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VARIATION OF GALACTIC COSMIC RAY FLUX
DEDUCED FROM *Na—™A] DATA IN SAMPLES
BROUGHT TO THE EARTH BY THE SOVIET
AUTOMATIC STATIONS LUNAY)

P. POVINEC?), v. JURINA?), p. EMRICH?), Bratislava

The aim of the research was to determine the content of cosmogenic and primordial
radionuclides in lunar samples brought to the Earth by the Soviet automatic space probes
of the Luna. The experimental concentrations of cosmogenic radionuclides ?Na and A}
are compared with theoretical production rates in the lunar regolith as obtained by

BAPHALIMH TIOTOKA TANAKTHYECKHUX KOCMHMYECKMX JIYYEHA
HA OCHOBE JAHHBIX O #Ng—4) B OBPA3IIAX, KOTOPBIE
HOCTABJEHBI HA 3EMIIIO COBETCKMMH gﬁcv.—}.-.—\—-mmogﬂ
CTARIMAMH JIYHA»

COBETCKHMHU aBTOMaTHYECKHMY KOCMUYECKHMK 30HRaMH «JTyHax. kcnepumentanshbie
KOHUEHTpauuu KOCMOTOHKYecKyX pamuonyknugos Na y 204 CPaBHUBANUCH
€ TEOPETHECKO! CKOPOCThIO 00pa3oBaHus yacTuy B AYHHOM peroaute, KoTopbie GbLin
MONyHEHbI NPH NOMOUM paznmuympix METONIOB BhIYUC/AEHHUS, ’
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information has been obtained by space probes, which studied the Moon from their
own orbits or right from the Moon’s surface after a successful landing [1]. However,
the most interesting information about the Moon has been obtained from lunar
samples returned to the Earth by the lunar expedition Apollo and the lunar
unmanned Soviet probes Luna. These samples have been investigated in many

. . . . N

usually called cosmogenic radionuclides.
It is important that the Moon is the only planetary body whose surface is not
screened by its own atmosphere. Therefore the lunar samples are targets containing

a record of the primary cosmic-ray bombardment to which they have been

cosmogenic radionuclides which are m&:m investigated.
The present paper deals with the investigation of the radioactivity of primordial
and cosmogenic radionuclides in samples brought to the Earth by three unmanned




IL EXPERIMENTAL TECHNIQUES

A high sensitive beta-gamma-gamma coincidence spectrometer was used for
measurement of the *Na and 2A] content in lunar samples. The beta-
gamma-gamma coincidence mode of operation has been found to be the most
sensitive method. The detection limit of this spectrometer is more than a factor of
10 lower than for the £amma-gamma spectrometer and more than a factor of 100
lower than for the single gamma-ray spectrometer [12].

The gamma-spectrum Wwas accumulated in a 4096 channel analyser ICA-70,
measured and stored in 4 quarts. Simultaneously the coincidence as well as the
single spectrum were taken. Radioactivity calculation was performed using the
counting rates under the characteristic and the summation peaks of 2Na and A].

HI.METHODS OF CALCULATION

There are several ways of description of the interactions of cosmic ray particles
with the Moon. The gmmn. difference among various methods of the sampling of
these processes is only in the range of simplifications which one uses to describe the

owing to different €nergy spectra of the incident particles.
The production rates of Na and %Al are calculated by using the model of
Reedy and Arnold [8]. The models of Lavrukhina and Ustinova [10] and

mnomcmwoca,mmnooio_:é:r Eo<mo=m5nmm=3a<m~=ommoa lunar samples from
Luna and Apollo lunar missions [13]. : -

The comparison of the measured concentrations of 2?Na and Al in the lunar
regolith from Luna 16 samples with calculated depth profiles of the production
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rates of these nuclides is shown in Fig. 1. The chemical composition of the
investigated samples is taken from [3]. The theoretical values were obtained by
using the model of Reedyand Arnold [8]. The values of cross-sections have been
used from [8, 14]. -

"Table 1

Counting results

2Na Al 8] Th K
Sample
s 'kg™! . ppm %
Luna 16—1 0.67+0.35 1.00+0.42 <5 <20 0.08+£0.03
Luna 16—2* 0.80+0.33 1.32+0.33 0.6+03 1.2+07 0.10+0.03
Luna 20 0.75+0.38 1.20+0.35 <L7 <35 0.12+0.05
24118.4—4 0.61+0.38 0.85+0.55 <5 <20 0.10+0.08
24143.4—4 0.40+0.27 0.45+0.22 <5 <20
24184.4—4 0.18+0.11 0.42+0.17 <5 <20

Counting results
* — dry fraction

As we see the depth dependence of the production rates has a characteristic
shape. In the depths below 10 gem™?, where the contribution from SCR is
dominant, we see a sharp decrease of the production rate with depth. In these
depths the cascade of nuclear active particles due to the bombardment by GCR
particles is not fully developed. The flux of primary SCR which are the main cause
of the production rate of cosmogenic radionuclides at these depths is rapidly
decreasing owing to the ionization energy losses of solar protons. For deeper layers
the contribution to the production rates from GCR becomes dominant and
increases to the depth around 40 gcm™2 along with the increase of the number of
nuclear active particles in the cascade. For greater depths the production rate
decreases with the mean free attenuation path of particles present in the cascade
(Fig. 3). ; : :

The best fit for the experimental values of the Luna 16 samples has been
obtained by using the primary GCR flux of 1.7 protons cm ™%~ with the mean
energy E>1GeV, and ‘the 47 flux of primary solar protons J=
80 protons.cm~%~! ‘with the energy E>10MeV and the mean rigidity R,=
100 MV. In the depths of our experimental points the production of cosmogenic
radionuclides becomes mainly due to GCR. A good agreement between ‘the
theoretical and the experimental values of the GCR production rates, within the
errors, indicates that the GCR flux during the last 1—2 million years has been
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constant within +30 % and it is practically the same as the average present day
flux of GCR.

Fig. 2 shows concentrations of *Na and *Al in a sample from the Luna 20
regolith together with calculated values of the production rates. As reported by

0 200 400 07&:& 600 0 200 400 UTﬁ&d 600
Fig. 1. **Na and %Al activities of Luna 16 fines Fig. 2. #Na and Al activities of Luna 20 fines as
together with theoretical profiles calculated with function of depth together with theoretical pro-

the Reedy and Arold model. files calculated with the Reedy and Arnold model.

Vinogradov [4] the stratigraphy of this sample had been disturbed, therefore the
experimental values are only average concentrations of 2?Na and *°Al1[15]. For the
calculation of the production rates by means of the Reedy and Arnold mode] we
used the same parameters of the incident cosmic ray flux as for the Luna 16
samples. The mean chemical composition of the Luna 20 regolith was taken from
[4]. : _—

In Figs. 3 and 4 the activities of *Na and Al in the Luna 24 samples are plotted
together with theoretical values of production rates calculated by using all the three
methods of calculation. The chemical composition used in calculations was taken
from [16]. We used the same parameters of the Reedy and Arnold method for
calculations of the production rates of *Na and Al in Luna 24 samples as those
used for the Luna 16 samples. The long term GCR fiux of 0.24 particles .cm%™!
with R>0.5 GV was used in our calculation of the contribution to the production
rate from the GCR bombardment using the Lavrukhina and Ustinova method for
Al and the average intensity of GCR during the last solar cycle was taken as
0.31 particles . cm™?s~!sr~! with R > 0.5 GV for *Na. The average intensity of SCR
was taken as 2.4 protons.cm™%s™'sr™!. with E>20 MeV. [10].

The mean value - of the 27  isotropic primary. GCR flux was taken

2.5 nucleons.cm™%s™! with the mean energy of 3 GeV in the third used model of

calculation. In the calculation of the contribution to the production rate from the
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last solar cycle.
For the comparison of the theoretical values of the production rates of *Na and

%Al with the measured activities it is very important to know the actual depth of
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Fig. 3. ?Na activities of Luna 24 core samples as  Fig. 4. *Al activities of Luna 24 corg samples as
function of depth together with theoretical pro-  function of depth together with theoretical pro-
files calculated with the Reedy and Amold model files calculated with the Reedy and Amold model
(curve 1), the Lavrukhina and Ustinova model (curve 1). The Lavrukhina and Ustinova model
(curve 2) and with the YSRG model (curve 3), (curve 2) and with the YSRG model (curve 3).

the investigated samples on the lunar surface. The sample numbers are correlated
with the position of the sample in the core and are ooBSoE.w composed of six digits




From comparison of 264 in Fig. 4 we obtain that the average GCR of
0.24 particles .cm % 'sr™! with R>0.5GV has been constant during the last
million years within +25 9,
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