
. 11H,lleKC 3624 

t;ft;u{ Ut/1 :b/1~/1'1U.811 /1'1JU S/1Sfl,1'S 
PEBAHCKHFJ (1JH3Hl/ECKHFJ .. HHCTHTYT 

NI>M-575(62)-82 

F.A.AHARONIAN, S.R.KELNER, YU.D.KOTOV 

ON THE ORIGIN OF LOW ENERGY PROTONS 

IN COSMIC RAYS 

t; rt; a/,. I/. t . 1982 EP EBAH 



© EpesaHCKUU cpuau4ecKuu uHcTuryr, 1982 

1. Introduction 

The first measurements of the flux of 2 - 10 GeV antipro­

tons in primary cosmic r adiation ( 1 •2 1 turned out several 

times greater than the fluxes predicted by earlier calculations. 

In these calculations the production of antiprotons in nuclear 

inelastic collisions of cosmic rays . (CR) with interstellar gas 

was investigated, assuming t ha t the mean column density (gr-am­

mage) traversed by primary CR is ,.._, 2 + 5 g/cm2 as it follows 

from the CR mass composi tion analysis. The discovery of 

anomalous abundance of antipr otons in CR has stipulated new , 

more accurate calculations of the production ~d propagation 

of antiprotons . in the Galaxy [ 3-6 ] , based on the recent acce­

lerator data on the cross section of inclusive reaction 

p+p -+ P+anything. It follows from the comparison of these cal­

cUlations. with the measured abundance p/p "" 5 · 1 o-4 that the 

CR, responsible for the production of high energy antiprotons, 

should traverse the grammage ,....; 20 g/cm2• Note that for the 

explanation of the intensi ty of 10 GeV positrons, when their 

secondary origin is meant , a 5 + 10 g/cm2 grammage is needed. 
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'L'hus, we fcoce qUite a "spectrum" of grammages reqUired for the 

explanation of the fluxes of secondary nuclei, antiprotons and 

positrons by the interaction of CR with the interstellar gas[J], 

The presence of such a "spectrum" of grammages apparently tes­

tifies the production of antiprotons in the sources different 

from those of positrons and heavy nuclei of CR. 

The one important feature of the energy spectrum of anti­

protons that are produced in p-p collisions ia- the presence of 

a pronounced maximum at ,.,,,. 2 GeV with an abrupt decrease of 

intensity to both high and low energies. This feature is the 

result of the reaction kinematics and it depends weakly on the 

shape of the spectrum of interacting protons as well as on the 

energy loss (,.., too MeV) at traversing "'20 g/cm2 of inter­

~tellar matter [4] • Therefore, the recently measured CR anti­

proton-proton ratio at T- 200 MeV. [7) appeared qUite un-

expected, as from these data follows the approximate stability 
of the ratio p/p in 0.2 -

10 GeV interval, whereas the pre-
dieted relation in the homogeneous model of CR propagat i on i n 

the Galaxy (Leaky Box Model) changes in this interval by three 

orders. Moreover, such a high p/p ratio at low energies isn ' t 

yet explained in various modifications of the CR propagation 

models discussed in literature. Even in the l imiting oaoo of 

a Closed Galaxy Model the predicted f-l:ux of l ow onore;y unt i pro­

tons is much less than the one observed r4,sJ. Xhorotoro , i t 

seems more probable that antiprotons are produood In Lho main 

in compact sources. In particular, the pooo!b1l1 Ly 
CR anti -

proton production in supernova shel ls ourroun cl I nr; young Pul­

sars was discussed by Ginzburg 
0

and Ptuolc.i 11 (ll 1 • I L i o t hen 
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~ssumed that the anomalous abundance of low energy antiprotons 

may be explained by the adiabatic loss in the expanding turbu­

lent plasma of the active region. However, due to the absence 

of numerical calculations it isn't clear whether this mecha­

nis1n would provide the observed spectrum of antiprotons. 

The alternative explanation of experimental data is the 

issumption on the existence of antimatter on the level 10-4. 

Since the hypothesis on the presence of ru:,:;iL ..l'tter in the pre­

sent epoch in such quantity is rather radice.l, the study of 

other ~odels , which do not lead to so far-reach~ng consequen-

ces, seems justified. 

2. Forrnul~tion of the model 

Remaining in the framework of models that imply the se-

co~dary origin of antiprotons, one may obtain a high p/p ra­

tio of low energies (100 + JOO MeV) introdu~ing additional 

energy loss 1 + 2 GeV in the source. It i;he energy dumping is 

caused by ionization, then it should be assumed that antipro­

tons pass 250 g/cm2 of hydrogen, which is much more than the 

absorption mean free path of antiprotons not exceeding JO g/cm2• 

The basic feature of the model considered in this inves­

tigation consists in tha fact tha t the formation of antiproton 

spectra occurs in the plasma with a concentration of electron­

positron pairs exceeding that of nuclei. The strong interac~ 

tion matter traversed by accelerated particles is as now 

admitted 20 g/cm2 • The presence of additional electron-posit­

ron pairs in the plasma should allow 1 - 2 GeV energy loss for 
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* 
protons and antiprotons, i.e., in this very plasma nt/np~10. 

Such a plasma with an increased concentration of (e+- e-) 

pairs may exist near relativistic astrophysical objects: in 

accretion disks around black holes, in magnetospheres of pul­

sars, in strong supernova shock waves etc. All the enumerated 

objects are widely discussed in literature as CR sources. 

Let the accelerated proton beams traverse the plasma 
layer. Consider two limiting cases: 

a) the region of the production of antiprotons and antineutrons 

and the region occupied by (e+- e-) pairs where protons and 

antiprotons in the main loose their energy are spatially sepa-
rated; 

b) the production of antiparticles and the energy loss occur 
in the same region of space. 

Let us denote the proton primary beam intensity by ;::J~{'l')• 
In the case a), after traversing the layer ~ , the intensity 
of protons will be 

Jp(T,x)=J;lT)exp(:-npGpp'X.)1 c
1

) 

Where n p is the proton concentration in plasma in the pro-

* 
When this work was completed, S.G.Matinyan called our atten-

tion to a series of theoretical and experimental investigations 
under a guidance of G.I.Budker (see e.g. [9] ) on the electron 
cooling of charged particles in storage rings of heavy parti­
cles. The key assumption of our model on large energy loss of 
antiprotons in the electron~positron plasma is Similar to Bud~ 
ker•s basic idea of the heavy particle ~eam cooli ng at 
energy transfer due to Coulomb collisions to the accompanying 
electron beam( 10J. 

.6 

due ti on region, ~pp is the total cross section of inelastic 

:1-p collisions. 

The production spectrum q, ('f, :X:) of antiprotons_ is asso-

ciated with the relation 
00 

. 

q, ( T, x.) =111Lnp s()P lT, T')JplT'. x)d1'
1

' 
(2) 

To 
where CSp{'T', r') is the inclusive cross section, and To=61'l'lpt 

is the p production threshold energy. Here and later we neg­

lect nuclear cascade processes, which is quite permissible for 

the grammages considered (20 g/cm2). 

The distribution function Np l1',:C) of antiprotons satis-

fies equation 

\JP ~~P = <\('T, x)- np\Jp\~pp+GCl.)N-p , o> 

N-pl'f,O) being zero. Herec>-pp+<)o,. is the total cross sec­

tion of inelastic p-p collisions, <:;CL is the cross section 

of antiproton annihilation, 0'p is the velocity. Solving (J) 

we f ind the intensity J-p of antiprotons 

Jp ('l', x) = lYp .NP l'l', x) = 
lf6JC x (4) 

= ~ exp[-l~PP+6(l,}npx.] SdxexP(-l~PP+Go.)npi]q,trr,:i). 
0 

One may assume with a good accuracy that the intensity of 

antiprotons is equal to that of antineutrona: Jp l 'T1 X ) C: 

'.::::: Jn l'T> X) • Thus, the expressions ( 1 )-(4) determine the in• 

tensities Jp('T,xi) of protons and JPln)l'f,:x:,Vof antiprotona (anti­
neutro?).s_} escapii:.ig from the pr9duction r~g;!,o!!-• 
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One should next take into account the charged particles 

energy loss in plasma. After traversing the depth '.X:!t in 

plasma the charged particle spectra take the form 

J ) - El 'l'i) J /rfl ) 
P, i5 ( r - £ l'r> P, P '" 'j)x i 

where C('T')=-clT/dx is the energy loss; the value 

is defined by the relation 
'T'i 

\ 9T_=x~ · 
.J .:.(1') 
'r 

(5) 

Ti. 

(6) 

When calculating we have assumed Gpp::::C)j5p~C)i1p~ 

=:3Qmb; ()Cl. z.2~/~(~= IJ/c); VYlpYlpX:1 = 20 g/cm2 ; the plasma 

parameters are chosen so that the enericy- loss of high energy 

particles make 1 - 2 GeV. In the calc· ... J.ations the antiproton 

production cross section presented by Stephens (41 was used. 

The proton initial spectrum was taken in the form 

Jo trr) - ---=A.-:--.,~ 
p - ('f +mpc2)2,5 (7) 

with. the normalization 
~ 

~;~mclT= i 
In the problem considered the shape of the initial proton 

spectrum well up to 'r L. 6 GeV apparently doesn't affect 

the spectrum of secondary antiprotons. 

The energy loss rate of protons and antiprotons is deter­

mined by the concentration nt of elect~ons and positrons 

and by their temperature 8 . The stopping power in the ion· 
ized cold gas ~s f 11J 

8 

• 

t l1');: Lflrelf n% ~n f 2 mec
2 

e.7. y 2) 
c VV\

6
c.2 §2 1... I u u > (8) 

where 1~3,t·i0- 11 .[vl; eV; l)-::i/Ji-~i', while in 

the hot plasma (see e.g. ( 12) ) 

c~ Lr)= ~.c~9i ~'l'{'U-~'l'·l~>1enh~;{;~:n, (9) 

i m c2 e/· where ~ = 
2
:e .y , 'Pl'A) is the error function. 

From (9) follows a strict decrease of energy loss in the 

low. energy region ( '1'~ ~~Ke ) as compared with the case 

of cold plasma. 

" The case b) (the production and loss in the same region of 

space) mathematically is more complicated. The distribution 

functions Npl'I, X.) of protons and Np l 'l', ~) of antiprotons 

are found from the simultaneous equations 

dN d . \Jp~- o1\ l\JpE.l'\)Np) =-lfpnp<5fpNp, (10) 

I. T I I I 

<\,lT, x)='1'JCVlp .)'5? l 'l','f )Jptf, x)d1' ) ( 11 ) 

'io 

\)'- aNi> _ L'\J-ptl'f)~)=\('f.~)-V\pUpl~pp-tG~)N-p . 
Pax a"f \ c12> 

The liniiting conditions are the same as in the case a) . The ap­

proximate solution o! eqs. (10-12) has the form 

\ I'\ )- tl'\'.0 \0 I rTI ) -V\p~pp'):. 
..Jp \. I '.X: - t\_'\) Jp \.Ii e. J (1)) 
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r"i . I 

JP ( 'f, X) = ~r hft\ J c.4T I <\,('f', x.) e- lf l 'f /I') 

'T'' 
1' (14) 

f n \:; l'f''L '' 
where 'PC'T,T'J=j ~l ~") cl T ; '1' i is defined by the 
:formula (6). 1' 

The calculations have shown that the 

practically identical spectra o:f 

the same parameters o:f plasma. Therefore, we sha~ l later pre-

cases a ) and b) give 

protons and antiprotons for 

sent results :for the case a) only. 

J. Calculation results 

The results ~f the calculation of energy spectra of anti­

nucleons after their escape' from the source are 

(The ainount of electrons in the source traversed 

antiprotons, assuming its ~ ndependence of the energy of tra­

versing particles, was "taken n± 'X:.!t = a, 7. 1025 electron/cm2); 

the Coulomb logarithm was chos en equal to 20; tho pluoma tem­

perature is K9 = 100 keV. The energy loss ot ultrnrclati­

vistic protons (antiprotons) at such parametero lo AT= 1 GeV. 

shown in fig. 1. 

by protons ancl 

The presence o:f additJ >nal Coulomb energy looo of anti­

protons· results in the fact that the spectrum tor T "' o, 1 GeV 

is determined by the production spec_trum Cf, 1n Lho range 

T ~ 1 GeV, where q,('f) has a maximum. Thia leado to the 

i ncrease of antiprotons intensity by thr 
Ol'd with respect 

to antineutrons intensity. In the rang 

the energy loss may be neglected) the opooLrwn 'Jp doesn't 

much di:f:fer from Jn . The spectrum or Lhn pnrL of antipro~ 

'T ~ 10 GeV (when 

10 

tons from the antineutron decays is independent of the parame­

ters of' electron-positron plasma, si:'lce in the discussed model 

of a compact source they, as is aasumed, decay after escaping 

from the plasma region. 

In f'ig. 2 the energy spectra of antiprotons :for the cases 

of hot and cold plasma are presented. The considerable dif'fc­

rence of spectra at low energies is connected with a different 

behaviour of energy loss: tc;,"' f 2 
whereas tk ... f2['1'(~}-~'f"l~)] ..... ~ 

at ~= (:~ fef12 
<<. i . The diff'erence of Cc and t'.h at 

low energies results also in the increase of l ow energy protons 

yield from a hot target as compared with the ca se of cold plas-

ma. 

Fig. 3 presents the calculated and observed energy spectra 

of protons. The spectrum of protons that have escaped from the 

source iB normalized to the observe0. one at '1' 100 GeV. 

When comparing the calculated and measured spectra of particles 

one should take into account the factor of propagation in the 

Galaxy. We assume that after escaping from the production re­

gion the propagation of protons and antiprotons in the Galaxy 

occurs in the same way as that of CR nuclei. From the analysis 

of mass composition of CR Ormes and Protheroe C1Jl found that 

the interstellar matter traversed by CR depends on the energy r L 'lti) <A/e-rrt1 'f ~ 2 G.eV/nucl. 

).,lT)=l Lt!i)l'l'/2)0,4:t0,i<j/cm2 1'>2 G:eV/Yluc€. (15) 

as 

Such a dependence is confirmed by new data from HE:A0-3(141. 
This implies that the time that charged particles spend 

in the Galaxy 
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• ' 

\L'f) 
t.L\) = J5C ( 16) 

lepends on their energy. Therefore, the observed intensity of 

particles IP,"f> l'\) is proportional to 't:('l')Jp,p • We assume 

I - l'T) = 1L'i)J _ l'f) ' (17) P,P p,p 
where the propagation factor 

1Yll'1') =Ip liDO Ge\J) 
"JP \iOO &eV) 

't ('T) 

t.liOOGeVJ (18) 

allows for the dependence of the CR mean lifetime on the energy 

and provides the normalization of the 

observed value at rr = 
proton spectrum to the 

100 GeV. The proton spectra obtained 

allowing for the factor of propagation are shown in fig. J. 

4. Discussion of the results 

As it follows from fig. 3, at '\ ~ 2 GeV there is a good 

agreement between the calculated spectrum Ipl'T) and the mea-
d 

sured spectrum of protons IP LT) corrected for solar modula-

tion l 15, 161• At T "- 2 GeV the Ipl'IJ is less than the demo­

dulated spectrum I; . One may connect this difference with 

the existence of other sources of low energy protons. However, 

there is no necessity in such an assumption. In order to obtain 
0 

the required agreement one may alter the spectrum Jpl'T) of 

primary protons in the energy range i 6 '1'0 = 6 GeV. Apparent-

then remain the 
· d 

thd ratio I-p/Ip 
ly, the spectra of antinucleons will 

The calculated dependence of 

shown in fig. 4 a,b. The quantity Ip contains at 

12 

same. 

is 

'{'' 1 Ge1 

I 

I 

an uncertainty of the factor of two, associated with the diffi­

culties of the correct consideration of demodulation parame•erb. 

The agreement with experimental data at 'f .... 2 + 10 GeV, 

the cold plasma. In fact, one may improve the ag::-eement in the 

"e ),:. 200 kev. 

as in the case of other models, is provided by the choice of 

average grammage traversed by protons in the antinucleon produc­

tion region wipnpX
1
= 20 g/cm2 • At '\,.., 200 MeV the divergence 

is ;>.. 5 for the hot plasma with v..,E) = 100 keV and ""' 10 for 

assuming that hot plasma model 
Note that the calculations made in the assumption that 

the production of antiprotons takes pl~ce as a result of born-

barding the interstellar gas by CR, do not account for experi-

mental data. In particular, the Leaky Box Model, where CR tra­

verse 5 gfr;:m2 , doesn't agree with observations at all, and the 

Closed Galaxy Model, accounting for the data at 'T- 2 + 10 GeV, 

predicts a ratio of p/p by three orders smaller that that ob-

served at ,. = 200 MeV. 
.When comparing the calculated and observed ratios p/p, 

one should possibly introduce a correction taking into account 

the adiabatic cooling of CR in heliosphere •. According to Pro­

theroe L 5] in the period of solar activity maximum, when the 

experiment of Buffington et al. t: 7 ) was ~arried out, the mo du-
""' 600 MeV. 

lation may be described by mean energy loss 

Therefore, the measured ratio p/p at "- 200 MeV may, in fact, 

correspond to rf ,.... 800 MeV. If we shift the point in fig. 4 

onto 600 MeV, we shall obtain quite a sf.tisfactory agreement 

with the calculations. 
We have so far admitted that the existence of electron-

+3 



r,osi tron plasma in CR sources without considering its formatio 

mechanisms. Such a plasma may form near a compact object with 

a strong electric or magnetic field, in particular, in a magne-• 

tosphere of a pulsar C17 J • In hot plasma, however, the effec-

tive pair production is also possible at the absence of exter-
2 nal strong fields. In the optically thin plasma at Ke 6meC 

the equilibrium ratio !!.!. , determined mainly by direct posit 
rl_ 

ron production processes in (e-e) and (e-p) collisions, equalJ 

VI+ ~ d..,~ ex P[­
V\ 

Q. 
~1'11eC 

K"8 ] <'< i 

• 
At a great optical depth with respect to the Tompson sea 

taring 't' = <5,. · R.·V\e '> i more substantial becomes the pair 

production in ( ~- ¥) collisions, which may result in (e+-e-) 

plasma formation: n:t/Ylp'>')i {18- 21]. In particular, in the limit· 

ing case of optically thi0k plasma, being in thermodynamic 

equilibrium, beginning with e ~) • 109 K the pair pressure 

and their density may be well over the density of initial elec~ 

trons [ 221 • 

The optically thick plasma with e ~ 1 o9 K may be f~rmed 
behind the front of a strong shock wave arising at the initial 

stage of a supernova explosionl231. At this stage there possib­

ly occurs a shock acceleration crf ejected matter [ 241, and the 

accelerated particles, according to the Colgate model, appear 

in interstellar madium, traversing a plasma layer with an in­

creased content of (e+-e-) pairs. 

Another alternative of the CR origin is the old idea of 

particles acceleration at the Galactic centre explosions [ 25J 

14 

According to [ 26 ) , the (basic) fraction of the proton-·nuclear 

component of CR may have got acceleration during the last power­

ful explosion in the nucleus. that has apparently occurr_ed• about 

107 years ago. It is mentioned in la] that withih the frame­

work of this model it is possible to explain the observed flux 

of high energy antiprotons provided the accelerated protons 

traverse the required grammage 20 g/cm2 in the source. An addi­

tional assumption on the existence · of electron-positron plasma 

in the source allows to satisfactorily explain also the measur­

ed ratio .pip at low energies. Apparently, there are no principle 

arguments against the possibility of the formation of hot 

(e+-e-) plasma (by analogy with supernova explosions) in the 

Galactic nucleus dµring its active phase. 

In the considered model the accelerated nuclei won't be 

able to escape from the source due to a practically complete 

spallation in 20 e/cm2 of matter and due to high energy loss 

in the electron-positron plasma. 

When accelerated protons pass through 20 g/cm2 of matter, 

a great number of ~ -rays and electrons are produced from the 

decay of secondary 1C -mesons. However, the escape of these 

particles from the active region is very much complicated due 

to processes of pair production and the Compton scattering on 

the plasma thermal photons. Iiideed, assuming that the plasma 

is in thermodynamic equilibrium, it is not difficult to relat""e 

the plasma optical depth with respect to photoproduction with 

the quantity n:t x1 -:;: 1026 electron/cm2 required to provide 

the energy loss of protons and antiprotons of the order 1 GeV 

(see abo'fe) : 
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'l;n. = C)n · R · na- = <:s' n V\! x,:t CV\~ /t'l:!:.} I.\- i 
ll. 

~):3/:l_ m,,c./'K e 
where . l'\11 /n:!: ~lK G/WleC e is the ratio of the concen-

tration of photons to that of pairs, depending on the plasma . 

temperature only [ 221 ; K is the coeff'icient characterizing 

!'the entanglement" of particle trajectories in plasma and de­

fined as a ratio of the time during which the charged particle 

passes through the plasma shell to the time of the free flight. 

For · E~ = 100 MeV and ~e = 100 keV the photoproduction 

cross section is (51~,.... J • 10-26 cm2 , i.e., the optical depth 

is 'trr~40K -i u K << 10. 

The plasma will also absorb ultrarelativistic electrons 

due to the Compton loss on the plasma X-ray photons. Neverthe­

less, high energy1(-mesons, having a path exceeding the plasma 

thickness, decay in the ambient space , producing high energyo 

electrons and protons. 

In conclusion one of' the authors (F.A.A.) expresses his 

gratitude to· S.G.Matinyan f'or discussions stimulating this pa-

per. 
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Figure Captions 

Pig. 1 Energy spectra of antiprotons p and antineutrons n. 
~ is the total spectrum of antiprotons after the decay 

of antineutrons. The initial spectrum of protons is gi-

ven by the expression (7); K 9 = 100 keV, A 'f = 1 GeV. 

Fig. 2 Energy spectra of antiprotons for various parameters 

of plasma. Curves 1 and 2 correspond to the cold plas­

ma with t::.ri' = 1 GeV and t."f - 2 GeV, respectively ; 3 

and 4 correspond to the hot plasma with A 'f = 1 GeV 

and t::. 'T = 2 GeV, respectively. 

Fig. J Comparison of proton energy spectra obtained i n t his 

paper with that of primary protons. K6 = 100 keV and 

A'f = 2 GeV. 

- the spectrum of protons es~aping from the source; 

2 - the expected proton spectrum taking into account 

the propagation factor; 

J,4 - demodulated proton spectra according to [15 , 16) ; 

5 - the expected antiproton spectrum taking i nt o' acco­

unt the propa gation factor. 

Fig. 4 Observed and predicted p/p ratios near the Earth. 

a) cold plasma; b) hot plasma 

1 - t::. 'J' = 1 GeV, 2 - ti. 'T' 
trum from (15}, 3 - ti. 'I 

2 GeV; measured proton spec-

1 GeV, measured spectrum 

of protons [ 161 ; 4,5 - p/p rat~o in Leaky B~~ and 

Closed Galaxy Models. 

Experimental points: B - [1] , G - (2) , BS - [7 ] • 
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The dotted line rectangle shows the possible effect of 

adiabatic cooling in heliosphere. 
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