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GALACTIC LIGHT ISOTOPLS :
SIGNIFICANCE OF THE PRESENT OBSERVATIONS

Jean-Paul Meyor .

Centre d'Etudes Nucléaires de Saclay,
¥rance

All the existing observations which did resolve low
cnergy deuterons and Hedts appcar to form a self~con-~
sistent set with a2 hysteresis type of variation over
the solar cycle of, the ratio © /¢ 4%, vhere Cbu 4*
is the Hed flux corrected for the “diomalous™ low'
cnergy component. This hysteresis.can be understood
if one accepts (i) an interplanctary deceleration
which is weak during Lhe rising phase, and strong
during the recovery phase of the selar cyele, and

{1i) a continued increase of the csecape length from
the galaxy below a few GeV/n,

1. The puzzle of the observations of I'.5 d/HcA. If onc simply plots the points
representing all the observations oi I°, (or evem only all the presumably reliable
ones) performed arcund 50 ¥eV/n between 1965 and 1974, one gels such a mess that

I darc not present the picture herc. Presuably reliable observations yield ratios
ranging between 0, =, 30 aud .04.vhich are not wmonotonically correlated with

the degree of solar modulation as measured Ly the proton or le fluxes. Heanwhile

the ratio O 3 ¢ lle3/ied remains nicely constant, except for a tendancy to decrcase
at lower enc¥gy (below= 40 MeV/n) after 1972.

Most previous discussions of the observations of deuterons and He3 were
wade before 1972 (Ramaty and Lingenfalter 1969 ; Meyer 1970, 197] ; Comstock ct al
1972 3 Reamadurai and Biswas 1974),.At that time the limited set of data available
vas not too conflicting. Only lwo recent studies have considered most of the data
available to-day (Meyer 1974 ; Teegarden ct al 1975). They both came to the unplea-
sant conclusion that the various sets of data arc contadictory.

In the present paper we shall try to show that all the observations which
did resolve deuterons can be considered as a single self comsistent sct, and to in-~
vestigate wvhat can be learnt {rom this set.

2, Elinination of.the Hed lou eherpy component. It is generally accepted that
the flat shape of the lle't spéctrum observed below = 80 HeV/n close to solar minimun
1972 = 74 (and probably in 1965 ~ 66 as well) cannot be understood in terms of &tan-
dard theories of solar modulation (interplanctary deceleration) of galactic cosmic
rays above 100 MeV/n (Garcia~Munoz ct al 1973, 1975 ; Van Hollebeke et al 1973 ;
lockwood et al 1973 ; Fisk 1973). An independant low encrgy component is probably
being observed ', and this statement will be confirmed in this paper on indepondant
grounds. Wonatever their origin, these Hef uuclei have such low energies that they
camnot efficiently produce sccondaries hefore being thermalized (Meyer 1970, 1974)2,

1. Possibly related with the high K and 0 (but not C, d, “c3, B} fluxes observed
balow 30 MeV/n (llovestadt et al 19733 Mc Donald et al 19743 Fisk et al 1974),

2. The hypotlicsis of a continuous acceleration. of these nuclei duriug traversal
of matter ean be rejected on pround of the marked positive slope (2 E'!) of
the deuteron and Wed spectra. ) -
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Hlence we shall no leonper normalize the deuteron and Hed fluxes dircctly to

the observed He# flux at the same encrgy/mucleon dﬁ ofs but to the Hed flux Py 4
which would result {rom the sole higher cnergy galactlc cosmic ray flux. This flux
dieh cam be ohlained with reasonable confidence by extrapolation of the fluxes ob-
served above & 80 MeV/n, ascd on the spectral shapes observed for protons and
heavier nuclei, and for Hef itself close to solar maximum (Hsich 1970 3 Garcia-
Munoz et al 1975 ; lockwood et al 1973 ; Van Nollebeke et al 1973 ; Rygg et al
1971, 1974 Hason 1972), which all aprce approximately with the E*' shapc predicted
. for spectra resulting essentially from interplanetary deceleration (Goldstein ct al

1970 ; Urch and Gleeson 1972). The correcluess of our extrapolation will be checked
below., :

3. Ylot of l“'"andr:l , as a funetion of the degree of solnr modulation .

1he ratios {° ¢- /I & oA ¥ and I"Ie*i ¢ 3,ld>
corresponding to tho vnr:ous scts o ob ervations are shown in ¥1g. 1 versus the
100 Mev/n Ned £lux at the' time of the observation. The latter is apparently not per—
turbed by any mysteriouvs "Low enerpgy component" and is taken as a measure of the in-
tensity of the solar modulation. For cach group of observationms, we plot the I, #
corrcspondlng to the h]ghest enexpy deuteron observation (around 50 MeV/n for most
observers) simce (i) it is aluvays the most reliable measurement, and (i1) it makes
the led flux extraploation fron 100 MeV/n least hazardous. We have however indicated
by a dashed extension of some error hars the limits on Iﬂd viclded by reasonably
reliable lower cnc1gy measurcements. The ]*"e3‘1s taken at the same cnergy/nueleon
as the f‘d, i.c. usually around 50 leV/n.

The Caltech 1973-74 points however pose a particular problam. The Caltech
1nerunenL obscrves deuterons only up to 27 MeV/n, and lle# up_ to 50 MeV/n. The obser-
ved Ne? fluxes values are = 60 % h:ghc1 than those observed by the Chicago group at
the same cpoch (Stone 1975, Garcia-Munoz et al 1975), Lut the slightly positive slope
of the spectrum permits rcjccting the hypothesis of a solar flare contamination.
Further the long term stability of the “quiet time™ low energy We# £lux between 1972
and 1974 is impressive (Garcia-Munoz et al 1975). A syslcmatic error in the assigne-
ment of the absolute fluxes in one of the instruments scems the only way out. Since
the Chicape Net fluxes have been used to trace the degree of solar modularion over
several years, we shall adopt theix 1973-74 values as a standard permitting meaning-
ful comparison!. .

Hence we shall take at {ace value the ', and F, 3 r1t10' measurcd by the
Caltech group, but we shall asscciate them with the Hch spectra observed by Chlcag
in 1973-74 for choosing both®yeéd (100 MeV/n) and the correction factor ¢“04/¢H94 for
extrapolation of the ll(:’l flux down to 27 MeV/n. But it is clear that this interpreta-
tion of Caltech's data is only tentative.

&, Analysis of]"] and r1H93 as a function of the degree of solar modulation

Let us now analyze the picture obtained in [ig. 1.

Plublished data on le3 are comparatively scanty. Points in 1969 and 1971 arc
"missing. However the available data do not show any significant deviation {rom a cons-
tancy of T‘Uc3 ovcr the solar eycle, This is just a check that we have reasonnqb]y
extrapolated the lle? fluxes observed above 80 MeV/n to get ¢yt at. lower cnergics.

1. Note also the good agruement between Chicago 1972 le/t fluxes with those of
the Goddard and Wew-llampshire proups (Gareia~-unoz et al 1973 , 1975 ;
Vau llollebeke et al 1973 ; Lockwoed et al 1973).

2, Since the interstellar ratio ', 3 is not cxpeeted Lo vary with cuergy bet-
ween 100 and 500 MeV/n (sce fig< 2 helow, or Meyer 197}, 1974). Yurther e
do not expect the difference in A/Z between lle and He to lead to drastic
changes of rUeS at carth over the solar cycle.

]

- 40 -
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Fig. 1: The ratios T;" 2 @ o/ ¢, 4" and I} 137 2 83 1 48" where &

the m:‘i flux corrccted for the Manomalous™ low energy component, vs. &, & at

100 Mc¥/n. Each point [* ¥ represents the highest encrgy measurcment of - a set

of data (usuzlly = 50 MeV/m), which is the best one. Dashed cgnti_nuations of error
bars indicate the tendancy of the lower encrgy points. The He? points heve becn
.taken at the same cnergy/nucleon as the corresponding deuteron points, The deuteron
‘dara are from ; Nsich and Simpson 1969 ; Hsich et al 1971; Baity ot al 1971;

Meyer 1974 5 Sinpson 1974 3 Tecgarden et al 1975 ; Stonc 1975. He3d data : Meyer

el £1 1968 ; Hsieh and Simpson 1969, 1970 ; Hsich 1970 Baity et al 1971 ; Gareia-
Hunoz et 21 1975 ; Teepoarden et al 1975 ; Stone 1975. Hed data : Hofiwann and Winekler
1967 ; Hsich 1970 ; Hsjch ot al 197) ; Baity ct al 1971 ; Lezniak and Webber 1971 ;
Mason $972 ; Van-Hollcbeke ot al 1973 ; Lockwood et al 1973 3 Garcia-Munoz at al 1973,
1975.
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We now consider deuterons. We note that there is only onc significant dis-
crepancy in 7 Fbetwecen observatiens pexformed at aboul the same epoch : that between
the clear positive observation of CHIC 67 and the upper limits of GSFC/NMAM 67-68,
which did not resolve deuterons. We choose to believe the positive observation,
which also fits better with the other observations at neighbouring cpochs.

Further, the data taken before and after the solar maximum 1969-70 do show
significant differences which in our opinion are too large to be guestioned on obser-
vational grounds. We therefore take the point of view that the differences are real,
and that all the data which did resolve deuierons are codsistent wilh a hystoresis
of the ratio I“{* over the Jast solar evele : Lhe ratio is as high as .30 + .10 in
the rising phase (1966-1967) and falls to .10 * .03 in Lo rocovery phase (1971-72)
with transition periods at solar maximum and solar mininum. The point of CALE 73-74
sugpests a tendency to get back to the 1965 ratio after.1972, Put in view of the com-
plicated procedure leading to this estimate of rd*tbis latrter statement should not
be taken tooseriously. *

5. Significance of the hvsteresis onrtﬁ

What is the weaning of this hystercsis, if real ? Since d and lle? have the
same A/Z vatio, they are extremely likely to be modulated and in particular decele-
raled alike. llence the ratio rd*among the nuclei below 60 MeV/n at earth is 10ughly
equal to that same ralio Fd in interstellar space, averaged over the range of energies
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Fig. 2 : Calculated ratios [, and r‘ in interstellar space [81- a leaky box
model with escape lengths A % 6.3 ¢ |4 2(dashc2) and A = 116 (full).
(Juliussen er al 1275). The couples of p and He mtcrstcllar spectra ave those of
Urch and Gleeson 1972 {GR) and of Burger and Swanenburg 1971 (55) and Garcia-
Munoz ot al 1975 (GvS) (almost idembical). The crrors associated with the cross
scctions {Ac) and with the estimate of the granage at 2 GeV/n (4 A ) are md:.-
cated. ¥For deuterons ve have indicated the range of the observations of [ »
rarth near 50 Me¥/n dmnag. the r:sms; and the recovery phases of the solar c;clc
(fig. 1). For He” we pive the ranpe in which all the demodutated obscrvations
fit according to a vough cstinate by Meyer (1974).

-

from which the bulk of these nuclei have been decelerated. If the ratio F in inters-
tellar space is energy dependant in the few hundred MeV/n range, then a cLange of

" #at carch can be interpreted in terms of a change of interplanctary deceleration,
llence, we now discuss the interstellar situation, based on interstellar propagation
calculations discussed at length in Meyer (1970,1971,1974),

To start with, we note that the hypothesis of jdentical aourcc (and hence
interstellar) spectra expressed in kinetic energy/nucleon for p and Neh is clearly
conflicting with all p and He" observations interpreted in terms of realistic models
of solar modulation (Webber and Lezniak 1974 ; Urch and Gleeson 1972 ; Burger and
Swanenburg 1971 ; Garcia-Munoz et al 1975) : the He? source spectrum clearly rises
faster then the proton spectrum towards lower energies, and could certainly not be
as flat as a total energy power law. Urch and Glecson (1972) , Burger and Swnuonpurg
(1971) and Garcia-Munoz ct al (1975) have proposed realistic coup]cs of p and He*
spectra, the two latter ones being virtually identical, and sowevhat richer than the
first one in lower encrgy particles. .

Fig. 2 shows the calculated interstellar ratios I and l“ 3 for the above
mentioned plausible counles of p and "Ned spectra (after Meyer 19}?) An exponential
polential pathlength discribution has been assumed, with two different hypothesis on
the escape length e @ (i) an energy independant A, = 6.3 g en~2 below a few GeV/n,
as suggpested by the comparison of the bulk of the obsorvntions of heavier nuclei
avound= 2 GeV/n with the low energy data of Caltwrzght (1973), and (ii) a A, increca-
Bing towards lower energics asAp = |1.¥ 0'51r cm <, where W is the total energy/nu~
cleon (in GeV/n), a conservative extrapolation towards lower energies of the law ob-
tained by Juliusson et al (1975) between 100 and 2.5 GeV/n (sce alsoe Webber et al
1973). ¥e recall that even in the GeV/n range A, is not known to better than + 20%.

We wish to recall at this point that the rise of the calculated g between
400 and 100 MeV/n is duc to the predominance of the wide "deuteron line" yielded by
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the ptp—d +w process, whose nuclear physics is extremely well known (Meyer 1972).
Nlence the small crror associated with the cross sections close to 100 MeV/n.,

We have also plotted, with generous error bars, the extreme raLinsf&*
Yobserved"” at carth below 60 MeV/n during the rising and the recovery phases of the
solar cycle (sce [19. 1), vhich should be equal te the 1utc1qtol]nr ratio F
some hlghcr enerpy rangc depending on the interplanctary 'y deceleration. For Ha3 we'
- have just indicated the “observationnal" interstellar [Mped, roughly estlmatcd from
the obgervation at carth taking into account (he fact that A/Z{p) < A/L(Hc )y <
A/Z(eh) (Meyer 1974),

¥rom fig., 2 we sce that, whatever model we take, the lle3 data are accounted
for within the large errors associated with both the observations and the demodula-
tion procedure.

As for deutcroms, it is scen that the somewhat flatter interstellar spectra
.of Urch and Gleeson (1972) are mere comfortable. than the steoper ones of Burger and
Swanenburp (1971) and Garcia-Mumoz et al (1975) in accounting for the change of rd
over the solar cycle., ForA, 2 6.3 g cnm ~3 we account well for the low rh chservations,
but are extremely marginal for the higher values (especially if Lhe interplanctary
deceleration is not negligible in 1967), For Ay = 1)+ Ww0.5 ye can probably account
for the high values , but fall too high for the lower omes. llowever a2t 400 HeV/n the
error associated with the cross sections is quite larger (ieyer 1972, 1974) (and al-
most uacorrelated with the error at 100 MeV/n). Hence 3if the 400 MeV/n cross section
for deuteron prodvction in p-Hed interactions lies closc Lo the Jower end o the
error bar given in Meyer (1972), all ihe observations wiich did resolve deuterons

can be accounted for provided the escape length A, increases towards lower encrpies,
Pod. ash o= 11 VI,

If this whole picLuro is correct, it implies (fig, 1) that the interplaneta-
ry deceleration was lower in the rising than in the recovery phaso of tine last solar
cyclc and about constant durlng_ cach of these phases. There is evidence for a tran—
sition reglon at solar maximam (data of CHIC 69) and, though less convincing, at
solar minimum (CHIC 65, CALT 73-74).

.

Yr is difficult to give cstznaLes of the deceleration, which would be extre-
mely model dependant, especially for the rlslng phase (fig. 2). Very tentatively
we propose a deceleration by 200 to 500 MeV/n in the recovery phase, and by £ 100 MeV/n
in the rising phase. The latter {igure is somevhat low compared with current cstimates
of the deceleration for 1967 (Urch and Gleeson 1972, 1973). Remember however that
Burger and Swanenburg (1971) £it the observations with essentially no deceleration
above 100 lieV/n !

These ideas are not inr coutradiction with the observation that in their reco-
very from solar maxinum the elecetron fluxes lag in time behind the lower enerpgy pro—
ton and e fluxes, which themselves lag in time behind the higher cnerpy fluxes
{Van llollehelie et al 1973 3 Garcia-lunoz ot al 1973, 1975 ; lockwood et al 1973 ;

Webber et al 1973 b Bulgcr and Swanenburg 1973 a,b ; Fulks et al 1973 ; Caldwell
et al 1975). Tn particular the low electron fluxes observed in 1972-73 indicate
that, even though Lhe low energy proton and lle fluxes have reached their level of
solar minimua 1965, the deceleration in 1972-73 is still of the order of 260 MeV/n,
i.e. wuch higher than in 1965 (Gavreia-Munoz et al 1975 ; Teegarden et al 1975). Such
a fipure fits well with our requircients,

One final remark should be wmade : a non exponential shape of the potential

pathlength distribution would not help increasing the difference between the inter-
stellar values of [Ty at 400 and at 100 HeV/n. Indced , as shown in Meyer (1974),
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acceplable distribution with reduced very short (and very long) pathlengths (e.g.
Shapiro et al 1971) do nol affect Ay above 100 MeV/n, while distribulions enriched
in very long (and very short) dehlcn ths would rathcr decrease the difference.

6. General indencendant conclusions from sclf consistenmey requirements. Without
any exlernal assumption on the interslellar spectra and on the nature of the low
energy lled flux, the directly observed ratios Iy and IMy.3 taken as a self consistent
set lead to two model independant conclusions, based on fig. V-19 of Meyer (1974),
(or fig. 3 of Meycr 1971)

(i) The very fact that 'y is at some times observed as high as=30 % impliecs
that the interstellar spectra are strongly flattering off at lower ener-—
gies (at least above = 100 MeV/m)!1, )

(ii) The My and P" 3 's as low as 4 7 directly obscrved in 1972-74 can be
accounted for only twofolds. One hypothesis is kinetie energy power law
souvrce spectra extending all the way up to hipgh energies and extrerely
weak dcceleration in 1972=74, which is in flat contradiction with the
preceding conclusion (i).“4 Henee we are left with the othex hypothesis :

. the indopcndunt low cnergy component assumed at the beginning of this
paper, which is thus required by the deuteron (and le?) obkervatious
Lhemselves.

7. Conclusions. The complele set of existing measurements which did resolve deu-
terons and Hed is highly suggestive of a hystercsis of the ratlodbd/dvucu ‘over the
last solar cyele. This hystercsis can be accounted for in terms of interstellar pro-
pagation and iuLorplhneLa1y deceleration (assunming rcalistic proton and He interstel-
lar spectxra ) if onc accepts : .
. an interplanctary deceleration which is weak during the rising phase of
the solar cycle (very tentatively£100 MeV/n for A/Z = 2 muclei), stronger
during the recovery phase (200 to 500 MeV/u).
. @ continued increase of the escape length A, from the galaxy below a few
GeV/n.

Further, the data taken as a consistent sct .

. permit an independant rejection of steep intersicllar spectra above
= 100 MeV/n 4
.o . requirc independently the-presence of a low energy ile” component, not
associated with the deceleration of higher cuclgy nuclei.
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’ 1. hc exclude the hypothesis thar solar modulation could be different for ¢ and

Hed ar the same energy/nucleon,
2. Wot to speak of the 1972-1973 clectron observations, which are interpreted
as-implyting a decelevation of 2 260 MeV/n for AfZ = 2 nuclei (Webber et al
i 1973 b 5 Burger and Swvanenburg 1973 a, b ; Fulks et al 1973 ; Caldwell et
al 1975 5 Garcia-Munoz ct al 1975 ; Teegarden et al 19795).
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