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Spallation ratios and production cross sections of ' '"""Ar have been measured for the interaction of 0;080,
0.150, 0.600, 1.05, and 24 GeV protons with scandium, titanium, iron, cobalt, nickel, and copper. Argon is

measured by means of a 60' 12 cm radius mass spectrometer, equipped with a gas extraction line and a
calibration system. Precision is 1 to 5% for isotope ratios, and 10 to 20% for the cross sections. With

regard to spallation reactions, some systematic effects are shown or -confirmed. Excitation functions go
through a maximum at high energy, then drop asymptotically to a constant value. The ratio of maximum to
asymptote cross sections is about 1.6. The spallation ratios depend linearly on the (N/Z)T ratios of the target

and there is probably a linear correlation between the position of the peak of the spallation distribution and

the (N/Z)~ ratio. Experimental values are compared with semiempirical fits and some astrophysical

implications are discussed.

NUCLEAR REACTIONS Spallation; targets Sc, Ti, Fe, Co, ¹,Cu; protons
0.080, 0.150, 0.600, 1.05, 24 GeV; measured o for formation of ' ' ' Ar.
mass spectrometry; o compared with semiempirical calculations; astrophysi-

cal implications.

I. INTRODUCTION

Spallation of the elements of medium mass has
been the subject of numerous experimental stud-
ies. For the most part, these concerned the ra-
dioactive reaction products (see, for example,
Refs. 1 to 10 and the compilations of Brunix, "
Silberberg et at. , '~ and Tobailem et al."), where-
as the stable products, although accounting for a
considerable part of the inelastic cross section,
have been the subject of a limited number of stud-
ies (Schaeffer et al. ,"Hudis et al ,"Husain.
et al.,"and Perron" ).

The general characteristics of the spallation of
medium-mass targets are well reproduced by the
two-step model of Serber. " Because of the great
complexity of the "particle+ nucleus" interactions
in the GeV energy range, however, the mathe-
matica, l developments of the model have all failed
to predict precise cross sections for incident en-
ergies considerably beyond the threshold for me-
son production. For this reason, since the orig-
inal work of Rudstam, "' much effort has been
devoted to the prediction of cross sections by
means of semiempirical formulas, where the
cross section o(A, Z) for a product (A, Z) and a
target (Ar) is given by

o (A, Z) = g,(Ar)e ~G(A, Z) ~ ~,

where ao(A„) is related to the inelastic cross sec-
tion of the target; e ~ includes the excitation
functions .and describes the experimenta, l decrease
of the cross sections when bA(=Ar -A) increases;

GQ, Z) is a Gaussian or quasi-Gaussian function
describing the charge distribution of the spalla-
tion products. Depending on the particular for-
mulations of Eq. (1), other factors which vary
with the energy and the nature of products or tar-
get are also included.

A knowledge of spallation cross sections, par-
ticularly for medium-mass targets, is indispen-
sable for the understanding of the interactions of
galactic cosmic rays (GCR) with the interstellar
medium and extraterrestrial materials. The in-
terpretation of these interactions provides infor-
mation on the history of the solar system and on the
sources and propagation of the GCR. (For details. ,
see reviews by Reeves, "and Shapiro et al."or
Reedy and Arnold. ~) Cross sections for all the
nuclear reactions which can occur are required
as input parameters for models describing cosmic
ray interaction with the interstellar medium or
with meteorites or the lunar surface. The semi-
empirical formula most frequently employed at the
present time is that of Silberberg and Tsao, '~ which
gives considerable precision over the widest. range
of targets and products. The definition of the pa-
rameters of the semiempirical formula (i.e., the
prediction of unknown z) can evidently be. improved
by a coherent body of experimental cross sections
obtained under well-defined conditions.

Although the general characteristics of spalla-
tion reactions are now well known, certain asyects
are not yet entirely clear. Two of these are the
subject of the present study.

(a) How important is the influence of target cem-
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position on the final distribution of spallation pro-
ducts, in the case of medium-mass targets? For
heavier targets, such influence was observed by
Porile and Church ' in their study of the isobars
of mass 72 produced by 1.8 GeV protons interact-
ing with Zr, "Mo, and Ru, and by Ku and
Karol~ in their recent study of the same isobars
produced by 720 MeV o. particles interacting with
"Mo, ~Mo, and '"Mo. According to these authors,
the distribution of spallation products depends on
the ratio (N/Z) of the target nucleus.

(b) 'Ihe excitation functions for spallation reac-
tions increase rapidly between the reaction thresh-
old and about 1 GeV, then tend towards an asymp-
totic value, with no significant variation being ob-
.served above about 10 GeV. It is yet to be deter-
mined, however, whether the cross sections go
through a maximum somewhere in the 1-10 GeV
interval.

The present article describes the measurement
of the cross sections for four isotopes of argon,
two stable (36, 38) and two of long period (39, 42),
produced by proton bombardment of six medium-
mass targets (Sc, Ti, Fe, Co, ¹,and Cu). Five
proton energies were employed; 0.08, 0.15, 0.6,
1.05, and 24 GeV. The results are used to obtain
excitation functions and mass-distribution curves.
The influence of target structure on mass distri-
bution is discussed, using the present results and
those already published for similar target and
product ranges. The existence of a maximum for
the excitation functions is inferred if the cross sec-
tions at 1 GeV is greater than at 24 GeV.

II. EXPERIMENTAL METHODS

The targets consisted of stacks of 20&20 mm
squares of metal foil of thickness 0.010 to 0.050 mm.
Al foil was inserted between the target foils (Sc,
Ti, V, Fe, Co, ¹,and Cu) to serve as guards,
recoil collectors, and monitors. The thicknesses
of the stacks were 0.15 g/cm' for the irradiation
at 0.080 GeV, 0.3 to 0.5 g/cm' at 0.15, 0.6, and
24 GeV, and 1.5 g/cm' at 1.05 GeV. Each target
contained either 3 or 6 monitors. All the results
for the vanadium targets were lost due to experi-
mental problems.

The irradiations were carried out in the follow-
ing accelerators: Louvain-la-Neuve (0.080 GeV),
Saturne (1.05 GeV), Orsay (0.150 GeV), and CERN
(0.6 and 24 GeV). In most cases, the internal beam
and the maximum intensity were used. However,
three irradiations with the CERN external beam and
one low intensity irradiation at Louvain were used
to test the influence of beam intensity on the loss
cf argon due to heating. No intensity dependence
was observed.

The total proton flux through a target was cal-
culated by means of the monitor reaction,
"Al(p, 3p3n) "Na, for which the cross sections~
are 22.7, 17.2, 17.3, 15.3, and 10 mb, respective-
ly, at 0.080, 0.150, 0.600, 1.05, and 24 GeV. The
integrated flux employed varied from 0.5 to 5
x10"protons. It was ascertained from the moni-
tor measurements that the targets were properly
aligned and that the flux was homogeneous within
the stack to better than 5% (1 to 5/0). In general,
each target element was subjected to three indepen-
dent irradiations at each energy F~, and two years,
at least, elapsed between irradiation and analysis.
The effect of secondary particles must be con-
sidered only for targets having a small bA. with the
spallation products. ' The good agreement between
the different monitors within each particular tar-
get stack indicates rather small contributions from
secondaries in the present experiments. Also, the
position of each target element varied during the
independent irradiations at one particular energy.
No systematic trend was observed and the effect
of secondary particles is believed to be accounted
for in the error bars associated with the results
given below.

The techniques employed for the measurement
of the argon produced by spallation have been de-
scribed elsewhere. " The argon is extracted in an
off-line system, by melting of the target under
vacuum in a molybdenum crucible, heated by in-
duction (1200'-1800 'C, depending on the metal).
The extracted gas was purified by means of two
titanium getters (successively cooled from 700'
to 200 'e) then adsorbed on activated charcoal at
-196 'C in a glass tube which could be sealed off
for subsequent analysis. Second extractions and
blank runs were frequently carried out. The argon
samples were analyzed in a 60 sector, 12 cm
radius mass spectrometer (a modified MICRO-
MASS 12) with which accurate isotope ratios could
be obtained with only 10' to 10"a,toms of each
species, thanks to the small internal volume of
the instrument and its excellent behavior under
static vacuum conditions.

The mass spectrometer was calibrated by intro-
ducing precisely measured quantities of air, pre-
pared in an independent system composed of sev-
eral known expansion volumes and a capacitance
manometer.

The isotope ratios were subjected to several
corrections, the most important of which was due
to the presence of atmospheric argon in the target
metals (which also prevented the measurement
of "Ar produced by spallation). It was assumed
that all "Ar was atmospheric, except a small part
.deduced in an iterative procedure from the charge-
dispersion curves. Hydrocarbon ions were always
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negligible, except at mass 42 in the case of Sc
and Fe targets. The other corrections were oc-
casioned by discrimination and memory effects
in the mass spectrometer. Second extraction at
higher temperature always gave less than 1% of the
total argon obtained from a given target.

III. RESULTS

Table I gives the argon isotope ratios 38/36,
38/39, and 38/42 and the cross sections for 36,
38, 39, and 42 for the targets studied here and
elsewhere, as functions of the incident energy E~.
In general, each value is the average of three in-
dependent measurements. The cross sections for
"Ar and "Ar are cumulative and those for "Ar
and 4'Ar are independent. The uncertainties have
been determined as follows. In the first place, the
root mean square of the various errors is cal-
culated for each measurement, i.e., target pre-
paration (thickness, 0.5 to 3%, impurities, 0 to
1%), monitoring and alignment (3 to 7/o), blanks
for apparatus and metals (in most cases, 0 to 1%,.

sometimes 1 to 80%), zero-time corrections to
mass-spectrometer analysis (0 to 1%; sometimes
1 to 5%), re-extractions (0 to 1/0), and calibration
(7 to 12%). For the isotope ratios the most im-
portant errors cancel out, but an error of 2% is
added to account for a possible systematic instru-
mental error. Altogether, the uncertainty of a
cross section measurement is generally from 10 to
20%, whereas that of the ratios is from 2 to 5%.
The mean of the independent measurements x, is
then calculated, weighting each of these by the in-
verse of the square of its uncertainty, b,x, Thus,
p or 8 is given by

ming et al. ' for Cu at 28 GeV and Cheng" for "Ar
and 'Ar in Fe at 0.6 and 29 GeV. It may be noted
that most of these authors estimated "Ar and "Ar
by radioactivity measurements.

Table I also shows the value of Husain and
Katcoff" for V at 29 GeV. These values will be
referred to in the following discussion.

IV. DISCUSSION

Three main questions will be discussed below:
the dependence of cross sections on the incident
energy E~, the influence of the ratio N/2 of the
target on the argon isotope distribution, and the
validity of the semiempirical formula of Silber-
berg and Tsao'4 in the energy region studied. In

addition, some astrophysical implications .of the
results will be mentioned.

A. Excitation functions

Excitation functions for the formation of argon
isotopes can be constructed from the results in
Table I. Some of these are shown in Figs. 1 to 5.
When ~ is about 20 or higher, as for Figs. 1 to 4,
the cross sections increase by a factor of 10' be-
tween about 0.15 and 1 GeV. This corresponds to
an increase of the probability of formation of very
excited intermediate nuclei at the exit from the
cascade step. At still higher energies, the excita-
tion functions are observed to saturate and the
cross sections appear to fall asymptotically by a
factor of 1.5 to 2 towards a constant value. The
probability of forming very excited intermediate
nuclei must then no longer increase with the in-
cident energy E~. Most of the incident energy is

The uncertainty given in Table I is the standard
deviation from the mean of the independent mea-
surements, or the quantity

whichever is the larger.
The present results may be compared (Table I)

with those already published by others, mainly
for argon isotopes in Fe and Cu. Where neces-
sary, the cross sections have been corrected to
correspond to the same monitor cross section.
Agreement with the values of Goebel et al."is
goodfor Fe and Cu at 600 MeV andfor Cu at 25 GeV,
but rather bad for Fe at 25 GeV. Excellent agree-
ment is found between the present values and those
of Hudis et al."for Cu at 29 Ge V, For eman et al."for
"Ar in Fe and ¹iat 0.15, 1.0, and 28 GeV, Cum-
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FIG. 1. Proton spallation cross sections for produc-
tion of ~ Ar from copper. The dashed curve is the man-
ual best fit.
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FIG. 4. Proton spallation cross sections for produc-
tion of 3 Ar in titanium, iron, and cobalt. .

10
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FIG. 2. Proton spallation cross sections for produc-
tion of Ar from nickel. The solid curve is the manual
best fit. The dashed curve is calculated by ST (Ref. 24).

then recovered as kinetic energy or absorbed in
the creation of particles. According to Barashen-
kov,"the development of the intranuclear cascade
lowers the nuclear density when E~ reaches sever-
al GeV, leading to saturation of the number of pos-
sible interactions during this first step and causing
the excitation energy E* to reach a limit. It has
also been suggested that, in this energy region,
multiple-particle interactions can play an import-
ant role in disposing of the excess incident energy.

When ~ is less than 10 nucleons, the variation

of cross section with projectile kinetic energy. is
much smaller in the range 0.1 to 1 GeV, as may be
seen in Fig. 5 for Ar isotope production in Sc
[mainly (p, 4pxn) reactions] and in Fig. 4 for "Ar
1D Tl.

In the case of spallation of nuclei of medium
mass, it has been shown in this laboratory" that
the mean excitation energy may be written E* (in
MeV) =SaA. The factor 8 corresponds to the bind-
ing energy per nucleon, which to a first approxi-
mation is independent of the mass of the nucleus.
In the reactions studied here, ~ varies from 3 to
28 nucleons, corresponding to E*-25 to f25 MeV.
These values may appear small compa, red to in-
cident energies of several GeV, but they are not

~ ~ 1 I I ~ ~ I III ~ I I I ~ ~ ~ I l I

s

10=

I I I I II Ill I I I ~ f II ~ i I I ~ I Il Ig

1P w-+-
38

39

O.l =

ref 15
+ ref 56

0.01 =,I

r
/

I
I

I
I
I
I
I

I ~ this work
I
I

I o ref 29
I
I
I ref 58

I
I
I
I

I

0.1 =

0.01 =

(p ~ 4p)

36

42 =.

0.1
I I I I IIIil I I I I IIIII I I I I IIII

Ep(GeV)

l I I I I ill I I I IIIIII I I I I I

01 1 10
E (Ge~)

FIG. 3. Proton spallation cross sections for produc-
tion of 39Ar from copper. The dashed curve is the man-
ual best fit.

FIG. 5. Proton spallation cross sections for:produc-
tion of 3~ 42Ar in scandium, . mainly by (p, 4pxQ) reac-
tions.
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2.0-
I

~ 36~

Ar

6 "Ar
~ 4'e

I

10
I

15
I

20
I

25 QA

FIG. 6. Ratios for cross sections of Ar isotopes from
medium mass targets bombarded with 1.05 and 24 GeV
protons. versus AA =Az -A.

small compared to the total binding energies of the
target nuclei, which range from 360 MeV for Sc
to about 500 MeV for Cu.

Numerous excitation functions have already been
published for targets of medium mass. Examina-
tion of some of these' suggests they might pass by
a maximum before tending towards a horizontal
asymptote. The existence of such maxima are
clearly demonstrated by the results of the present
study (see Figs. 1 to 6).

It can be seen from Table I that most of the cross
sections fall appreciably between 1 and 24 GeV.
Taking the argon isotopes 36, 38, and 39 and the
targets Sc, Ti, Fe, Co, and Ni, the mean ratio
of the 15 cross sections for 1 and 24 GeV is

(g,/g~g = 1.58+ 0.20.

Inspection of the excitation functions for these
reactions (Figs. 1 to 5) suggests that the maximum
is not reached at 1 GeV but rather at an incident
energy of about 2 GeV for Ar in Cu and Ni and
probably varies with ~ for the other targets.
Figure 6 shows the ratios 0,/o~ as a function of~ for all the reactions studied in the present
work. The error bars indicate the mean squares
of the uncertainties. For argon 36, 38, and 39, and
6 &bA ~18, all the ratios o,/g24 are greater than
1.5. When ~ falls between 20 and 23, (o,/o„)
& 1.3 and for dA & 24, o,/o „=1. 'Ihe ratio 0,/rr, 4
thus tends to pass by a maximum as ~ increases.
The same tendency exists for 4'Ar, but the maxi-
mum is less pronounced.

It would evidently be interesting, particularly
for the applications of spallation reactions, to know
the ratios of the maximum to the asymptote for
the excitation functions, and work in pursuit of
that goal is in progress in this laboratory. Pre-
liminary results, combined with those of Brodzin-
ski et al,. and Raisbeck et gl. ,

' "concern 19 reac-
tions in which ~ varies from 8 to 25 and the

energy at the maximum from about 0.5 to about
2 GeV. The cross section ratios (maximum/
asymptote) obtained vary from 1.3 to 2, with a
mean value of 1.63~ 0.24. This effect could con-
tribute to the calculated variations of the mean
free path of galactic cosmic rays in the GeV re-
gion.

In terms of the two-step model, the significance
of the maximum is probably as follows: The cross
section 0 for a given reaction increases as long as
the probability of formation of appropriately ex-
cited (E*=8M) cascade nuclei increases. When
the incident energy exceeds the optimum value for
that reaction, the mean excitation energy increas-
es, favoring reactions with greater bA and lower-
ing p. Beyond about 10 GeV, the excitation ener-
gy spectrum becomes invariant" for all the rea-
sons givenabove (and perhaps for others), and the
cross sections become constant.

It should be noted that the above conclusions de-
pend on the correctness of the monitor reaction
cross sections. Owing to the rather long irradia-
tion times, the "Al( p, 3pSn)"Na reaction is pre
ferred to, the "Al(p, Spn)~Na reaction, for
which the cross sections are more accurately
known. The ratio of 1 to 24 GeV cross sections of
the latter reaction is 1.24, and can be considered
as a lower value for the ~A1(p, 3pSn)"Na reaction
(a ratio of 1.53 was used in the present study).
Therefore the magnitude of the effect shown in
Fig. 6 cannot be explained by a systematic error
in the monitor cross sections.

B. InAuence of the ratio N/Z of the target

Examination of Table I shows two complementary
effects. In Ni, the neutron-deficient isotope "Ar
is markedly preferred and the neutron-rich iso-
tope "Ar markedly suppressed, compared with the
targets of neighboring atomic number, Co and Cu.
In this respect, it may be noted that the ratio
(N/Z)„ for ¹ is 1.100, whereas the ratios for Co
and Cu are 1.185 and 1.194, respectively. Ni may
thus be considered to be a "neutron-poor" target.
The inverse effect is observed for "Ar and ~ Ar
in V, for which the ratio (V/Z)r = 1.21V is the larg-
est of all, for the targets considered here. It
would seem, therefore, that the apparent inco-
herence of the spallation ratios of argon, when
the targets are arranged in the order of the atomic
numbers, may be interpreted as a "memory ef-
fect" with regard to the target. For E~ = 24 GeV,
Fig. 7 shows a strong correlation between the spal-
lation ratios of argon measured here and the
(N/Z)r ratios for Ti, V, Fe, Co, ¹,and Cu (Sc
is excluded, ~ being too small). The same cor-
relation exists at all the energies E~, as may be
seen in Table II, which gives the slopes of the lin-
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FIG. 7. Spallation ratios for Ar isotopes from med-
ium mass targets bombarded with 24 GeV protons
versus (N/Z)&. The dashed lines are the linear fits
(note the semilog scale).

ear fits for 0.15, 1.05, and 24 GeV. The same
conclusion is reached with the ratios "K/~K for
E~= 0.6 GeV, measured by Lagarde-Simonoff
et al.' and the ratios "Na/"Na for E,= 0.4 GOV

given by Korteling et al. 37 The linear correlation
between (N/Z)r and the spallation ratios deduced
from the results of the above authors is clearly
shown in Fig. 8. Table II shows the slopes of the
corresponding linear fits.

A strong dependence of the spallation ratios on

(V/Z)r has also been recently observed by Ku and
Karol, in a study of the isobars withA = 72 pro-
duced in the spallation of "Mo, "Mo, and ' Mo,
bombarded by 720 MeV n particles. The same ef-
fect had been observed by Porile and Church"
with targets of Ru, ~Mo, and Zn, bombarded
by 1.8 GeV protons. With these results, in ad-
dition to those given in the present work, it may
be considered that the target memory effect in
spallation reactions is well established.

K

1.05

CI Ni
I

1.10

Sc Fe Ti Co Mn VAr
I I I s II

1.15 1.20
( N/Z) T

FIG. 8. Spallation ratios for K and Na isotopes from
medium mass targets bombarded with 600 and 400 MeV
protons versus (N/Z)~. As in Fig. 7, a linear fit is ob-
served. Data are from Refs. 3 and 37.

Generally, the distribution of spallation products
in a given mass interval (here, A = 36 to 42) is
shown by plotting the N/Z ratio of the product (ab-
scissa) against the independent cross section (or-
dinate). The charge dispersion, or cd curves are
constructed from the measured cross sections
(often cumulative) by successive approximations,
giving the ind'ependent cross sections after two or
three iterations. A Gaussian or quasi-Gaussian
form is imposed on the distributions, and the pa-
rameters of the fitting function are determined
by least squares method. When a Gaussian form is
imposed, it thereby becomes impossible to account
for small cross sections and for asymmetrical dis-
tributions. However, the ratio (N/Z), k correspon-
ding to the maximum can be calculated with good
precision. In the present case, attempts to use
quasi-Gaussian functions or Gram-Charlier ser-
ies have failed. The number of cross sections
available to define the parameters of that type of
fit was too small, even when taking into account
the values published for the same mass interval

TABLE II. Calculated slopes of the linear fits between spallation ratios and (N/Z) ratios of
the targets. These results (more detailed in Figs. 7 and 8) show a target "memory effect" in
the spallation of medium weight elements.

E, (GeV)

0.15
0.3
0.4
0.6
1.05

24

38/38Ar

99+ 38

49+ 4
52+ 6

38/39Ar

-13.9 ~ 3.2

-6.8+ 0.3
-6.9 + 0.6

38/42Ar

-2490 + 265
-1739 + 232

22/24Na

-4.8+ 0.5

42/43K

-31+ 8
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FIG. 9. Charge-dispersion curves in the range 36 ~
A ~ 42 for Ni, Fe, Cu, and V targets bombarded with
24 GeV protons. Solid curves are Gaussian fits. Ver-
tical lines indicate the calculated maxima of the distri-
butions.
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I

FIG. 10. Peaks of the ehg, rge-dispersion curves
versus (N jg)z. The solid curve is the best linear fit.
The, dashed line is the incan of peak values.

Ti CoCu V
I

1.20

for "Cl, ""Cl, ""Ar, and ""K (Hefs. 4, 6,
10, 16, 25, and 80). The maxima of the distri-
butions in the 24-30 GeV energy region have there-
fore been calculated using a Gaussian fit and may
be found in Table III and Figs. 9 and 10. Depend-
ing on the targets, 4 to 12 cross sections have
been used to calculate the three parameters of the
function

I

o =a, exp-0. 5[(x -a,)/a, ]'),
in which a2= gV/Z)pegk, . It may be noted that the
summits of the curves (Fig. 9) are well repre
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+ (0.243 + 0.038) (N/Z)r (2)

It may be noted that the mean value of (N/Z)peg«
'

could be considered satisfactory for Sc, Fe, Ti,
Co, and even Cu, within the limits of the error
bars, but not for Ni and V.

In this charge-dispersion analysis, no correc-
tion has been applied for the variation of the mass
yield in theA =36-42 mass range, since the ex-
perimental data required to calculate the nuclear
thermometer p were not available for all targets
studied here. This approximation is valid for the
purpose of calculating the maxima of the cd curves
in a narrow range of mass-products when the
incident energy is several GeV. The maxima were
best determined from data for A = 38 andA = 39.
The results were not significantly changed by as-
suming a p-value of a few percent per mass unit.

The values' of (N/Z), .~ calculated here may be
compared, for the same mass. region, with those
obtained by Husain et al."for vanadium (1.130)
and by Cumming et gt. ' for copper (1.119 at mass
39). The agreement with these authors is excel-
lent, although the fitting function used by Cumming
et al. was not the same as that employed here.
Ku and Karol, moreover (see Fig. 6 of Ref. 26),
obtained a linear correlation between (N/Z), ,«

and (N/Z)r for the spallation of Mo targets. The
slope, not calculated by the authors, would appear
to bp practically the same as that given by Eq.
(1) above.

C. Comparison with semiempirical formulas

Only the formula of Bilberberg and Tsao~ will be
considered here, since it issfound to hold over the
widest range and is at present the formula most
extensively applied to spallation reactions.

The cross sections for Ar isotopes, calculated
by means of the Silberberg and Tsao (ST) equa-
tion, are shown in Table. IV, along with the ratios
of calculated to experimental cross sections.
These ratios show that disagreement between cal-
culation and experiment is particularly evident in
three cases. For E~ =150 MeV, the ratio is greaf-
er than 5 for 11 measurements out of 17. Over-
estimation by the ST formula is.systematic at low
energies, :particularly when the cross sections are

sented by a Gaussian function. (N /Z)„~, the ratio
at the maximum of the distribution, is calculated
with a precision of about 1/0. Its value changes by
only 3'%%uo. (1.099 to 1.132) on. passing from Ni to V,
i.e., from one extreme to the other of the ratios
(N/Z)r. The values of (N/Z}peak are shown in Fig.
10 as a function of (N/Z)r. A linear correlation
appears to exist and is given by the equation

(N/Z)p, g, = (0.831+ 0.044)

small. When the Ar is produced by peripheral
reactions in Sc, the cross sections are again over-
estima, ted and, finally, the ST cross sections
for ' "'Ar and E~ = 24 GeV in Ti, V, Fe, Co,
Ni, and Cu are too high by at least 30%%uo (the aver-
age being 57% with a distribution of+27%%uo). The
ratib for 4'Ar a,t 24 GeV may be grea, ter or less
than unity, depending on the target. At E~=0.6 and
1.05 GeV, the agreement between ST and experi-
ment is excellent for "Ar and "Ar and less satis-
factory for ' Ar and 'Ar. In particular, the ratio
of ST to experimental cross section is greater
than, six for "Ar produced in Fe at 600 MeV.

The -precision of a semiempirical formula de-
pends on the number and precision of the available
cross sections employed to calculate the param-
eters for a given range of targets, products, and
incident energies. In the region defined by 21 &Z~
&29, 36&A. &42, and 0.15&ED&24 GeV, the
present study provides a greater number of cross
sections than were formerly available. These show

. up discrepancies between the ST and experimental
cross sections which were not heretofore evident.
In particular, the ST formula does not lead to a
maximum in the excitation function and predicts
that the latter become constant for energies great-
er than E,= 69 A~' '. According to the present
results, that energy corresponds, rather, to the
maximum of the excitation function. The uncer-
tainty of the monitor cross sections alone cannot
explain this discrepancy. In addition, although the
memory effect concerning the ratio (N/Z)r is pre-
dicted by the ST formula, the predicted influence
is too small, especially for isotopes such as 4'Ar
which are far from stability.

D. Astrophysical implications

An important application of the spallation of
medium mass targets is the calculation of the
propagation of cosmic rays in the interstellar
medium for the elements of the iron peak. The
rpean energy of the galactic cosmic radiation
(GCR) is 3 to 4 GeV/nucleon. The greater part
of the hundreds of cross sections necessary for
the calculation of GCR propagation is estimated
by means of the ST formula. The results of the
propagation calculation are very sensitive to the
values of the cross sections, so that the ST for-
mula may be expected to give satisfactory results
for E~= 3 to 4 GeV and mediuxn-mass targets. For
such energies, the calculated excitation functions
(ST}are already indistinguishable from the asymp-
tote, whereas the experimental values are in the
neighborhood of the maximum. Fortunately, for
many reactions studied here, the experimental
maximu~ appears to coincide with the ST asymp-
tote, so that the calculated cross sections are
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TABLE IV. Cross sections for Ar isotopes calculated by means of the Silberberg and Tsao equation and ratios of
calculated to experimental cross sections. The best agreement between ST and experiment is found for high energy
(GeV) incident protons and for products near stability.

Target (GeV)
0.150 GeV

Cale. Calc./Expt.
0.600 GeV

Calc. Cale. /Expt.
1.05 GeV 24 GeV

Calc. Calc./Expt. Calc. Calc. /Expt.

V

36
38

Sc

42
36
38
39
42
36
38
39
42
36
38Fe

42
36
38

Co

42
36
38

Ni

42
36
38
39
42

3.18
59.9
36.9
1.23
1.29

24.2
14.9
0.50

0.12
2.19
1.27
0.04
0.05
0.87
0.54
0.02
0.08
0.86
0.36
0.008
0.01
0.19
0.12
0.004

1.12
2.10
3.02

36.2
1.12
1.70
1.96
5.26

6.44
7.06

14.3
15.0
12.9

100.0
5.7

10.8
12.4

0.92
11.6
5.7
0.11

0.30
4.0
2.1
0.041

6.17
0.94
0.93
2.2

0.79
0.93
0.81
0.72

3.8
46.3
23.0
0.32
2.93

35.6
17.7
0.31

1.6
18.0
8.4
0.14
1.13

13.7
6.8
0.12
1.84

13.5
4.6
0.05
0.73
9.1
4.4
0.076

1.30
1.67
1.68
2.91
0.86
1.16
1.05
0.63

0.64
0.99
0.93
1.27
0.63
0.81

.0.72
0.60
0.71
0.96
0.77
1.04
0.73
0.91
0.77
0.54

3.5
39.6
18.9
0.22
2.94

33.0
15.7
0.24
2.5

27.9
13.3

.0.20
2.1

21.9
9.8
0.14
1.7

18.8
8.9
0.13
2.78

18.6
6.0
0.06
1.38

15.5
7.0
0.11

2.00
2.39
2.17
2.44
1.52
1.82
1.51
0.63
1.84
1.77
1.29
0.37
1.53
2.23
1.96
1.67
1.31
1.61
1.37
0.59
1.33
1.75
1.33
1.30
1.30
1.63
1.30
0.73

probably free of systematic error in the energy re-
gion of interest. However, precise excitation func-
tions are needed in order to account for the varia-
tion of GCR composition with energy.

The study of rare gases in lunar rocks and
meteorites provides considerable information on
the history of the solar system. The argon in these
extraterrestrial objects arises largely from spal-
lation reactions induced by cosmic radiation. An

interesting conclusion of the present work is that
the spallation ratios for Ar are almost independent
of E~ at high energies: For twelve values of R,
the ratios 38/36 and 38/39 at 1 and 24 GeV, we
find R (1)/R(24) = 1.03+ 0.04. This conclusion may
be extended to E~= 0.6 GeV for the two targets
considered here (Fe and Cu). At lower energies,
however, and particularly for reactions correspon-
ding to a small M, these spallation ratios vary
appreciably. That effect can become important if
samples from deep within the meteorite or below
planetary surfaces are considered. Therefore,

the constant production ratios currently being used
for Ar isotopes when calculating exposure ages
of meteorites are to be examined more carefully. "
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