - 1 7 

Casse a n d Shaver (1977) < 2 x I O " 1 7 

P a y n e , Salpeter a n d Terzian (1984) < 2 x 1 0 " 1 7 
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T h e ra t e s are uppe r l imits when the recombina t ion line is no t observed. Hydrogen 

charge t ransfer t o oxygen followed by the fo rmat ion of molecules could lead t o an effective 

r ecombina t ion r a t e up t o five t imes larger for h igh molecular fractions (Shaver et al 1976, 

Glassgold a n d Langer 1976). This means the r a t e s l is ted in t ab le 1 could be low by up to 

a factor of five. 

5 Dense Clouds 

In dense clouds t he OH abundance is p ropor t iona l t o the H j abundance (Lepp, Da lgarno 

a n d Sternberg 1987). This could be combined w i th m o d e l a s sumpt ions abou t the H3" 

des t ruc t ion r a t e t o de te rmine an ionizat ion r a t e . T h e f rac t ionat ion of H C O + is a measure 

of t he H3" des t ruc t ion r a t e because the f rac t ionat ion in H3" is passed along to H C O + . 

T h e u p p e r l imit on t he H3 des t ruc t ion allows one t o infer a uppe r l imit t o the electron 

a b u n d a n c e for clouds wi th D C O + / H C O + m e a s u r m e n t s (Wooten et al 1982, Langer 1984 

a n d Da lga rno a n d Lepp 1984). T h e combina t ion of the f rac t ionat ion m e a s u r m e n t and the 

p ropor t iona l i ty of H 3 a n d OH allow one to infer uppe r l imi ts t o t he cosmic ray ionizat ion 

r a t e s for those clouds wi th b o t h f ract ionat ion a n d OH m e a s u r m e n t s . T h e uppe r l imits 

a re £ > 4 x 1 0 " 1 8 5 " 1 for L134N and £ > 8 X 1 0 " 1 8 S " 1 for B335 (Lepp, Da lga rno and 

Sternberg 1987). T h e ra tes are insensit ive t o t he H3" r ecombina t ion ra tes as the H3" is 

p r imar i ly removed by charge transfer react ions . 

E a c h cosmic-ray ionizat ion of a hydrogen molecule converts one molecule in to two hy-

drogen a t o m s . T h e a t o m s reform in to molecules on grain surfaces a t a r a t e kgr so the 

cosmic-ray ionizion r a t e is given by 

Fukui a n d Hayakawa (1981) proposed using this t o infer a cosmic-ray ionizat ion r a t e for 

a m e a s u r e d hydrogen abundance , they infer the very low value of £ w 0.7 X 1 0 ~ ~ 1 8 s - 1 . 

A l t h o u g h this inferred r a t e is qui te low in fact one migh t expect it to be an upper l imit as 

a t o m i c hydrogen m a y also be formed by photodissoc ia t ion near t he edges of the cloud. 

In diffuse clouds OH is p roduced by reac t ion sequences in i t i a ted ei ther by cosmic ray ion-

iza t ion of H or H 2 a n d the OH abundance is p ropor t iona l t o t he cosmic-ray ionizat ion r a t e 

(Black a n d Da lga rno 1973, Ha r tqu i s t , Black a n d Da lga rno 1978). T h e OH is removed by 

photod issoc ia t ion a n d so the r a t e inferred is dependent on t he a s sumed r a t e . Recent quan-

t u m calculat ions (van Dishoeck a n d Da lga rno 1984) have shown the photodissoc ia t ion cross 

sect ion is larger t h e n previously a s sumed a n d van Dishoeck a n d Black (1986) have rederived 

r a t e s for several diffuse clouds. T h e inferred ra tes are also sensitive to t he assumed r a t e 

cons tan t for H 3 dissociative recombina t ion . Table 2 shows the inferred cosmic ray ioniza-

t ion r a t e s for some diffuse clouds for b o t h slow ( < 1 0 " 8 cm3 s - 1 ) a n d fast ( « 1 0 ~ 7 c m 3 5 - 1 ) 

values for t h e H 3 r ecombina t ion r a t e . 

4 > # 2 x 2 nHTiH2kgr 

nHkgr/2 

(8) 

(9) 

6 Diffuse Clouds 
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Table 2: Ioniza t ion R a t e : Diffuse Clouds 

Cloud 

fast H j slow 

recombina t ion recombina t ion 

C P e r 2 X 10" 1 6 6 X 10" 1 7 

C O p h 4 x 10" 1 6 1 X 1 ( T 1 6 

o Pe r 8 X 10" 1 6 2 x 10" 1 6 

i T > 1 _ _ l _ / i n o c \ from van Dischoek a n d Black (1986) 

7 Conclusions 

T h e cosmic-ray ionizat ion r a t e m a y be different for different p a r t s of the in ters te l lar m e d i u m . 

T h e average ionizat ion r a t e is p robab ly a few x 1 0 ~ 1 7 c m 3 In some regions the infered 

r a t e is sensit ive t o t h e r a t e s of react ions such as dissociative r ecombina t ion of or the 

b ranch ing be tween OH a n d H2O in t he dissociative r ecombina t ion of H 3 0 + . In pa r t i cu la r 

if t h e recent m e a s u r e m e n t s of r ap id dissociative recombina t ion of H 3 " s t a n d u p t h e n thei r 

is a puzzle as t o why the O H in diffuse clouds leads t o such a h igh inferred r a t e . 
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L . B l i t z : Why can't you just use the gamma-ray data to get the cosmic ray ionization 
rate? 

S . L e p p : The gamma-rays track the high energy portion of the cosmic-rays whereas the 
ionization is mainly from the low energy. 

W . L a n g e r : It has been suggested that cosmic rays scatter Alfven waves in clouds and 
could be attenuated somewhat. Wouldn't this lead to variations in CR ionization rate in 
dense cores versus diffuse clouds? 

S . L e p p : That's right. 

E . v a n D i s h o e c k : (comment) The cosmic ray ionization rates derived from diffuse cloud 
models quoted in your talk are very high and refer to the case that the H$ dissociative 
recombination is high. If that rate is low, we find £ « 7 x 1 0 ~ 1 7 s"1. 

S . L e p p : Yes, the second column on my view graph had the rates assuming H$ recombi-
nation is slow. 
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