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Discordant measurementsof proton and helium fluxesbelow the kneeenergy region
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Abstract: Thevaluesof thespectralindicesof thecosmicionsbelow thekneeenergy bandareof notable
importancefor a quantitative accountof the characteristicof the kneeandthe ankleof the differential
energy spectrumof thecosmicradiation.Presentavailablemeasurementsof protonandheliumspectral
indicesbelow thekneeenergy interval from a varietyof experimentsareexamined.Accordingto some
measurementsthe proton dominancein the � /��� flux ratio below ��� 	�
 �
� transformsinto a helium
dominanceabove ��� 	�� �
� implying a breakof the � and ��� spectralindices. On the contrarythese
trendsremainunproven or disproved in otherexperiments.Therelevanceof thesemeasurementsto the
origin of thekneeandankleis briefly presentedandhighlighted.

Intr oduction

Whatarethespectralindicesof heliumandproton
below andcloseto thekneeenergy region ? Mea-
surementsaddressingto thisempiricalquestionare
of theutmostimportancenotonly for theirintrinsic
valuebut becausethey have fundamentalimplica-
tions in cosmicray physicsabove thekneeenergy
asexplainedbelow.

Figure1 shows theprotonandheliumfluxesmea-
suredby four differentexperiments[9, 8, 18, 15]
takenasanexample(Bess,Atic, RunjobandJacee)
out of many othersavailable, below the energy������� �������

. A dominanceof theprotonflux over
thatof theheliumis clearlydisplayedin threeex-
periments,beingnot evident in Jaceedata.Figure
2 shows somemeasurements[16, 13] of the pro-
ton and helium fluxes by two experiments(Kas-
cadeandEas-top)at higherenergy; in this energy
band the helium flux dominatesover that of the
proton. Accordingto theseresultsthe protonand
He spectralindicesshouldsomehow changein the
transitionregion

��� ���
-
��� �������

. But this changeis
not empirically evident asarguedby others[19].
Recentstudies[3, 4, 2] providing a solution of
the long standingproblemof thekneeandthean-
kle, adoptconstantspectralindices for eachion
of thecosmicradiationin thefull energy bandi.e.

���
 
to
��� �"!#���

leadingto anexcellentagreement
betweencomputedandmeasuredspectrumof the
cosmicradiation(seefigures11 and12 in [4]).

The anchorageof this postulateof constantspec-
tral indicesto physicalreality is suggestedby the
form of the $�%"&('*) �,+-�/. ' � $ +1032 & (all-particlespec-
trum). Threemajoraccidentsdisrupttheregularity
of the $�%"&('*) �4+-�5. ' � $ +10�2 & from being a perfect
straightline segmentin logarithmicscalesof en-
ergy and intensity : the solarmodulationat very
low energy, the knee,and the ankleat very high
energy. If thesedistortionsareremoved,a simple
characteristicfeatureemerges: a remarkablelin-
earity of the intensityversusenergy (seefigure 5
of [3]). But why shouldexist in naturethelinearity
of the $�%"&�'6) �,+-�7. ' � $ +10�2 & , which is the sum of
'*8 0�+19 8:) . ' � $ +10 8 , without assumingthe linearities
in the indicesof the individual ions? Thereexist
theoreticalattempts[20, 6] predictingconstantin-
dicesat thesources.A detailedstudyof thespec-
tral indicesof heavier elementsis describedin a
forthcomingpaper[1].

The following analysisis an attemptto ascertain
if theprotonandheliumspectralindicesin theen-
ergy region

��� �"�
-
��� ���;�3�

areconstantor they have
oneor moreabruptchanges(breaks).
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Figure1: Dominanceof the protonflux over that
of heliumbelow

���?��� ���@���
resultingfrom pro-

tonandheliumspectrameasuredby someballoon-
borneexperiments(Bess,Atic, RunjobandJacee)
achieving individual identification of the cosmic
ions(directmeasurements).

Hypothesisof constantspectral indices

Let us introducethreealternative hypothesesfor
the proton and helium spectral indices denotedA5B '*% +-C*��.49�.�D , E and F . In the

A5B '*% +-C*��.49�.GD ,
illustrated in figure 3, the proton and helium in-
dicesin theenergyband

��� �"�
-
��� ���H���

areassumed
to beconstant.FromtheAtic andJaceedatashown
in figure1 theprotonandheliumfluxesarealmost
equalin theenergy region

�
-I �J��� ��KG�3� amount-

ing to aboutL �M��� ��N 9 %"O .P��� �RQ � (& � .S.,0 ) T � . From
theKascadedatashownin figure2, in therestricted
energy band

�
-
�G�U��� ���;���

, theaverageprotonand
He fluxesare, respectively, V and W �X��� ��N#9 %"O .���7��Q �

(& ��.7.,0 ) T � . Forcing constantspectralin-
dicesthroughAtic andKascadefluxes,theindices
of 2.68 and 2.54 for proton and helium, respec-
tively, areobtained.This

A5B '6% +-CY��.,9�.GD , in spite
of its simplicity, canaccomodateneitherthe Eas-
top dataof figure 2 nor the protondominanceof
the Runjobexperimentdisplayedin figure1. No-
tice thattheprotonandheliumspectraobtainedby
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Figure 2: Dominanceof the helium flux over
that of proton measuredby Eas-topandKascade
(QGSjet)experiments.

KascadeusingtheSibyll algorithm(notreportedin
figure2 to avoid confusion)leadto thesameincon-
sistency becauseerrorbarsremainfairly smalland
theHe/pratioof about2.4is comparableto thatof
2.3obtainedwith theQGSjetalgorithms(shown in
figure2).

Hypothesis of a break in the proton
spectral index

As a consequenceof the analysismade of the
previous sectionmorearticulatedelaborationsre-
ferred to as

A5B '*% +-C*�3.,9�. E are required. TheA5B '*% +-C*��.,9�. E admits the existenceof a steep
fall (break)of the proton spectrumin the energy
decade

��� ��K
-
��� ���G�3�

asillustratedqualitatively in
figure3. Within thishypotheticalconditionthehe-
lium intensitymeasuredby Kascadeis compatible
with theheliumspectrameasuredby directexper-
imentsat lowerenergies.A companionhypothesis
in this energy band,contemplatinga breakin the
heliumindex while preservingaconstantindex for
proton is not favored by the Jaceedata,thoseof
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theRunjobor by a coherentmatchingbetweenthe
cosmic-rayintensitiesmeasuredby direct and in-
directexperiments.

Notehoweverthattheprotonbreakis notconvinc-
ing in any single experimentnor using the data
of two differentexperiments(for instance,Runjob
andJacee).The breakis excludedby the Runjob
data (shown in figure 1) in the crucial and rele-
vant energy decadebeforeand closeto the knee
i.e.

��� ���
-
��� �������

.

Hypothesis of parallel spectral indices
for proton and helium

Theoxygenspectrumhasbeenrecentlymeasured
by theTracerexperiment[17] at themaximumen-
ergy of W �5��� ���Z��� amountingto about[]\ W �5��� ���9 %"O .^�3�5�RQ � (& �@.@.40 ) T � asshown in figure 4. By
extrapolatingthis valueabove

��� ���G���
with anin-

dex of 2.6, a generalinconsistency with most re-
sults of the indirect experimentsmanifests. The
carbonspectrumparallelstheoxygenspectrumbe-
low W �_��� ������� as indicatedin figure 4 with a
C/O flux ratio closeto 0.6. Thepersistenceof this
constantratio at higherenergies(assumingC:N:O
flux ratiosof 0.6,1/3,1) resultsin aCNOintensity
aroundthekneeenergy region significantlybelow
theintensitymeasuredby theKascadeexperiment
[16] by a crudefactor 2.5. The discrepancy en-
largesusingtheEas-topCNOdata[12].

One shouldnotice the following two remarkable
factsof the Kascadeiron data. Firstly, the iron
abundancein theenergy band

�
-I �`��� ���a��� mea-

suredby Kascade(Sybill) is 7.5percent,similarto
thatobservedat lower energies(for instance,9.94
per centat

�Zb ���
, [7]). Secondly, the iron index

measuredby Kascadein a very large energy do-
main i.e.

��� ���
-c �d��� ��N`���

is compatiblewith
a constantvalueof 2.60,quite similar to that ob-
servedbelow

��� ���M���
(for instance,2.60at1

b ���
ascompiledin [7]).

The e � , fhg and i 9 datareportedin figure4 and
othersavailableindicatethatneithertheabundance
nor theglobal index of the e � - i groupchangein
theenergy range

��� ���
-
��� �����3�

with respectto the
values(9.6 per centand2.64) at

��b ���
ascom-

piled in [7]. The sum of the Fe intensity mea-
suredby Kascadein the energy band

�
-I �h��� ���
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Figure3: Hypotheticalschemesof protonandhe-
lium spectralindicesin theenergy band

��� ���
-
��� ���

���
. The

A5B '6% +-CY��.,9�.`D adoptsconstantspec-
tral indicesgiving a flux equalityat the energy of� \ c �h��� ��Kq�3� . The

A5B '*% +-C*�3.,9�. E conceivesa
possible(unproven) breakof the proton index at
the energy point denotedby f (I �d��� ��Kr���

).
Above the energy point

�
([ �X��� ��K ) the proton

index is assumedto regaina constantvalue.

���
with the extrapolatedCNO and Ne-S inten-

sities is in the sameband 2.0
9 %"O .s���U��Q � (& �J..,0

) T � which is a fraction
� \ V �utX� \ � I of the all-

particleflux of cY\ I 9 %"O .H���5�RQ � (& �M.H.,0 ) T � asmea-
suredby Kascadeat

�
-I �v��� �������

. Note that
this global figure basicallypersistsincluding the
highneonabundanceobservedby Tracer[17]. Re-
peatingthe sum with the extrapolatedFe inten-
sity basedon thedataof figure4, insteadof using
the Fe intensitymeasuredby Kascade,the result-
ing fraction is

� \ V �#tw� \ � I . But theselow frac-
tions of heavy elementsimplies that proton and
helium fluxesstill dominatethe cosmicray spec-
trum around

�
-I �r��� ��� ��� . This

A5B '*% +-C*��.,9�. F ,
termed x 2 8 .49 '*8 0 8:)�) � ) C B '*% +-C*��.49�. is a variantof
the

A5B '*% +-C*��.,9�.HD andit empiricallycallsfor con-
stantspectralindices,at leastup to I �?��� ���U��� .
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Figure 4: Intensitiesof individual ions measured
by someexperiments[10, 14, 11] in theenergy in-
terval

��� ��!
-
��� �������

.

Conclusions

A5B '*% +-C*��.49�.�D hasmultiple inconsistencies,even
relaxingtheintensitymatchingin differentexperi-
ments.

A5B '*% +-C*�3.,9�. E wouldmatchtheprotonand
helium spectraof direct and indirect experiments
implying the existenceof a pre-kneein the pro-
ton spectrumbut it is not favored,or simply ruled
out, by the Runjob datashown in figure 1. TheA5B '*% +-C*��.49�. F would questionthe dominanceof
heavy elementsaroundthe kneeenergy region

�
-

I �u��� ���M��� reportedor claimedby many EASex-
periments.Theoutcomesof longdurationballoon-
borneinstruments(seefor example[5]) arelikely
to extricate soon the presentexperimentalsitua-
tion.
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