/

14, International cosmic ray conference - t K350 1"3'5\_'

Gurching, necar Munich (F.R. Germany), 15-29 Aug 1975 CEA~CONF--2

1 : 0G 9.5 -12
SOURCI COMPOSITION OF COSMIC RAYS AT MIGH ENERGY

¥, Juliusson, C.J. Cesarsky, M., -Mencguzzi, M. Cassé

.

DPh/EP/ES - Centre d'Etudes Nucléaires de Saclay
B.P., 2 - 91190 Gif-sur-Yveile(France)

The source composition of the cosmic ray is usually
cnlculated at an cnergy of a few GeV per nucleon.
Recent measurements have however indicated that

the source composition may be encrgy dependent,

In order to give a quantitative answer to this question
we have calculated the source composilion at 50 GeV/
nucleon using an exponcntial disiribution of pathlengths.
and in the slab approximation. The results oblained
al bhigh cnergy agree very well with the source
composition obiained at lower cnergics, coxcept the
abundance of carbon which is sipnificanily lower

than the generally accepted value of low energics,

¥ .

1, Introduction. A knowledge of the nuclecar composition of the cosmnic

ray sources is of vitel Limportance to the question of the origin of the
cosmic rays. In the last ‘decade our knowledpe of the composition of
the cosmic rays arriving at the carth has gré:atly increased., At the
same lime new nicasurements have been made of some of the
important nuclear spallation cross scctions. A knowledge of these
cross scclions, and of the composition enables one {o answer
jimportant questions aboul the propagation, and the age of the cosmic
rays, and it also allows one to calculate the composition of the cosmic
ray source,

* L]
.

The source composilion has usually been calculited around
) GeV/n, since the composition of the arriving cosmic rays is best
known in thal energy region., Recenily however measurements at higher
energies have become available, and these have shown that the
composition of the arriving cosinic rays depends on their cnergy.
Enorgy 'dcpcndcn!. propagation scems (o account for most of the

observed changes but thexe have been indications that the carbon/

oxygen and the ironfcarbon plus oxygen} ratios change more than can
Le explained by propagation alone, and that the source cornposition is
thus dependent on enerpy (Cesarsky and Audouze, 1973, hereinafter
referred 1o as CA).

In order {o sindy the question of possible encrgy dependence of
the cosmic ray composilion at the source, we shall in this paper
caleulaté the source composition at 50 GeV/nucleon from measurements
reported by Julinsson (1974), .

.
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Table 1 - Fragmentation cross sections in hydrogen

] . Fropment i Yo n c o e Mp FaNatAl S P.Ca S¢eMn Fe-Ni
3 Lithium 16 4“2 31 2.6 2.8 2.6 2.8 8 2.9 2.7 A0 4.4 2.4
4 Reryilinn 16.7 7.8 LS L6 L .6 L6 1.6 1.6 1.8 2.1 2.4
5 Beron 19.7 7S N A N .9 2.4, 2.6 | % § .9 1.9
[ Caibon 23.4 5. ¢ 4.1 2Lt 2.4 2.1 1.8 1.2 LS 1.4
? Witropen 24,9 1.0 M9 .9 M2 2,2 1.4 1,4 1.3
8 Oxypen 156.9 6.9 53 6.7 4.2 2.5 .4 2.0
9 Fluerine 2.9 LE L9 1.8 14 0.9 0.9 0.7
10 Yeon no 7.1 a3 50 3.3 2.9 2.2
11 Sodium e 4.2 2 .1 1) 1.2 7 o9
12 Mapnesluin s .' 10,6 Lo 4.5 36 2.6
13 Aluminium 423 * 4.7 L5 1.4 1.0
14 Silicon 42. 8 . . 5.8 4.5 32
15  Phospatus 6.1 . 2.8 L6 1.1
16 Selphur 40,0 ¢ N ] 5.7 4.0
17 Chlorine 50,4 . o . . A L7 1.9
18 Argon 47.8 e . B.b 6.3 4,0
19 Yotarsivm 52,1 : . i . 5. L 4.0 2.6
20 Calcium LY . . 1.6 4.9
21 Seandium (0.9 . - - - 2.7 2.1
22 Tilanim 56,9 . 10,8 E. &

© 2y Vanadium 63,1 N 5.7 LN
24 Chromium &0 : ) . 10,6 119
2% Manganere 06,2 - 9.2
26 1ron ¢1.7 10,0
27 Kickal 70,0 .

2. Propapalion. To calculate tlre composition of the cosmic ray

gource, we nced to know the spallation cross sections Oy for a nucleus

j. to break up into a fragment i in a proton collision. The cross scctions
‘that we bhave used are shown in {able 1. Measured values arc used

when available {De Lassus and Tobailem, 1972 ; Fpherre, 1974 3 Lindstrom
et al, 1975 ; Tobailem and De Lassus, 1975 ; Perron, 1975 ; Regnier, 1975)
but otherwisce the semiempirical fermula of Silberberg and Tsao (1971)

is vscd.

‘The clemental cross scclions oy are oblained from the isotopic
cross sections ohp Ly sunming over different stable isolopes of clement
i_and unstable isotopes that decay into clemnent I during propagation, and
averaged over the different isolopes of element j. The total destruclion
cross scclions 0, are calculated from
o = 5.4 (A‘lx/ 3 _0.2)° m? . )

which ‘gives the best {it to the data of Renberg et al, (1972). The cross
seclions are given in fm? '(1 fm® = 10 mbarn) i,c. arca pexr nucleus, A
more natural unit for propagation calculations is however arca per unit
mass, and we denote by the symbol R“i} the cross scclions cxpressed in
em?/g. .

To calculate the source composition of the cosmic rays in the
leaky Lox model we use the simple relation (Audouzg and Cesarsky,
1973) 1. 1

: N s (A 4 AN, - 20N, (2)
i i i ij i

which follows immecdiately by setting the production terms equal to the

loss terms, as they must be in a steady state. N% and N, denote the

- 57 w



-

0G 9.5~ 12

-

relative abundances at the source and in the arriving cosmic rays
Tespectively, and A is the escape length (g/cmz). ’
For the slab model and for the atmospheric propagation,the
only sourcc of production and loss are the spailation reaclions, and
we have .
an far = 2t N, - ain (3)
o 3o d i
where A §s the amount of matler traversed (g/em?).

For the cross scetions ?‘"i]' in the atmosphere we have vsed
crons Scclion estimates of Meyer, \'.'cstcrghard and Cassé, 1975, and
we correct the data of all experimenters in the same way, The atmos-
pheric corrections used do not disagree significantly from what one
obtains by assuming that the partial eross seetions o on onc target
can be oblaincd from the partial cross seclions 0;j on another target
by the relation -

. - 0.5 )

oij/nij = (O;/oi) (4)
We note that the propagation cquations shown here for the slab (3) and
for the leaky box mode! (2) are extremely simple, and almost trivial
to solve. Nevertheless they take correctly into account not only
‘secnndary production, but high order production as well,

e Results, We have taken the resulls given by Juliusson (1974)
for the high ecnergy composition. The data at the lowest encrgy (24 GeV/n)
arc not included, and the resullts at 27 GeV/n are given only half

Table II - Source composition of cosmic rays at 50 GeV/nuclcon

M . - - . P .
.

2 ELEMENT MEASURED TOP OF ATM  SLAD MODEL  ¥wp 1,78g/em, " ° 2.5GeVin |
3 LAthiuvrn 124 4 23 53 : «6° ., =B 4 23 . 26
L4 Berylltium 611 24 -5 LU 3 -6 -
] Heron 155 4 16 90 5 €6 1106 &
¢ Carbon £57 1 4) . 788 24 325 1 41 . 920
1 Nitrogen s i 57 L e g1 T 113
& Osygen o000 141 - 1B00 1000 1000 41 1000
g ' Fuorine 118 . 2 - g ‘e7 1 5 .7

10 Keon 149 ¢+ 1 144 . 123 124 ‘! {7 nsg

3 Sodiutn LT 22 13 4+ & . 11

” Mupnestum 1w L 181 178 ¥ve 1y . 204

13 Aluminium L 7 20 - 1 14 3 9 28

14 Silicon 1774 e 169 208 200 19 208

15 Phosphorue . el o - 4 1 LS | i_ 4 3

1% Sulphur ni g 30 25 26 g 22

17 Chlorine sd » 1 -3 - 3% 3 -]

13 Argon 20t ¢ 17 n 124 1 3

19 Trotassium t L a 3 -2 «1% 3 1

20 Calciwm 1 Loy 24 20 201 21

z1 Seandivn [ . -3 0 I H

22 Titanivim . 11l s . 6 . -7 -41 2z

23 Vanndimn 15 i 6. 13 g T -}

74 Chromivm 17 - 6 12 -8 11 2 -7

2% Manganese 1 * ¢ 14 s 91 4 2

26 lron ' 136 %oy m 224 212 12 218

20 Hiekol ‘. nit s . 14 1 T 8

.
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weipht, since these results are possibly less accurate than the higher
enerpgy daty, due to background from low cnerpy particles., These data
have u representative averapge energy of about 50 GeV/nucleon, The
.(_]hi:: used are displayed in Table 11 which shows the values measured

at 6.0 g/cm® in the atmosphere, extrapolated to the top of the
atmosphere, and to the sources using a slab model, and an exponential
pathlength distribution. For most clements, the source value is not
very model dependent. The calculated high ecnerpy source composition

is comparcd to a valuc obtlainced fromn the same propagation of lower
enerpy data oblained in the same cxperiment (Juliusson and Meyer, 1975).

We have not yet donc an error analysis of the propagation
through the atmosphere and through the galaxy and errors due to
propagation arc not included in Table 1l. Since the pathlength traverscd
at high energy is small these propagation errors arc in most cascs
insignificant comparcd to the stalistical crrors on the high encrgy
data. At low cnergy on the other hand the measured abundance errors
are in most cases small compared to the propagation errors, and low
energy values arc shown for comparison only.

The pathlength traverscd by the cosmic rays of high encrgy is
gignificantly shorter than the pathlengths at low energy, Table 1l gives
a summary of the pathlengths obtlained from the abundances of the

:_diIIc1°c111 sccondary clements, The pathlength {for iron is defined at low

.~ . Table 11l - Gosmic ray pathlengths
Energy 50 GeV/n ‘ 25 GeV/n ‘-
Age ISei.E; u‘° ncw ® n-.-"’ ne'-?m",’ Bem . he“
1 (Boron) - ngtoes 21l sl or 1ston
3 {Bergltinm) T natoes 12Yes s7t iz 42tz
L (L5thien) etoe 15! s.2t o2 sl ’
1 firen) 2.¢% 08 2.4% 00 st os poto.e

cnergy from the secondary clements scandium to mangancse, atl high
encrpy by the abundances of scandium to chromium, The errors given
are sirictly from the errors in the measured abundances.of the
sccondary clements, the cross scclions are assumed to be exact,

The consistency is better if we assume that Bel0 nas decayed inlo
boron duying propagation, "I'he pathlength obtained for boron js consist-
ently larger than that of other secondary components, An intriguing
explanation would be that boron was present in the source at the level
of a fow percent of oxygen, lowever the cross seclions used arc
probably not accurate enoupgh to give an answer for an eventual boron
abundance in the cosmic rays at the source, to betler than a few
percent, nor even to decide {rom cosmic ray clemental abundances
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whether Bclo has decayed or not (Yiou and l"\_nis:bcck,l‘)??:). The path-
length used for the source ealculation is determined as the onc that
malies the abundance of boron + beryllivm cqual to nero. I is thus
independent of whether Bel 0 has decayed or not.

The source composition at high cnergy is quite similar to the
one obtained at lower encrgics, For most eloments the difference is
smaller than one sigma, ignoring the errors on the low cenergy source.
The ironfoxypen riatio at the svurce is measured 10 be the same at
high and low cnergy. We note that the iron spectrum measurced by
Balasubralimanyan and Ormes (1973) agrees perfectly with the measure-
menis of Juliusson (1971) both in intensity .and spectral slope (Juliusson,
1975), These mensurcements do thercefore not change the conclusion, that
- # change of the iron to oxypen ratio in the cosniic ray source with

enerpy is at most a small one, :

The abundances at the source of the clements magnesivn, -
alumivium, argon and vanadium diifer slightly as high and low cenerpy,
but we do not consider these differences significant, The only clements
for which the high enerpy sourcce value differ more than two sigimna
from the valuc given al lew cnergy are nitrogen and carbon, The
difference for nitrogen is small and could be due to statistics, The
diffcrence for carbon is larger and the value obtained at high encrgy
J3s inconsistent with the value given at low energy. It is conceivable
that the destruction cross sections for oixygen and carbon deviate
significantly fromx (1), and that the measurements arc consistent with
a constant C/O ratio at the source for all energies. Mowever the C/O
ratio in the cosmic ray spurce must then Lo below or close to the '
value that we obtain at 50 GeV/n for all cnergics.

In order to study in more detail the source abundances of carbon,
nitrogen and iron at differcent energics, we have calculated the source
composition for individual datapoints from Juliusson {(1974), Simith ct al,
(1973) and Webber (1973). Figure 1 shows the patllength nceded to make
the beryllinm plus boron abundances in the source cqual to zero, The

“line shown is the best - . :

powerlaw fit to the -. L L LY A .
data in Table 1. . - ‘ '

)

.
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-0.49 *0.05 10 ST e
e ) - ¢ o . o i
= Ep . e \+ ﬂ)é Q - R
Propagation errors, (—~ \4 . -
which are not < . . {; R . "
included in fig. 1, Er \'L ’ v
could change the -2 ) ) l'_ ‘ .
pathlength, but they e n Juliussen (1904 '
do "};f affeet ?‘:’-’ E’ |- @ Smifh ot al. (1973) . TN
sipnmificance of ilg 8 F 'a Vaobber (1972) T T
enerpy dependence, © Foydd K I i K .
Whether the decrense . 11 et ""%0 et u‘]!ﬂﬂ :
in pathlengih . KINETIE ENERGY E. (GeV/N)

continues bLieyond
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Fig. 1. Pathlengih traversed by the coamic rays
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50° GeV/nucleon,
cannot be answerced by.,

the present data, For . F L R M R RN | (S S S N MRS ]
the calculations in this N : _;
~ paper we include 35% 10‘ _1«
helinm (per mass) in i B |
the interstellar mediuvm, 061 —
That does nol signilicant- " —
1y change the source (].6[~ . -
composition bul resulls - : . .
in an incrcuasc of the Ay T .. . <
pathlengths Ly about :- "{r[’)d. [P ‘ + _ .:E
5%. . o A1 S — W
- - ECE w0 \}\___‘ ;
Fig. 2 shows P 0";' . . -
the measurced source nad i . . .
abundences of carbon/ - ) . . A7
oxygen, nil.rogcn/o.»;ygen a= ‘ . cr e =
and the iron group 04 FE/ZD -1
(Fe 4+ Wi) as a function B e o A ‘;’._... -
of enerpy. The individual 0.2 & ‘Jf "+. . ) —
datapoints support the - L T
sconclusion reached from 0il- o i B
Table 11, that the C/O . .
and N/O ratios vary T "y 2t b '—’1'6 A . -1140'0
with energy while Fe/O . KINETIC ENERGY  Ey (GeW/iN)

is constan{. The c¢rrors
en the Jow cnerpy. points
“are unrcalistic however
gsince they do not include
‘propagafion errors, )

-

Figg. 2. Relative source abundiances of the
cosmnic rays,

The lines in fig, 2 are a best powerlaw {it 1o the data in Table JI,
They correspond to a difference in speciral index of°0.08 helween carbon
and oxygen and a difference of 0,16 between nitrofien and oxygen,

We thank J. P, Meyer for many wvaluable discussions and P. Goret
for assictance in calenlating the atmosplherie corrections,
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