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The cross sections for production of "Be (1.22 0.3: 2.6+ 0.7and 5.2 ¢ 1.4 mb), 22Na (1.5 £ 0.3; 2.8 = 0.6 and
2.8+ 0.6 mby,and ** A1 (1.9 + 0.4; 3.0 + 0.6 and 3.2 + 0.7 mb) from the spallzation of argon at, respectively, 480,

880 and 2980 MeV are measured. In the course of the same irradiation as that of ar
duction of "Be (9.0 £ 2.1 and 9.3 = 2.1 mb)and *¥Be (1.5 + 0.4 and 2.6 £ 0.6 mb} from nitrogen at, respectively,

gon, the cross sections for pro-

450 and 2950 MeV are also measured. Experimental results are compared with the values calculated from the semi-
empirical formula of Silberberg and Tsao. The production rates of 26 Al and ®Re in the atmosphere by galactic cos-

mic rays cajculated from the measured cross sections are: (1.1 £ 0.3 x10~% and (2.1 0.5y x102

atoms cm™?

5!, respectively, These rates are compared with experimental results. The potential use of 28 A)'0Be ratio for dat-
ing marine sediments and evaluating cosrnic dust influx is discussed in the light of these cross section values.

1. Introduction

Bombardment of atmospheric constituents by
galactic cosmic rays (GCR) produces two radionu-
ctides that have million-year half-lives: ' “Be (T2 =
1.5 X 10° years) is produced from nitrogen and oxy-
gen, *“Al(Ty;; = 0.716 X 10° years) from argon.

Measurement of these nuclides in marine environ-
ment [1-3] and in Polar ice {4,5] provides useful

information about variation of the GCR flux over the

past million years [6,7], oceanic sedimentation rates,
growth rates of manganese nodules {8.9] and oceanic
tesidence times of dissolved beryllium and aluminium
{10,111,

"Be (T, = 53 days)and **Na {T1/2 = 2.60 years)
are also produced by GCR in the atmosphere and are
useful in the study of the movement of air masses.

For such applications, it is indispensable to know
the production rates of these cosmogenic nuclides in
the atmosphere. The production rates could be calcu-
lated if the cross sections for preduction were known
25 a function of energy. However, the cross section

for production of **Al from argon have not previ-
ously been measured experimentally because of the
technical difficulties involved in the measurement of
such Jong-lived nuclides; similarly the cross sections
for production of "Be, **Na from argon znd those of
"Be from nitrogen have not been measured for ener-
gies more than 600 MeV. However, half or more of
atoms of these nuclides can be produced with parti-

. cles having energies >600 MeV (primary + secondary).

We report here experimental results of liquid
argon and nitrogen irradiated with protons of high

. energies and discuss their implications for the produc-

tion of *°Al and *°Be in the atmosphere.

2. Experimental procedures
Z.1. Irradiation

Brodzinski and Wegman [12], showing that the
liquid argon contained in a glass Dewar can be irradi-
ated with a proton beam without any cooling device

3912-821}{/8 1/0000-0000/% 02.50 © 1981 Elsevier Scientific Publishing Company
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and without significant Joss of argon, measured the
cross section of short-lived spallation products of
argon. We used a similar system of irradiation but
with a larger Dewar and a much longer irradiation
time in order to produce sufficient activity of 2°AlL

Liquid argon and nitrogen were bombarded with
the external proton beam of the “Saturne” synchro-
tran of Saclay. Four irradiations were carried out,
two at-500 MeV each, one at 900 MeV and ene at
3000 MeV. The beam was pulsed at a rate of 3 X 10!
protons each S seconds,

Two glass Dewar of 14.5 cm internal diameter
were piaced in the beam, one behind the other. Argon

was in the first Dewar, and nitrogen was in the second,

The last was used for two reasons;

(1) To verify if there was an appreciable contribu-
tion of the recoil products of *?Na and *°Al from the
glass of the Dewar (since it is not possible to produce
these nuclides in nitrogen, any appreciable activity of
**Na and *®Al in the second recipient might be due
to the recoil preducts from the glass; in fact we found
neither **Na nor *®Al in this Dewar after the irradia-
tion).

(2) The cross section for production of *°Be from
nitrogen could be measured with the same beam as
that of *°Al from argon. With such an arrangement of
the targets, the ratic of the cross section for produc-
tion of *® Al from argon to that of '°Be from nitrogen
can be measured independently of the absolute value
of fluxes.

Protons fluxes were monitored by the spallation
products induced in three aluminium foils (each 1.4
mg cm ™2 thickness) which were placed before,
between and behind the Dewar.

Immediately after each irradiation, the liquids
were transferred from the “irradiation” Dewar to the
pre-cooled “counting” Dewar in the manner of Brod-
zinski and Wogman [12]. We used this technic to
assure that evaporation of argon did not carry away
the non-volatile spallation products. We let the argon
siowly evaporate through a filter paper. Buring the
evaporation we counted periodically the “counting”
Dewar with a gamma-ray spectrometer consisting of a
110-cm”® Ge(Li) detector (resolution: 2.3 keV at
1330 keV). The activities of **Na and **Mg showed a
decay with the well-known half-lives of 15 hours and
21 hours respectively, which means that there was no

loss of these nuclides during the evaporation of argon.

No activities were found in the filter paper; this fact
assures also no loss of the non-volatile spaliation prog.
ucts,

After all the argon had evaporated, the “counting"
Dewar was rinsed with a solution of 1V HCJ contain.
ing beryllium, sodium and aluminium carriers to
dilute the spallation products. The solution and the
empty “counting” Dewar were counted separately by
the gamma-ray spectrometer, and we assured that al)
the detectable activities were transferred to the solu-
tion. We assured also by the same method, that the
empty “irradiation” Dewar did not contain the argon
spalfation products. The nitrogen Dewar was treateq
in the same way except for the counting of **Na ang
**Mg which were not formed in that liquid.

2.2. Chemical separation

Sodium was separated from the solution by two
sucoessive extractions using an inorganic ion-
exchanger: hydrated antimony pentoxide {HAP) [13].
The extraction yield of 2*Na was 96%. Aluminivwm
and beryllium were then precipitated by NH,OH,
and separated from the residual activity of **Na.
Beryllium was separated from aluminium by precipi-
tation with NH4OH in the presence of EDTA. Fur-
ther purifications of beryliium were carried out by
anjon and cation exchange. The purified aluminium
and beryllium were finzlly converted to BeQ and
Al2O3. The chemical yields of the beryllium and of
the aluminium were determined by gravimetry, and
were more than 80% for all samples.

2.3 Counting

The counting of "Be, ??Na and ?® Al was done
using the above-mentioned Ge(Li) gamma-ray spec-
trometer, *®Al was also measured by a Nal(T}) coin-
cidence gamma-gamima spectrometer [14].

The '°Be activity was counted with a gas flow-
type proportionai counter {9,15]. Since the ratio of
activities "Be/'°Be was about 107 immediately after
the irradiation, we waited more than three years for
the decay of "Be. Then, the beta activities of the
BeO samples were periedically counted for more than
& months to verify the absence of short-lived activi-
ties.
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. TABLE 1

‘Kdopted monitor cross sections and proton fluxes energy and flux in each Dewar are caleulated taking into account beam losses
*in target

_;rgtom beam a?TAp,x)2INa Energy in Flux in argon Energy in Flux in nitrogen
*anerey (mb) argom {1015 p) nitrogen {1015 p}

" MeV) (MeV) (MeV)

S500(=) 14.2* 480 1.15+0.14 o

1500(0) 14.2 % 480 150 50.18 1 450 242029

G i) 15.0% 880 1431+ 0.17 not measured

: 11.] ** 2980 0.29 2 0.04 2950 0.253 = G.03

singan inorganic ion- B
tiQ pentoxide (HAP) [13], !

3000

- * Heydegperet al. [17].
. #* Tohailem et al. [16].

2.4, Energies and fluxes of protons

We used relatively thick targets (20 g em™? for

. argonand 12 g em™? for nitrogen + 1.4 g cm™* for
“glass) in comparison with the currently used targets

for cross section measurements of short-lived prod-

-~ uets: a thickness of a few grams per square centime-
- ter. Therefore, the losses in enerpgies and in fluxes of

the proton beam during its passage through the tar-
gets should be taken into account. Using a value of

©2MeV g! cm® for the energy loss of protons, we cal-

culated the mean energy of protons in the targets
{Table 1).

Since our targets are thick, there are low-energy
secondary particles. But, the fact that most of the

© eross sections involved are increasing rapidiy with

energy tends to minimise the error caused by this

- effect, except the case of ' *N{(p,x)"Be which have a

relatively flat excitation function. However, our

" results on this last reaction are in good agreement

with those obtained with thin targets (Fig. 4).
Concerning the proton fluxes, activities of "Be,

**Na and **Na in the Al-foil monitors were mea-

sured. We adopted the *7Al{p,x)**Na reaction as the

mofiitor of fluxes for reasons which will be given
i later. The production of **Na from aluminiom can be
+ largely influenced by the *7Al(n,x)**Na reaction due

- to the presence of low-energy secondary neutrons in
s = such thick targets. The *7Al(p,x)’Be reaction may
* have a large uncertainty in the absolute vatues of its
© excitation function, because there are only few mea-

surements [16], especially in the steep part of its

“excitation function (between 300 and 2000 MeV).

This reaction, however is not sensitive to low-energy
secondary particles, and therefore we used it for the
purpose of measuring the decrease of the beam flux
during its passage in the targets: 9-14% loss accord-
ing to the beam energy.

Tobailem et al. [16] compiled the cross sections
for the 7 Al{p,x)**Na reaction. We adopted their
value for 3000 MeV. For 500 MeV and 900 MeV, we
adopted the results of recent measurements made by
Heydegger et al. [17]. The average fluxes (Table 1)
were deduced from the incident fluxes which have
been determined from the **Na activities of the first
monitor, taking into account the beam losses in the
targets. Those losses have been estimated from the
27Al(p,x)"Be reactions. :

3. Results

Table 2 summarizes the results of the experimen-
tal determination of the cross sections for production
of "Be, **Na and *® Al from argon at 480 MeV, 880
MeV and 2980 MeV. The cross sections measurad
values for production of "Be and ' °Be from nitrogen
at 450 MeV and 2950 MeV are given in Table 3, The
error listed in Tables 2 and 3 are the quadratic sum
of the uncertainties in the proton fluxes (15% includ-
ing the incertitudes on monitor cross sections, **Na
counting, and flux loss in the target), the errors in
the chemnical yields (3—5%), and the errors in the
counting (10—-15%).

We calculated the values of various cross sections
according to the semi-empirical formuia of Silberberg
and Tsao [18]. The ratios between the experimental
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TABLE 2

Spailation cross sections of 7Be, 22Nz and 26 Al from argon

{}(2 2Na)

Energy (" Be) Uex p/Ocule O p/Ozale o3¢ an Oexp/Oea
{MeV (mb) {mb) (mb)

480¢a) 1.1+ 03 262 1.5+03 1.20 19204 1.15

480(b) 1.2+03 2.85 1403 1.12 1.8+04 1.69

480 2.6 +0.7 1.96 28+056 1.21 3006 1.23
2980 52214 0.83 28+ 0.6 0.88 3.2 0.7 1.08
TABLE 3

Spallation cross sections of "Be, and ! 9Be from nitrogen

o("Be)

Energy Texp &(198e) Oexp
C O o S S
450 9.0+ 21 2.00 15204 2.20
2950 9321

cross sectiens and the calculated ones ars given in
Tables 2 and 3.

Figs. 1 to 5 show the calculated excitation func-

tions (according to Siiberberg and Tsao’s formula) for

production of "Be, **Na, 2°Al from argon and '“Be

3 R
= 7
E p +Ar—-"Be
b [ |
1 f/ -
O] i L i i A;g L . Lo i
100 1060 E {Mev)

Fig, 1. Cross sections for production of 7 Be from argon.

® = Brodzinski and Wogman [12]; ® = this wozk. The solid
line has been calculated using the semi-cipirical formula of
Silberberg and Tsao (18],

from nitrogen. Experimental values from the litery.
ture and from the present work are also given,

4. Discussion

Our experimental values for production of "Be 5
**Na from argon at 480 MeV are in fairly good agre
ment with the values reported by Brodzinski ang
Wogman [12]. Our measurements at 880 MeV and
2980 MeV complete the higher-energy part of the
excitation functions of these reactions.

Concerning the production of "Be from nitrogen
our experimental values at 450 MeV and 2950 MeV

r e
i p . Ar 2Na

z| T

[>)

1 + + -
100 1000 E (Mev)

Fig. 2. Cross sections for production of 22Nz from argon.
Symbols as in Fig. 1.
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fuction of "Be from nitregen,
sat 450 MeV and 2950 MeV

o ;

1900 EMey)

d. of 22 Na from argon.

ied

R e )
100 1000 £ (MeV)
'Fig. 3. Cross sections for production of 2 Al from 4IgOn.
#Symbols as in Fig. 1.

- are in reasonable agreement with the excitation func-

/ ““tion proposed by Radin et al. [19].

Although the productions of "Be and *?Na are im-

“wiportant in the study of air masses, our discussion will

4. El illljll

B bt R

100 000 E (MeV)

Fig. 4. Cross sections for production of 7Be from nitrogen.
_Sohd line as in Fig, 1; dashed fine was proposed by Radin et
4 [19] from numerous experimental results.

N b1
100 1000 E { Mev)
Fig. 5. Cross sections for production of 1°Be from nitrogen.

A = Raisbeck and Yiou [23,24]; @ = this work; solid line as
in Fig. 1.

focus on the production of long-lived nuclides ! °Be
and *° Al

4.1. Production of '*Be from nitrogen

Our measurement of the cross section for
"N(p,x)' "Be at 450 MeV is in good agreement with
the results of Raisbeck and Yiou [23,24] (Fig. 5).
For this reaction, we also measured the cross section
at 2950 MeV, which completes the higher-energy par
of the excitation function. The experimentally mea-
sured cross sections of this reaction are somewhat
larger than the calculated cross sections according to
Silberberg and Tsao’s formula, especially at the lower
energies.

We calculated the production rate of **Be in the
atmosphere with Yokoyama et al’s model {21] by
provisionally adopting the experimentally measured
cross sections for ' *N(p,x)' °Be and '*0(p,x)'°Be
reactions.

Avalue of (2.1 £0.5) X 107 % atoms em™? s ! is
obtained. To this value should be added an uncer-
tainty in the half-life of 'Be (about 10—20%):

(1.5 +0.3) X 10° years by Yiou and Raisbeck [26]
and (1.48 £ 0.15) X 10° years by Makino et al. [28].
The production rates of ' Be from other sources
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than that of atmospheric production were estimated
to be negligible: less than 1.7 X 10™% atoms cm™? 57!
for the sum of non-atmospheric productions [15].
Therefore we can compare the atmospheric produc-
tion rate of '“Be with results of *°Re measurements
in marine sediments, ices and rain water. Most of the
results available until now were obtained from marine
sediments. A compilation of the literature values on
the distribution of ' °Be fiuxes as a function of lati-
tude for 18 oceanic cores is givenrin Fig. 6. The ob-
tained distribution does not show clear evidence of
the variation of '°Be fluxes with latitude. Such a vari-
ation would be expected if the '®Be fluxes at the boi-
tom of ocean reflect the pattern of radioactive fallout
from stratospheric origin {22}. Two points in Fig. 6
(points I6 and 77} which indicate very jow flux at
high latitudes were obtained in Arctic Ocean and this
anomalously tow flux can be explained by other
effects than that of latitude {31 }. When *°Be enters
in ccean water, the behaviour of this nuclide is con-
troled by chemical and hiological effects and there-
fore the '”Be precipitation rates to the bottom of
ocean can be modified by these effects during the
residence time of '“Be in the oceans. The estimation
of this residence time {10,11] has yet a large uncer-
tainty but suggests a sufficiently long time to erase
the atmospheric fallout distribution.

The average ' “Be flux in 18 oceanic cores is
2.6 X 1077 atoms em™? s which is comparable to
our calculated flux.

¥ T T T T
! - -
E Il ]
~ F . ]
i F 2 i
n: B 2 -
E T g5 el
- AR oD R R
= . * 15 B
— n + -
E 2 2oy .
z 0 B
M j.
g [ . i
r [
L e i ) I3 b ]
90 50° 30 o 39 80 Eln
L LATITUDE 5

Fig. 6. Measured and calculated deposition rate of 19Be in
marine sediments. /70, nomenclature used in Tanaka and
Inoue {7};11~17, as in Finkel etat. [31]; I8 = core Nova
[V 13 calculated by Guichard [15};79 = Raisbeek et al. [6];
20 = Guichatd {15]. Dashed line is the average calculated
production rate from measured cross section.

Twa measurements of '°Be in ice were carried .
at very different locations. The result of McCorke’
al. [4] at Greenland, 2 X 107 atoms em ™% 57} is
agreement with our calculated flux. However, the
obtained by Raisbeck et al. [5] at an Antarctic sta
tion, 3.1 X 107% atoms em™? s7! is musch lower. R
beck et al. attribute this low flux to the very low
precipitation rate at the Antarctic station.

In regard to rain water, only one series of meas:
ments is available [25]. The average '“Be flux was
4.2 X 107 atoms cm™? s™', which is in agreemen
with our estimation within a factor of two. The ra
active fallout rate can vary with a factor of two, o)
more, according to local meteorological conditions

Yiou and Raisbeck [26] suggested that in the p
ticular case of '*Be formed from %0 and '*N, the
neutron induced reactions have quite possibly larg
cross sections than those induced by protons. Sinc
the neutron-induced reactions are importang for tt
'Be production in the atmosphere, they conclude
that the calculations based on proton cross section
were underestimated.

In meteorites, however, the calculations based ¢
proton cross sections are in excellent agreement wi
measured activities of '®Be (to be published else-
where}, although neutren-induced reactiens for ' &
are important in meteorites. This fact suggests that
least for '°0, neutron-induced reactions do not ha
different cross sections from those induced by pro
tons. Coneerning neutron-induced production of !
from nitrogen, however, we cannet arrive at a cone
sion because we lack such a comparison. Therefore
we consider the calculated '“Be production rate bz
on proton cross sections as a lower limit.

4.2, Production of ** Al from argon

We report here first experimental measurement:
of the excitation function of *® Al production fron
argon. We compared our experimental results to th
calculated values according to Silberberg and Tsao’
formula [18]. They used interpolated parameters i
their formula for the atomic numbers of targets (Z
between 17 and 20 because of the scarcity of expe
mental results in this region. The calculated cross s
tions for the products of argon might therefore hat
a large uncertainty. Qur experimental results, how-
ever, show a good agreement with the calculated
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i “should therefore be emphasized that the present mea-
surements of 2° Al production cross section com-

pletely eliminate this uncertainty.
We applied cur experimental cross sections to

interaction of GCR with matter, and calculated the
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production rate of “® Al in the atmosphere:

(1.1 £0.3) X 10* atoms cm™? s—*. This value is
“slightly lower than the value estimated from Rud-
- stam’s formula by Lal and Peters [22]: 1 4 X 10~*

-2 -1

Catomsem™ s

This production rate is lower by two orders than

‘that of '®Be. Therefore the contribution of other

souzces than the atmospheric production could be
non-negligible for the production of 2®Al. For exam-

\ ple, Lal and Venkatavaradan [26} calculated an

influx of 1.2 X 10~ atoms cm™* s~ due to cosmic

measured by Apollo window programme, gave much

les ?® Al influx with cosmic dust: 107° atoms cm % 57}

=[3]. The measurement of the *6Al/2%Be ratio in marine
+ sediments is therefore useful to evaluate the cosmic
L:Qust flux in the past million years.

v 4.3 Production ratio *°Alf 1" Be

We obtained a ratio of (5.2 £ 1.9) X 1077 for the

«“atmospheric production from the fluxes calculated in
 the preceding chapter. This ratio corresponds to a

lower limit because of the reasons discussed in section
4.1.

209°

Lal [30] proposed the use of 2°Al/*? Be ratio to
the dating of marine sediments, because by taking the
ratio of two nuclides, one can eliminate the uncer-
tainties due to the variations of cosmic ray flux in the
past and to the variations of the physico-chemical and
biological conditions which control the precipitation
of these cosmonuclides. His proposition can be valid
only if the two nuclides have their origin principally
in the atmospheric production. The measured ratios
in marine sediments (6.7 * 3.3) X 1072 [3,14],
(5.2#1.9) X 107 [14], and in Greenland ice
(5.2+2.8) X 10™° [4,14] are in good agreement with
the production ratio in the atmosphere and show that
the contribution of the atmospheric production dom.
inates over those from other sources. The measured
ratio in manganese crusts (6.7 + 3.8) X 107? [9,15],
in agreement with the ratio in marine sediments, indi-
cates that the two nuclides show a similar bebaviour
in marine environments, which is alse a necessary con-
dition to the use of **Al/'°Be ratio for dating. In this
regard, the progress of new and much more sensitive
technigues to detect these nuclides {32] will promote
the development of the use of 2 Al/'°Be ratio.
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