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Nuclear reactions in Rb, Sr, Y, and Zr targets
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Excitation functions of a11 stable or long-lived krypton isotopes were measured or es-

timated for incident protons and neutrons in Rb, Sr, Y, and Zr targets. Experimental data
concern mostly Y and Zr targets bombarded with 0.059 to 24 GeV protons. The products

6Kr, As 75Se 83,84,86Rb 85Sr 88Y 88,95Zr and 92Nbm w'ele measured using high-

sensitivity mass spectrometry and nondestructive y counting. Lighter products such as
Ar and 12 radioactive isotopes from Be to Zn were also measured in some cases

and their cross sections are given in an appendix. Most excitation functions pass through a
maximum between 0.4 and 0.8 GeV, and the peak energy could depend on the M value.

The results, combined with a general survey of nuclear reactions in Ga to Nb targets, per-

mitted the development of new systematics leading to the calculation of spallation-

produced Kr isotopes in the moon bombarded with galactic and solar cosmic rays. Com-

pared to cosmogenic krypton measured in nine well-documented lunar samples, "Kr is

predicted with a precision better than 33% (10) and the production ratios 'Kr/"Kr are

predicted to better than 25%. It is concluded that the cosmogenic ratios ' Kr/ Kr and
'Kr/ Kr are dependent on the main target element concentrations. This should be taken

into account in strontium-rich samples when calculating exposure ages of extraterrestrial

materials.

NUCLEAR REACTIONS Y and Zr, (p, spallation) I=0.059—24

GeV; measured o(E) for ' Kr and 12 radioactive products. Sys-

tematics of p- and n-induced reactions in Rb, Sr, Y, and Zr. Cosmogen-

ic krypton.

I. INTRODUCTION

Like other noble gases, krypton has been largely
outgassed from most solar system materials through
several heating processes. Consequently, its cosmo-
genic component, produced by cosmic-ray-induced
nuclear reactions near the surface of atmosphere-
free planetary objects, is detectable and provides a
good sensor of the exposure histories of meteorites
and lunar samples. ' The possibility of predicting
the cosmogenic component of krypton has already
been tested, ' using mainly two sets of parameters:
the fluxes of galactic and solar cosmic rays as a
function of depth, calculated according to the
Reedy-Arnold model; and cross sections of relevant
nuclear reactions, the measurement of which is one

purpose of the present study. The main targets for
producing krypton by nuclear reactions in extrater-

restrial matter are Zr, Y, Sr, and Rb, except in
iron-rich objects. Rubidium has a low relative
abundance in chondrites and most lunar samples,

but is able to produce Kr and Kr through high
cross-section peripheral reactions. The galactic
cosmic-rays primary flux consists mostly of several

GeV protons, but its development in a thick object
produces a continuous spectrum of secondary pro-
tons and neutrons until thermalization. Solar cos-
mic rays consist of less than 100-MeV particles and
interact only in the external few centimeters of a
solid object. Very different nuclear reactions are in-

volved in the production of krypton in Zr, Y, Sr,
and Rb, implying the emission of between one and
20 particles by the struck nucleus. In some cases,
secondary protons and neutrons are expected to be
the most efficient particles. Finally, many cross-
section measurements are necessary to give a good
evaluation of excitation functions. Our choice was

to irradiate Y and Zr targets with 0.059 to 24 GeV
protons (nine energies). We measured cross sections
of krypton isotopes with 3=78, 80, 81, 82, 83, 84,
85, and 86. In order to improve knowledge of nu-

clear reactions in the target and product mass range
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of interest, we also used nondestructive y counting
for measuring As, Se, ' ' Rb, 'Sr, Y,' 'Zr, and Nb production cross sections. Of
particular interest were the Y(p, 3p 3n) Rb,

Y(p, 3pn) Rb, Y(p,pn) Y, and Y(p, 2n) Zr re-
action channels for evaluating unknown cross sec-
tions in Rb and Sr targets. This evaluation was also
made possible by a general survey of nuclear reac-
tions in Ga (Z =31) to Nb (2 =41) targets leading

to newly developed systematics. By measuring
Rb production cross sections, we were able to

obtain total isobaric yields for the corresponding
krypton isotopes. The nine proton energies used for
this study enable us to confirm observations already
made in this laboratory concerning the maximum
of excitation functions for spallation reactions in
the GeV energy region. In most cases we also mea-
sured cross sections of argon isotopes 36, 38, 39,
and 42. These results will be given in the Appen-
dix, together with cross sections for Be, Na, Sc,

V 'Cr ' Mn Fe ' ' Co and Zn pro-
duced in Y and Zr bombarded with 1.005, 2.5, and
24 GeV protons. Implications of our new data for
some cosmochemical problems will be discussed.

II. EXPERIMENTAL

Pure (99.9% or 31V) target foils of Y, Zr, and in
some cases vapor deposited Sr were stacked with
monitor and guard aluminum (5N) foils, each being
about 20 pm thick. Exact thickness was deter-
rnined by weighing. The targets were irradiated in
accelerators giving several proton energies:
Louvain-la-Neuve (59, 75, and 80 MeV); Orsay-SC
(150, 168, and 200 MeV); Saturne II (1 and 2.5
GeV), and CERN-PS (24 GeV). Extracted beams
were used in all cases, so that misalignment was not
a major source of error. Special care was taken to
minimize secondary particle effects. Proton fluence
was measured according to the Al(p, 3p3n) Na
monitor reaction whose cross sections are given in
Table I. Between 2&10' and 7)&10' protons
struck the targets. Most irradiated Y and Zr foils
were counted several times in a 4 keV resolution
Ge(Li) gamma ray spectrometer, calibrated with
s6Co is2Eu and 22Na standards. Detected isotopes,
their half-lives, y-ray energies, and branching ratios
are listed in Table II.

Several months after irradiation Y or Zr targets
and blank foils were stored (ten at a time) in an ex-
traction system in which an ultrahigh vacuum
(better than 10 Torr) was progressively attained
by pumping and baking all elements. Targets were

TABLE I. Cross sections for the monitor reaction
A1(p, 3p3n ) Na versus proton energy, according to Ref.

8.

Ep (GeV)

0.059
0.075
0.080
0.150
0.168
0.200
1.0
1.05
2.5

24.0

~ (mb)

28.0
23.7
22.7
17.2
16.6
16.1
15.3
15.3
11.3
10.1

TABLE II. Some nuclear properties of the radionu-
clides measured in this study, taken from Ref. 11. E~ is
the gamma-ray energy and I~ is the branching intensity.

Nuclide

'4As
75Se

"Rb
'4Rb

Rb
85Sr
88Y

88Zr

95zr
92Nbm

Ez (MeV)

0.596
0.265
0.520
0.882
1.077
0.514
0.898
1.836
0.394
0.757
0.934

I„(%)
60
58
46
74
8.79

100
94.3
99.34
97.3
54.6
99.2

Half-life (d)

17.79
118.45
86.2
32.77
18.82
64.85

106.61

83.4
63.98
10.14

baked several days at 80 to 100'C and we checked
that this procedure did not outgas any spallogenic
krypton. Each foil was then melted inside a
molybdenum crucible heated by an electronic bom-
bardment oven routinely operating at 1900'C. Ex-
tracted gases were exposed in two steps to Ti and
CuO-Pd getters between 700' and 200'C for elim-
inating active species. Kr (95—98%) was then ad-
sorbed on a first activated charcoal trap at —120'.
The remainder was adsorbed together with
98—99% Ar on a second trap at —196'C. Argon
and krypton were successively introduced into a
statically-operated, 60' sector, 12 cm radius, MM
1202 mass spectrometer, equipped with an electron
multipler and a microcomputer-assisted peak
switching and data storage unit. The mass spec-
trorneter w'as calibrated by introducing air stand-
ards from a pipette or from an independent system
composed of several known volumes and a capaci-
tance manometer. During the course of these ex-
perirnents, the MM 1202 was tuned for optimum
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TABI.E III. Cross sections (in mb) for some radioactive isotopes produced in ' Y as a function of the proton incident
energy E~ (in GeV). ' I"means independent cross sections. Others are cumulative.

E (GeV) 0.059 0.075 0.168 0.200 1.0

As
75Se

"Rb
84Rb,
86Rb

85Sr
88'I

Zr
195+42
126+25

29+6
5.4+ 1.1

17+7
165 +37
55 +11

3.8+ 0.8
54 +11
13.3+ 2.6

39+ 8

110 +24
18.3+ 3.7

8.5+ 1.7
55 +11
14.4+ 2.8

46+ 9
115 +25
19.2+ 3.8

9.5+ 1.9
46+9
45+9
14.8+3
6.9+ 1.6
50 +22

5.6+ 1.1
21.3+ 4.2
23+ 5
12.0+ 2.4
4.8+ 1.1

34.5+ 9.3
63 +13
5.9+ 1.5

16.1+ 3.2
19.2+ 3.8
11.8+ 2.3

18.2+ 3.6
61 +12
4.2+ 0.8

stability and acted as quite a good manometer for
krypton: The sensitivity for Kr remained con-
stant at 3.2&(10 "A/atom, within 5% (1a'). Flat-
top peaks were obtained for a resolution of 250 (1%
valley). The isotope ratios were subjected to correc-
tions occasioned by memory or pumping effects,
isotopic discrimination, blank, hydrocarbon, and

doubly-charged ions. Target blanks for Kr were
6&10 ' and 2)&10 ' cm STP, respectively, in Y
and Zr foils. Correction for hydrocarbon ions was
necessary at m/e =78 only, and was monitored by
the signal at m/e=77. The main problem was

memory, which was lowered by frequently baking
the resolving section at about 120'C.

III. RESULTS

Cross sections for radioactive isotopes As, Se,
Rb Sr Y ' Zr, and Nb are presented

in Sec. III A, and those for mostly-stable krypton
isotopes with A = 78, 80, 81, 82, 83, 84, 85, and 86
are dealt with in Sec. III B.

A. Radioactive isotopes

Cross sections at nine proton energies are given in
Table III for Y targets (eight products) and in Table
IV for Zr targets (ten products). The uncertainties
shown were calculated as follows. Homogeneity
and purity of target foils introduced a less than 1%
error. Errors associated with monitoring were
2—4% for counting of Na and 10% for the

Al(p, 3p3n) Na reaction cross section. The ef-
fects of secondary particles from the target itself or
from the experimental arrangement are believed to
be small: The target stacks were only 100 mg/cm
thick and well collimated extracted beams were
used in all cases. However, to account for the possi-
bility of some low energy particles coming from
beam-stopping devices, a 10% error was added in
the case of Rb and Y production in Y. These
reactions are sensitive to (n,a) and (n, 2n) channels,
respectively. The efficiency of the Ge(I.i) detector
was accurate to between 5% and 10%, depending
on the peak energy. The reproducibility of the pho-

2.5

TABLE IV. Cross sections (in mb) for some radioactive isotopes produced in natural Zr as a function of the proton in-
cident energy E~ (in GeV). ' I"means independent cross sections. Others are cumulative.

E (GeV) 0.059 0.075 0.168 0.200 1.0 24.0
'4Asi
"s
83Rb

84Rb,

«Rb,
85Sr
88'I
88Zr

"Zr
92Nbm

2.9+ 0.6

456 +91
10+2

27+5
2.1+ 0.4

22+7

232 +46
5.2+ 1.0

1.7+ 0.8
37 +15

28 +12
52 +10
80 +16
2.3+ 0.9

3.9+ 0.8
38+8
4.5+ 1.6

32+ 8
56 +11
79 +16
2.4+ 0.6

7.4 + 1.5
37 +7
34 +7
8.9 + 1.8
5 +1

30 +13
27 + 5.4
39 +8
2.8 + 0.6
0.70+ 0.14

4.8 +1.0
22 +4
21 +4
6.0 +1.2
2.9 +0.6

22 +8
20 +4
28 +6
2.6 +0.5
1.20+0.24

14.5+2.9
16 +3
5.8+1.2

18.8+5.4

24.5+5
2.8+0.5
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FIG. 1. Cross sections for the Y(p, 2' ) Zr reaction
versus energy. Symbols: , this work; 4, Ref. 12; 0,
Ref. 13; 4, Ref. 14; and )&, Ref. 15.
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topeaks integration and statistical errors varied with
products between 3%%uo and 10 lo. Weighted averages

are reported in the case of multiple measurements.
In most cases total uncertainties are around 20%%uo,

the largest errors being tied to resolution problems
with the y spectrometer, particularly for the 514
keV y-ray emittor Sr. Our results (filled symbols),
together with those found in the literature (open
symbols), are given for some excitation functions in
Figs. 1 —4.

FIG. 3. Excitation functions for proton production of
'Sr in Y and Zr. Symbols: 0, this work; H, Ref. 16; 0,

Ref. 17. Solid lines as in Fig. 2.

(1) Y(p, 2n) Zr (Fig. 1). Our results agree
within a factor of 2 with older measurements taken
from Refs. 12—15.

(2) Se produced in Y and natural Zr (Fig. 2).
Solid lines are our manual best fits. In both targets
a maximum occurs in the 0.5—1.2 GeV energy re-

gion. The existence of such a maximum is clearly
inferred from our cross section ratios at 1 and 24
GeV: 2.9+0.8 in Y and 2.6+0.7 in Zr (to be com-
pared to the monitor cross section ratio of 1.5 at the
same energies).

(3) 88Sr produced in Y and natural Zr (Fig. 3).
Our results are in good agreement with Refs. 16 and
17. A maximum is likely to occur between 0.4 and
0.8 GeV. The low energy peak in the case of the Zr
target, inferred from the data of Ref. 17, results
from the Zr(p, 3p3n) Sr reaction channel.

(4) 83~84~86Rb from 89Y (Fig 4) 84Rb and 86Rb

are independently produced through (p, 3p3n) and

100
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FIG. 2. Excitation functions for proton production of
'Se in Zr and Y. Solid lines are our best manual fits.

FIG. 4. Excitation functions for proton production of"'4' Rb in Y. Filled symbols: this work; unfilled: Ref.
18; and crosses: Ref. 13. Solid lines as in Fig. 2. Reac-
tion channels are quoted in the case of independent pro-
duction.
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(p, 3pn) reactions, respectively. Literature data are
from Refs. 13 and 18.

B. Krypton isotopes

Cross sections for krypton isotopes are reported
for Y and Zr targets in Tables V and VI. All re-
sults average two to four independent measurements

weighted by individual errors. Our procedure for
calculating the uncertainty was as follows: For
each individual result, we quadratically added the
errors on target preparation and impurities, mea-
surement of Na in monitoring, blanks, and hydro-
carbons (the associated error was 50% of the
correction), data reduction, mass discrimination,
reextractions, and calibration. Many isotope ratios,
available upon request, have a better than 1% pre-
cision. For all isotopes, cross sections are cumula-
tive, except for the Y(p, 4p) Kr reaction. When
necessary, they were corrected for incomplete decay
of s Rb, using our values from Tables III and IV.
All excitation functions for s Kr produced in Y
and Zr targets are plotted in Figs. 5(a), (b), (c), and
(d). Most of them show a maximum, probably in
the vicinity of 0.5 GeV.

%e also tried to measure krypton production in
strontium. For this purpose, we prepared a vapor-
deposited Sr target, 0.16 mg/cm thick, which was
irradiated at 168 MeV. Unfortunately, the deposit
broke during preparation or handling of the stack,
so that only the isotopic composition of spallation-
produced krypton could be obtained. The result
was as follows:

78/80/81/82/83/84/85

=0.23+0.01/0. 62+0.02/0. 82+0.02/1 /1. 13

+0.02/0. 24+0.01/0.004+0.002 .

o
QO~%AOQ
+I +I +I +I +I +I +I

o~~ -8o w ~ ~ ~Q Qo o

Together with the 730 MeV measurement of Ref.
19, this result provided a useful calibration for the
Kr excitation functions in Sr, as estimated in the
Discussion section.

Ch

o
QQOQ
+I +I +I +I

Q

+I +I
C. Some general patterns

The existence of a maximum for excitation func-
tions in the high energy region was already noted in
the production of argon isotopes by spallation of Sc
to Cu targets. In most targets, M was larger than
in the present study and the maxima occurred rath-
er in the GeV region. Results from this laboratory,

8 P hC h4 8 4 8 h4
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FIG. 5. Excitation functions for production of krypton isotopes in Y and Zr targets. All cross sections weremeasured
in this work. Solid lines are mainly guides for the eye. Some experimental points were omitted to clarify the drawings.

(a) ' "Krproductionin' Y target'(b) ' ' ' ' Krin' Y'(c) "' ' KrinZr'and(d) 7' ' "' ' Krin Zr.

yet to be published, also show that Kr isotopes pro-
duced in the spallation of Ag (M=20 —28) have
excitation functions with maxima at more than 1

GeV. Some M dependence of the peak energy in
the high energy spallation of medium mass targets
may tentatively be inferred from available informa-

tion.
The cross section ratio between the estimated

peak energy and the several GeV asymptote energy
varies from 1.6+0.4 to 4.3+1.3, without clear M or
target dependence.
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TABLE VI. Krypton cross sections (in mb) for Zr target as a function of the incident energy E~ (in GeV).

Ep (GeV)

"Kr
Kr

"Kr
"Kr
"Kr

Kr
"Kr
"Kr

0.059

0.046+0.014
1.33 +0.13
1.62 +0.16
2.55 +0.26
0.90 +0.09

(0.001

0.075

0.0028+0.0005
3.14 +0.31
3.54 +0.21
6.6 +0.6

39.1 +3.9
2.64 +0.26
0.0039+0.0018

0.168

7.11 +0.71
21.1 +2.1

30.8 +3.1
41.3 +4.1

54.8 +5.4
5.6 +0.6
0.048 +0.011
0.0124+0.016

0.200

13.1 +1.3
31.6 +3.2
41.7 +4.2
52.6 +5.3
64 +6
7.45 +0.75
0.088+0.010
0.038+0.006

1.000

28.3 +2.8
46.4 +4.6
46.7 +4.6
50 +5
52 +5
10.7 +1.1
0.24 +0.06
0.074+0.019

2.5

17-2 +1 7
28.9 +2.9
29.8 +3.0
32 1 +3 2
34.4 +3.4
7.6 +0.76
0.19 +0.02
0.070+0.007

24.0

11.6 +1.2
21.0 +2.1

21.8 +2.2
24.2 +2.4
26.9 +2.7
6.6 +0.7
0.28+0.03
0.11+0.01

D. Comparison with the Rudstam formula

We calculated our 119 measured cross sections
for ' Kr in Y and Zr, using the Rudstam-

CDMD semiempirical formula' and got the fol-
lowing patterns: (1) Excluding incident energies less
than 100 MeV and low M products (i.e., s5Kr and

Kr) the average ratio F of calculated to experi-
mental cross sections for the remaining 65 data is
1.2+0.6 (lcr). This is quite a good result if one

keeps in mind that the Rudstam formula was

designed in 1966 at a time when experimental data
were far less abundant than now. (2) The F ratio is

about 2 at 24 GeV for the 78 to 83 krypton isotopes
production in Y and Zr. (3) Over the 54 excluded

data, 30 led to an F ratio )2.5 or &0.4. Among
them 14 gave a worse than 4 and seven gave a worse

than 10F ratio.
We also did the same calculation in the case of

radioactive isotopes (A =74 to 88) that we measured
in Y and Zr (77 cross sections). Excluding data for
which M & 5 or Ez & 100 MeV, we got
F=1.5+0.9 (1cr) for the remaining 40 cross sec-
tions. The general patterns were similar to the case
of krypton production.

tried to use simple observations involving the N/Z
ratio of the target and the M value between the tar-

get and product atomic masses. Also, it is well

known that spallation reactions tend to favor neu-

tron deficient products.

A. Estimation of unknown excitation functions

No formalism exists for the calculation of excita-
tion functions for spallation reactions leading to
various bA and involving a large range of incident

proton or neutron energies, from a few MeV to
several GeV. However, using the compound nu-

87' 9@---

\

\

\

1.30

1,25
'M=50

IV. DISCUSSION

1.20-

69
~t

84

A main purpose of the present study was the pre-
diction of the spallogenic component of krypton in
samples of the lunar surface, as a function of their
chemical composition and degree of shielding. Our
experimental program led to the measurement of
proton-produced krypton isotopes in Y and Zr tar-
gets. Little information was also obtained for Sr,
and none for Rb and neutron-induced reactions.
We thus developed new systematics, using our ex-
perimental values and all others available in this
target range or its vicinity. As far as possible, we

30 40 p 45

FIG. 6. Part of the (A —Z)/Z versus Z pIane. The
solid line is the linear fit of Eq. (1), slightly translated to
get it to pass through the s Y point (broken line).
Dashed lines define several bands, 1/Z wide in the ordi-

nate, where nuclei belong to the same arbitrary N/Z
group. Points represent stable isotopes (denoted by their
mass number A) for several elements.
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TABLE VII. Compilation of proton induced reactions

in Ga (Z=31) to Nb (Z=41) targets 90zr 89y '4
Zr

Target

69,71Ga

"As
s&Br

ssSr
89'
90Z

94Zr

96Zr

93Nb

References

23, 24, 25, 26, 27
23, 25, 28, 29, 30, 31, 32
33
34, 35
12, 14, 16, 18, 37
17, 38, 39, 40
40
41, 42
43, 44

E
b

b

0.1 =

1000=,

(p, yn)

Ga I"v 0
88 ~„ t+

"G I+

I t I

, pyn )
69G
89v 0
88 g„t+
71

G

( p, ~(y Z)n )-
90Zr I

0-- 88 +
S~ t

100—
o&

i

t
'(

l

— (b)

'O,

0
'e

I0

(c) '

I I I I I

0 2 4
y

0 2 4
y

0 2 4
y

6

FIG. 7. Peak cross sections for some peripherical re-
actions in target nuclei belonging to various N /Z
groups: (a) (p,yn ) reactions; {b) (p,pyn) reactions; and {c)
(p, a(y —2)n ) reactions.

cleus or the statistical model ' for lowest energies
and the two-step model above 100 MeV should, in
principle, make possible the calculation of most of
the cross sections we need with a reasonable accura-

cy, but at the cost of many hours of use of the best
modern computer. Considering only reaction chan-
nels leading to Kr isotopes in the four targets, Rb,
Sr, Y, and Zr, we needed to calculate 300 to 400 ex-
citation functions between the threshold and several
GeV. Furthermore, to our knowledge, the statisti-
cal or hybrid-model calculations have not been ap-
plied to our target range and this would represent
considerable work in order to get the precision we
need (better than a factor of 2). Also, the two-step
model does not always give good results.

Existing semiempirical fits' ' do not cover the
low energy region and have to be considered with
caution in product and target-mass ranges where ex-

0.01—
-/

10
I

15
y

perimental data are not very abundant.
As a point of departure, we will consider the po-

sition of an extended target nuclei range on the
(A —A )/Z versus Z plane. For targets between Cu
ang Ag (Z =29 to 47), the best linear fit is given by

(A —Z)/Z=0. 00424)&Z+1. 12 .

In order to have a convenient reference line, we
slightly translated the above linear fit to get it to
pass through the Y point. In Fig. 6, we represent
part of the (A —Z)/Z versus Z plane with the
translated line of Eq. (1) and several bands (1/Z
wide on the ordinate) are denoted by a number and
a sign. The "0"band comprises target nuclei that
we define as similar to ' Y by N/Z considerations.
Other bands have a positive sign in the case of
"neutron richer" targets and a negative sign other-
wise. The number becomes larger with an increas-
ing difference in ordinate.

We then plotted excitation functions (p,xpyn)
with x =0—4 and y =0—12 in Ga to Nb target ele-
ments or isotopes. A compilation of cross section
sources, other than this work, is given in Table VII.
Grouping by x values and band numbers leads to
the following observations:

(1) If E& (100 MeV and y &2, the peak section

FIG. 8. (p, 4pyn ) reaction cross sections in Zr and
Zr, normalized to their maximum values in both tar-

gets (solid lines), according to Belyaev et al. (Ref. 40).
The quantity in the ordinate is thus 0./0. ,„;„.The
dashed line is interpolated (see text) for the same reac-
tion channels in ' Y.
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tends to increase when the target nucleus becomes
neutron richer. This effect is stronger for a given x
value when y (i.e., M) increases. It is illustrated in
Figs. 7(a) and (b), where the peak cross section is
plotted versus y for (p,yn) and (p,pyn) reactions in
isotopic targets Ga, Zr, Y, Sr, and 'Ga
More experimental data would clearly be useful to
better establish the limits of the above effect. In
Fig. 7(c) is plotted the peak cross six:tion for
(p,a(y —2)n) reactions. There, the main effect is
the displacement of the most likely channel to
higher y values when the target nucleus becomes
neutron richer.

(2) It is reasonably safe to evaluate an unknown
cross section by using the same reaction channel in
a nucleus belonging to the same band, taking into
account the above peak effect. When necessary, in-
terpolation can be made between two y values.

(3) The same "band rule" and interpolation possi-
bility apply for Ez & 100 MeV and reactions

(p,xpyn) for which x (2. For x & 2 we made use of
another observation, illustrated in Fig. 8.

(4) The cross section distribution versus y for a
given x is simply translated along the y axis by a y
value equal to the algebraic difference between the
band numbers of two target nuclei. In Fig. 8 the
maximum cross section for (p, 4pyn) reactions at
Ez ——1 GeV in Zr or "Zr is taken as unity. The
dashed line is interpolated for Y. In practice, a
(p, 4pyn) channel in Rb or Zr (band III+) is
equivalent to a (p, 4p(y —3)n) channel in Y (band
0).

In the case of neutron incident particles, no sys-
tematics is possible, since few experimental cross
sections exist under 20 MeV (Refs. 45 —48) and
none above. We made the first assumption that
most excitation functions are the same for incident
protons and neutrons after correction for threshold.
This is likely to be true, at least if E„&100 MeV or
L4 & 5. In some cases, adjustments could be made
using available information for (n, 2n), (n,p), and
(n, a) channels. More questionable are the next as-
sumptions concerning particular channels: (n, 2p)
reactions were taken as 10% of the (n,p) reactions
on the same target and (n,p2n) equivalent to
(p, 2pn) reactions; (n,pn) and (n, 2pn) were taken as
the average of the (p,pn)+(p, 2p) and the
(p, 2pn) +(p, 3p) reactions channels, respectively.
Although this looks like a recipe, the calculation of
the Kr isotopes distribution in lunar rocks agrees
reasonably well with experiments, as we will see in
the next section. Finally, estimating an unknown
excitation function followed three steps:

(1) Identification of all possible reaction channels

1000 I I ~ I 1 I I I I I I i $ I I

100 ~

10-

1

0.01 0.1
I I I I I I I

E (GeV) 10

FIG. 9. Estimated excitation functions for proton-
induced (continuous line) and neutron-induced (dashed
line) reactions in Rb and Sr targets leading to 'Kr and

Kr. "Bumps" at low energy correspond to specific re-
action channels such as Rb(n, a) 2Kr.

in the case of cumulative cross sections or
multiple-isotopes targets.

(2) For every channel, a search for an analog re-
action in the same band and application of the
above systematics, taking into account the peak dis-
placement and threshold value, interpolating if
necessary between two bands or two y numbers. If
necessary, evaluation of the neutron channels.

(3) Building of all excitation functions and mak-
ing of summations over target isotopes and radioac-
tive decay chains. It must be emphasized that
numerous reaction channels are responsible for the
formation of krypton isotopes in Sr and Rb targets,
so that some systematic bad trends are expected to
compensate for each other in calculating cumulative
cross sections. In the case of strontium, we got
some normalization from our measurements at 168
MeV and those of Ref. 19 at 730 MeV. The most
difficult cases were Kr and Kr, since neutron-
induced reactions were the most important.

%e tested our procedure by calculating cross sec-
tions for Kr in Y and Zr targets and found
agreement with our experimental values (within er-

ror bars) for all isotopes and all proton incident en-

ergies, except for some cases where the slope of the
excitation function is very strong.

Our experimental results in Y were largely used
in our systematics but not those in Zr, so that the
observed agreement between calculated and mea-
sured values can be considered to be significant. It
is illustrated in Table VIII where the ratio F of cal-
culated (from our systematics) over measured cross
sections in Zr targets is given versus the proton en-
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TABLE VIII. Ratio of calculated and experimental
Kr isotopes cross sections in Zr versus the proton in-

cident energy.

Ep (GeV)

"Kr
Kr

'Kr
"Kr
"Kr
~Kr

1.44
1.29
0.45
0.57

0.200

0.80
1.03
0.73
0.79
0.65
0.97

1.0

0.69
0.87
1.05
1.03
1.15
1.34

0.70
0.87
1.13
0.85
0.90
1.78

B. Calculation of cosmogenic krypton

The moon or any other atmosphere-free object in
the solar system can be considered a very thick tar-
get exposed to the bombardment of the primary
flux of solar and galactic cosmic rays. Cascade-
evaporation processes develop a large flux of secon-
dary particles and nuclear reactions still occur at a
depth of several meters. The production rate P(d)
of an isotope by a given nuclear reaction at a depth
d can be calculated using the expression:

ergy at 0.075, 0.2, 1.0, and 24 GeV. 5' Rb are pro-
duced in Zr through very particular reaction chan-
nels such as (p, 6p) and were not calculated. We
also excluded the Kr and Kr production at 75
MeV since we had no information on reaction chan-
nels of interest for this energy. The remaining 22
data give an average ratio E=0.96+0.31 (lo ).

The resulting estimated excitation functions will

be used in the next section for calculating the pro-
duction rates of krypton isotopes in the moon. A
sample of the calculated (from systematics) excita-
tion functions is given in Fig. 9 for production of
8'Kr and Kr in Rb and Sr targets bombarded by
protons and neutrons. Bumps in Fig. 9 come from
the fact that we dealt with many reaction channels
to get cumulative cross sections.

Compared to Y and Zr, Rb and Sr targets are ex-

pected to be much more effective for producing the
neutron-rich Kr isotopes and neutron-induced
reactions are of prime importance.

Most of the cross sections we needed to calculate
in Rb and Sr targets were outside the range of E&
and M, where the Rudstam formula can be applied
and no systematic comparison could be made.
Also, this formula does not fit well the data of Ref.
19 for Kr production in Sr at Ez ——730 MeV. How-

ever, we are looking for the possibility to reactualize
the parameters of the Rudstam formula in the
A =80 to A =110 target mass region, using all new-

ly available experimental data.

P(d) =N f (E,d)rr(E)dE,
dJ

85~ 5 — Production rata oI'
6
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I
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—l (a)

QS I I
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FIG. 10. Production rate of Kr (a) and production
ratios "Kr/ Kr (b) and Kr/ Kr (c) versus the ratio of
the main target element concentrations in lunar samples.
Full circles and continuous lines are calculated values;
open circles are experimental values (Ref. 3).

where o(E) is the excitation function for this reac-
tion, N is the number of target atoms per unit mass,
and (dJ/dE) (E,d) is the differential flux of in-
teracting particles at that depth. The differential
flux between 0 and 500 g/cm at the lunar surface
was calculated according to Ref. 5. Using our mea-
sured or estimated excitation functions, we calculat-
ed the production rate and isotopic composition of
krypton in the same lunar rocks as in Refs. 3 and 4,
assuming a surface erosion rate of 0.3 g/cm per
million years.

A detailed discussion of our procedures, together
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0.03
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FIG. 11. Calculated 86Kr/ Kr cosmogenic ratio in
lunar samples. Abcissa and symbols as in Fig. 10. The
only experimental point is from Ref. 2.

with an analysis of our calculations, will be pub-
lished elsewhere. In the framework of this paper,
mostly devoted to nuclear processes, we merely
want to give some cosmochemical implications of
our new data:

(1) The production rate of Kr (reference isotope)
is predicted with a precision better than 33% (10).
There exists a tendency to get less Kr in
strontium-rich samples. Figure 10(a) shows the cal-
culated and measured production rates of Kr
versus the ratio (Y+ Zr)/Sr of the main target ele-
ment concentrations in the nine selected lunar sam-
ples.

(2) The quotients of predicted to observed isoto-
pic ratios of cosmogenic krypton averaged over nine

well-documented lunar samples are 1.09+0.13,
1.OS+0.08, 1.19+0.12, 1.13+0.04, and 1.23+0.16,
respectively, in the case of Kr/ Kr, Kr, s3Kr,
"Kr/s Kr, Kr/' Kr, and ' Kr/ Kr ratios.
'Kr/3Kr, Kr/ Kr, and Kr/ Kr ratios appear

to be somewhat chemistry dependent, i.e., they de-

pend on the relative concentration of the main tar-
get elements, as visualized in Figs. 10(b), 10(c), and
11. In strontium rich samples, the first ratio is
lower and the two others are higher than in
yttrium- and zirconium-rich samples.

(3) The calculated cosmogenic ratio Kr/ Kr is

chemistry dependent, as shown in Fig. 11. This ra-
tio is of particular interest, since it is largely used

for correcting the primordial component of kryp-
ton, trapped during condensation and solidification
processes in the solar system. Until now, the adopt-
ed value 0.015 had been measured in a single
Apollo-12 basalt, exceptionally rich in cosmogenic
krypton. A calculation of the Kr/ Kr cosmo-
genic ratio in that sample would not be realistic,
since its high exposure age would imply a very large
correction for erosion effects.

(4) The low energy (around 50 MeV) irradiation
of strontium targets may imply an overestimation
of exposure ages calculated by the Kr-Kr method. '

This effect, limited to strontium-rich samples, in-
creases with shielding between 5 g/cm (10%) and
100 g/cm (25%) and is expected to be somewhat
compensated for by erosion. It is due to the shape
of excitation functions of 0'"'szKr for the low en-

ergy irradiation of Sr and should be checked by
more measurements,

TABLE IX. Cross sections of some radionuclides produced in the spallation of Y and Zr targets versus the proton en-

ergy Ez. Ez is the energy and Iz the branching intensity of the measured y ray for each product isotope.

Isotope E~ (MeV) Iz (%%uo) Half-life 0 in Y (mb) (T in Zr (mb)

in days (d)
or years (y)

Ep ——1.005 2.5 24 GeV E~ =1.005 2.5 24 GeV

Be
"Na
46SC

48V

51C

Mn
'4Mn
59Fe

56Co

58Co

60Co

Zn

0.478
1.275
0.889
1.120
0.984
0.320
1.434
0.835
1.099
0.847
0.811
1.173
1.116

10.35
99.93

100
100
100
10.2

100
100
56.5
99.95

100
100
50.75

53.3 d
2.602 y

83.8 d

15.98 d
27.70 d
5.59 d

312.20 d
44.56 d
78.76 d
70.78 d
5.272 y

244.0 d

10.0+2.0

1.1+0.2
6.0+2.0
2.S+0.8

11.5+6.0
4.3+1.0
1.9+0.4

14.3+3.6

22.4+3.0

12.0+2.4
1.6+0.3
3.4+0.4

3.5+0.4
9.4+3.5
2.2+0.4
14 +7
5.4+1.2
1.9+0.4

14.2+2.3
2.7+0,8
15 +4

2.2+0.4
3.5+0.4

0.95+0.15
3.8 +1.3

1.7+0.3
10.3+2.0

1.2 +0.2
10.3 +3.0

11 +3 17.2 +2.S

6.2+3.0 9.5 +5.0

3.3+0.4
8.6+2.8

14 +7 6+3

2.3+0.5
12.2+1.5

1.5+0.2
10.7+2.0

16 +2 10 +1.5

10.0+4.5
1.6+0.3

3.1+0.4 3.1+0.4
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o in Zr (mb)
2.5Ep ——1.05Ar 24 GeV E~ = 1,005 24 GeV

TABLE X. Cross sections of argon isotopes produced in the spallation of Y and Zr targets
versus the proton energy E~.

o in Y (mb)
2.5

36
38
39
42

1.1 +0.2
0.54+0.15

3.0+1.0
2.7+0.5

0.5+0.1

5.6+1.0
3.7+0.6

0.9+0.7
1.0+0.2

4.1 +1.4
2.5+0.3

0.20+0.06

0.34+0.16
5.1 +0.8
3.3 +0.4
0.17+0.03
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particles (cosmic rays). Precise cross sections for

Kr isotopes were obtained in Y and Zr targets
bombarded with protons of nine energies between
0.059 and 24 GeV. Cross sections for a number of
radioactive isotopes in the same two targets were
also measured. Most excitation functions pass
through a maximum between 0.4 and 0.8 GeV and a
M dependence of the peak energy is tentatively in-
ferred from these results and others from our labo-
ratory. A general survey of existing data for Ga to
Nb targets permitted the development of new sys-
tematics for calculating unknown Kr cross sections
in Rb and Sr targets. Neutron-induced reactions
were also estimated. Applying measurements and
calculations to the prediction of the cosmogenic
component of krypton on the moon was quite suc-
cessful. Compared to measured values in some
selected samples, production rates and production
ratios are now predicted with good accuracy for all
Kr isotopes. The cosmogenic ratios s6Kr/ Kr and
'Kr/ Kr should depend mainly on strontium con-

centrations and this will have further developments
in calculating exposure ages of extraterrestrial ma-

terials.
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APPENDIX: LIGHTER RADIOISOTOPES
39 2Ar PRODUCED

IN Y AND Zr TARGETS

In the course of nondestructive y counting of Y
and Zr targets, some radioisotopes of no direct in-
terest for our purposes were also measured. Cross
sections for Be Na, Sc, V 'Cr, ' Mn, Fe,

Co, and Zn produced in Y and Zr bombard-
ed with 1.005, 2.5, and 24 GeV are given in Table
IX, together with nuclear constants of all radioiso-
topes. Because of poor statistics, some error bars
are rather large. Also cross sections of ' ' ' Ar
were measured by mass spectrometry at 1 GeV or
more. Results are given in Table X.
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