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Spallation yields of Ti, Fe, Co, Ni, Cu, and Zn by 12 GeV protons were measured with a Ge(Li)
y-ray spectrometer followed by computer analysis of the spectra. The measured cross sections of
about 30 product nuclides for each target sample are in general agreement with existing data in the
same energy range and cover a wider mass range of the product nuclides for most of the targets.
The present data were used to obtain the charge-dispersion and mass-yield curves by the least-
squares analysis. The target dependence of charge distributions in spallation reactions for product
nuclides with a mass range 22 <4 <58 was determined as a function of the N /Z ratio of the target,

(N/Z)r.

The N/Z ratio at the charge-dispersion peak, (N/Z),, can be expressed as

(N/Z),=(0.783+0.038)+(0.304+0.033)(N /Z)7. The present results of the target dependence of
charge distributions do not seem to agree with the earlier data for production of argon isotopes by 24

GeV protons in the same target mass range.

NUCLEAR REACTIONS Ti, Fe, Co, Ni, Cu, Zn (p, spallation), E=12 GeV,
activation, Ge(Li) detector, cross sections for 7 <4 <65, target N/Z dependence
of charge distribution of spallation products.

I. INTRODUCTION

Spallation reactions of complex nucleus targets with
high energy protons have been studied since new accelera-
tors have become accessible in higher energy ranges. In
recent years reactions by high energy heavy ions with
complex nuclei have also been investigated.! Spallation
cross sections in high energy nuclear reactions are of great
interest in astrophysics as well as in nuclear physics.” In
addition to physics interest, spallation data are very useful
in understanding problems associated with residual ra-
dioactivities of various components of high energy ac-
celerators.

The general characteristics of spallation reactions are
getting to be well understood phenomenologically. Several
attempts have been made to parametrize the currently
available data in order to obtain semiempirical formulas
that can predict cross sections in the broad mass and ener-
gy ranges where measured data are sparse.>*

The target dependence of the relative yields of isobars
for spallation reactions was conjectured theoretically and
has been observed experimentally. Porile and Church®
measured strong dependence of the isobaric yield distribu-
tion on the N/Z value of the target nucleus using *Zr,
%Mo, and *’Ru targets with 1.8 GeV protons. Ku and
Karol® also measured a similar dependence in spallation
reactions of Mo, **Mo, and !’Mo with 720 MeV « par-
ticles. Recently, the same systematic effects of the target
dependence were reported by Regnier’ for production of
argon isotopes in spallation reactions of medium-mass tar-
.gets in the proton energy range from 0.08 to 24 GeV.
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Other measurements which suggested the target depen-
dence of spallation products have been reported.®

In the present paper we report the results of activation
measurements of Ti, Fe, Co, Ni, Cu, and Zn targets with
12 GeV protons. A Ge(Li) detector was used to measure
the y-ray spectra of the irradiated targets. Cross sections
for radioactive nuclides for each target were determined
from the yields of characteristic y-ray energies and decay
lifetimes of the nuclides. The present results are in gen-
eral agreement with existing data in the same energy re-
gion’— 1

The charge-dispersion curves were determined by the
least-squares fit to the measured cross sections, and the
mass-yield curves were calculated using the parameters
obtained in the fit. The parametrization was slightly
modified from those studied originally by Rudstam.’

Nickel has the smallest N/Z ratio among the targets
used in the present experiment. The spallation cross sec-
tions for the nickel target are substantially different com-
pared with those for the other targets. These discrepan-
cies can be understood in terms of the target memory ef-
fect of the N /Z value of the target. The present data con-
firm the general features of the target dependence of
charge distributions in spallation reactions of medium-
mass nuclei in a relatively wide mass range of product nu-
clides.

II. EXPERIMENTAL PROCEDURE

Stacks of thin metal foils of several different target
samples including aluminum were irradiated in the exter-
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TABLE 1. Arrangements of the target stacks and target
thicknesses without including guard foils. The targets starting
from the top row in the table were placed starting at the
upstream side in the given order. The thicknesses of the stacks
are three times the total target thicknesses.

First run Second run
Thickness Thickness
Target (1073 g/cm?) Target (103 g/cm?)
Al 5.20 Al 3.44
Fe 7.52 Ti 11.0
Co 8.36 Zr 16.6
Ni 17.4 Nb 21.1
Cu 9.06 Mo 14.8
Zn 58.1 Sn 15.2
Ag 12.1 Ta 41.2
Au 39.3 W 48.7
Total 157.0 172.0

nal primary beam line of the 12 GeV proton synchrotron
at the National Laboratory for High Energy Physics,
Japan (KEK). Exposures of the target stacks were made
in two runs two months apart. Table I gives the arrange-
ments of the target stacks and target thicknesses. The
numbers of incident protons were 1.57X%10'* and
2.53x 10" in the two exposures of about 10 min. The ti-
tanium sample was exposed in the second exposure and
the other samples in the first exposure. The 1365.5 keV
yields from the ?*Na decay of the aluminum samples were
used for calibration of the beam intensity monitoring sys-
tem.2>2! The 2’Al(p,3pn)**Na cross section was measured
to be 8.1+0.9 mb at 12 GeV.2!

Each target sample with natural abundance, ranging in
thickness from 8 to 58 mg/cm?, was guarded by adjacent
identical foils in order to minimize scattering-in and
scattering-out nuclides by incident protons. The samples
with lighter mass nuclei were placed at the upstream end
of the stack. The total thickness of each stack was ap-
proximately 0.5 g/cm?. Therefore, the effects due to
secondary particles produced in the target stack are ex-
pected to be negligible at 12 GeV.

An 85 cm® Ge(Li) detector and an 8k-channel pulse-
height analyzer system were used for the y-ray spectros-
copy. Measurements were performed at University of
Tsukuba. Pulse-height spectra were stored in floppy disks
and subsequently transferred to magnetic tapes for the fi-
nal analysis by a computer.

The detection efficiency of the spectrometer, which cor-
responds to the photopeak yield for each y-ray, was mea-
sured primarily by several standard checking sources as a
function of the y-ray energy. The efficiency was 1.57%
with an energy resolution of 1.6 keV (FWHM) at 1332.5
keV. Above 1400 keV the two y rays of 1365.5 and
2754.1 keV from the 2*Na decay were used and the energy
dependence of the efficiency was assumed to be linear in a
log-log plot. The estimated uncertainty of the detection
efficiency is approximately 15% below 200 keV and 5%
above 400 keV.
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Measurements started a few hours after the irradiation
because of the time required to seal the irradiated samples
and because of a short delay for transportation of the sam-
ples to the University of Tsukuba. This precluded detec-
tion of nuclides with lifetimes shorter than about one hour
in the present experiment. Measurements were repeated
for the samples sequentially for about three months.
About 17 spectra were measured for each sample. The
measuring time for each spectrum was increased from 30
min at the beginning of the measurements to several
hours.

The y-ray energies of photopeaks for each spectrum
were calibrated to better than 0.2 keV by using clean peaks
of the well-established y rays in the spectrum. A linear re-
lation between the channel and energy was sufficient in
the present analysis. Cross sections were determined by
the following sequences. First, a candidate nuclide was
searched out by looking for photopeak yields associated
with its characteristic ¥ rays. Second, the obtained photo-
peak yields of several spectra were fitted with its decay
time. When more than one nuclide produced y rays of
equal or nearly equal energies, the fit was generally poor.
Then, the least-squares fit for two or three nuclides with
different decay times was performed to obtain a yield
component for the nuclide of interest. Third, when there
was more than one y ray from the nuclide cross sections
were computed independently for all the y rays using their
branching ratios. They usually agreed within estimated
uncertainties. In general, the accuracies of branching ratio
data were better for those with large values near 100%.%
The detection efficiency and photopeak yields were better
determined for higher energy y rays. Therefore, the final
cross section of the nuclide was determined by the result
in the most favorable conditions.

III. RESULTS

Measured cross sections are tabulated in Table II. The
type of yield of each product nuclide is identified as being
either independent (I), or cumulative (C* or C~) when at-
least one of the precursors is known. When photopeak
yields measured were not statistically significant, no cross
section values are given. The quoted errors include es-
timated uncertainties of the detection efficiency of the y
rays and statistical errors for photopeak yields. Since the
branching ratios for most of the y rays used in the analysis
are 100% or nearly 100%, uncertainties due to the
branching ratios are not included. In most cases the un-
certainties of the detection efficiency dominated the
overall errors. Systematic uncertainties due to the beam
intensity calibration?! which were estimated to be approxi-
mately 10% are not included. Effects due to secondary
interactions in the target stacks are estimated to be negli-
gible.

The cross sections for product nuclides much lighter
than the target nuclei are very similar for the Fe, Co, Cu,
and Zn targets, but they are appreciably different for the
Ni target. Large variations in the measured cross sections
can be seen for product nuclides with mass numbers very
close to the target nuclei. They are caused by isotope
abundance of the natural target, and large cross sections
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TABLE II. Cross sections (in mb) for Ti, Fe, Co, Ni, Cu, and Zn targets in the nuclear spallation reactions with 12 GeV protons.
The second column gives the type of yield, independent (I) or cumulative (C~: B~ decay, or C*: B* decay or electron capture).

Type of
Nuclide yield Ti Fe Co Ni Cu Zn
"Be I 7.90+0.43 9.08+0.46 8.00+0.45 12.240.7 8.82+0.46 11.410.57
2Na c+ 2.14+0.11 2.35+0.19 1.96+0.16 2.76+0.19 1.95+0.12 1.7240.10
2%Na (o 4.12+0.21 3.34+0.19 3.38+0.20 2.80+0.15 3.55+0.18 3.1940.17
Mg Cc- 0.58+0.03 0.4040.03 0.47+0.03 0.26+0.01 0.47+0.025 0.41+0.02
38g I 0.1110.01 0.12+0.02 0.14+0.02 0.12+0.01
31 c- 3.8610.30
»q1 1 0.68+0.05
YAr o 1.21+0.06 0.51+0.03 0.69+0.04 0.31+0.03 0.80+0.05 0.61+0.04
2K I 6.73+0.34 2.9440.18 3.00+0.18 1.84+0.11 3.54+0.20 2.86+0.17
“K Cc- 2.1810.11 0.76+0.04 0.99+0.07 0.39+0.02 0.90+0.05 0.76+0.04
$3Sc ct 2.05+0.12 1.74+0.11 1.27+0.10 2.5040.21 1.88+0.10 1.81+0.09
H“gcm 1 2.73+0.14 3.74+0.19 3.47+0.18 3.89+0.20 3.2240.16 2.96+0.15
“Sc I 6.90+0.36 2.95+0.15 2.18+0.13 2.95+0.26 2.26+0.12 1.86+0.10
46Sc I 18.440.93 4.99+0.25 5.114+0.26 3.05+0.16 4.68+0.24 4.16+0.21
4ICa (o 0.26+0.015 0.10£0.01 0.08+0.005
41S¢ Cc- 19.843.0 1.98+0.30 2.35+0.35 1.05+0.17 2.1310.32 1.88+0.28
48Sc 1 1.59+0.08 0.30+0.016 0.45+0.03 0.23+0.014 0.43+0.024 0.42+0.03
By c+ 1.21+0.19 8.00+0.41 5.93+0.90 8.82+0.44 5.51+0.28 5.52+0.28
“Cr 1 0.30+0.016 0.16+0.01 0.64+0.04 0.18+0.01 0.19+0.01
sicr c* 21.5+1.1 15.440.8 19.1+1.0 13.14£0.7 13.2+0.7
2Mn 1 3.96+0.20 3.36+0.17 5.70+0.29 3.16+0.16 3.44+0.17
S2Fe 1 0.25+0.04 0.07+0.01 0.61+0.09 0.09+0.014 0.12+0.02
*Mn 1 27.5+1.4 17.4+0.90 10.3+0.52 12.5+0.6 11.2+0.6
55Co 1 0.15+0.02 0.40+0.03 4.43+0.24 0.56+0.03 0.73+0.04
5Mn (o 0.79+0.05 3.22+0.16 0.47+0.06 2.10+0.11 1.42+0.07
%6Co c+ 0.53+0.04 3.27+0.18 18.8+0.9 3.67+0.20 3.93+0.20
56Ni c+ 1.19+0.06
Co ct 0.3240.05 17.0+2.6 47.3+7.1 13.1+2.0 14.0+2.1
STNi ct 0.1140.01 16.6+0.8 0.43+0.03 0.71+0.04
%Co I 38.8+1.9 12.0+0.6 17.5+£0.9 15.4+0.8
YFe I 0.38+0.03 0.46+0.05 1.51+0.08 1.13+0.06
“Co 1 7.83+0.46 4.49+0.23
$1Cu ct 7.07+0.36 8.62+0.46
©27Zn ohs 0.21+0.016 3.59+0.19
%5Ni 1 0.66+0.05
$5Zn ct 0.83+0.06 20.3+1.0

for peripheral proton-nucleus interactions in which the
target nucleus loses only a few nucleons.?>~%°

The present Cu data are in general agreement with those
measured by Cumming et al.®!° with 3.9 and 28 GeV pro-
tons. The present data tend to be smaller by about 10%
than the 28 GeV data. The largest discrepancy between
the present data and the 28 GeV data is about 30% for a
few nuclides. The present results are also in qualitative
agreement with those measured by Hudis ef al.!! in the
proton energy range between 3 and 30 GeV.

Brodzinski et al.'>!3 measured spallation cross sections
for Ti and Fe targets in the proton energy range between
15 and 584 MeV and showed the energy dependence of the
cross sections for various product nuclides including the
data which had been previously reported.!* The present
data are quite consistent with the extrapolated values at 12
GeV. Production cross sections of 'Be and ?>Na from Fe
and Ni targets measured by Raisbeck and Yiou!® with 1,
2, 3, and 23 GeV protons are also reasonably consistent

with the present results. Chackett’s data'® for production
cross sections of K and **K from Fe, Co, Ni, Cu, and Zn
at 18.3 GeV agree reasonably well with the present data.
They are also in partial agreement with Rayudu’s data!’
for Fe and Ni in the proton energy range from 0.5 to 2.9
GeV, and with Perrons’ data!® for Fe with 21 GeV pro-
tons.

The cross section of “Ti(p,2p)*’Sc measured by Jacob
and Markowitz!® using an enriched “*Ti target above 0.3
GeV agrees well with the present cross section for *'Sc
production from Ti. (The abundance of **Ti in natural ti-
tanium is 74%.)

IV. ANALYSIS AND DISCUSSION

A. Least-squares analysis

Following the work by Cumming et al.!° and by Porile
et al.?® the cross section was parametrized by a modified



TABLE III. Results of the analysis of charge-dispersion curves and target parameters.

Zn

Cu

Ni

Co

Fe

Ti

Item
A min

28

28

28

28

28

22
43
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58

58
22

52
13

52
13

52
14

A max
Number

of nuclides

22

10

0.4688+0.0013 0.4657+0.0014 0.4722+0.0006 0.4658+0.0004 0.4668+0.0005

0.4649+0.0043

Z,/4
(N/Z),

1.14210.002

1.13340.006 1.14740.006 1.118+0.003 1.147+0.002

1.151+0.020

35.47
1.183

34.62

30.77

32.00

1.183

25.93 29.91

1.179

Nr
(N/Z)r

1.194

1.099

1.151

form of the Rudstam equation,’
0(A4,Z)=exp[(a; +a,4 +a34?)
+(ag+asd) | Z,—Z | ] (1
and
Z,=aed , )

where Z,, is the most probable charge, and Z and 4 are the
atomic and mass numbers of spallation products, respec-
tively. Since cross sections for nuclides very close to the
target mass number depend strongly on nuclear reactions
of individual target isotopes, the data for those nuclides
are not included in the analysis. Very light nuclides are
not included because only a few nuclides were measured in
the mass range below 4=28 and because it is difficult to
fit the data for those nuclides with the simple parametri-
zation by Egs. (1) and (2).

In the exponent of Eq. (1) the three components
a;+ayA +a3A?, a,+asA, and Z,—Z, have almost
orthogonal relations to each other. They correspond to
the magnitude of the mass yield, the width of the charge-
dispersion curve, and the most probable charge for a mass
number A, respectively. Although the width of the
charge-dispersion curve can also be adjusted by the value
of the power of |Z,—Z |, we present the results for the
value of 1.5. Equally good fits to the data were obtained
for different values after optimizing a4 and as. In the
least-squares fit minimization of the chi-square value was
made independently for the three components and repeat-
ed sequentially.

The analysis consists of three steps. In the first step we
assumed all the cross sections to be independent yields and
to have 20 to 30 % errors. It was always difficult to get
physically meaningful fits to the data with the original er-
rors, which were typically better than 10%. In the second
step we computed cross sections for all the isobars of mea-
sured nuclides using the parameters obtained in the first
step. Then, the measured cumulative cross sections were
adjusted proportionally to the computed ratios of the cross
sections. The least-squares fit was carried out for the ad-
justed cross sections, and a new set of adjusted cross sec-
tions was calculated. This procedure was repeated until a
good fit was obtained. In the third step the least-squares
fit was carried out only for the first component,
a,+a,A +a,A?, using a partial data set which satisfied
|Z,—Z | <1.0 for Z, obtained in the second step. This
method was used to obtain better mass yield curves nearly
independently of data for very small cross sections away
from the charge-dispersion peak.

B. Charge-dispersion curves

Results of the fit are given in Table III together with
the mass range and the number of data points of product
nuclides used in the analysis. The **Mn data were not in-
cluded in the analysis due to lack of information on
2Mn™ production. The errors given correspond to the
standard errors which were calculated after adjusting er-
rors of the cross section data uniformly so that the chi-
square value of the best solution was equal to the degree of
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FIG. 1. (N/Z), ratio at the charge-dispersion peaks as a
function of the (N /Z)r ratio of the target. The solid line is the
best linear fit. The dashed line represents a linear extrapolation
of the data of Porile and Church (Ref. 5) and the dashed-dotted
line is Regnier’s result (Ref. 7).

freedom. The adjusted errors of the cross sections were
about 25% for all the targets. The error for Ti was large
due to fewer data points. Also given in Table III are the
average number of neutrons of the target, Ny, and the
average N /Z ratio of the target, (N /Z)r.

The mass dependence of Z,/A was evaluated by the
least-squares analysis using the parametrization of
Z,=a¢A +a;4 2, The quality of the fit was not improved
for all the targets. Therefore, the mass dependence of
Z,/A must be insignificant in the mass range analyzed.

The values of the N/Z ratio at the charge-dispersion
peaks, (N/Z),, were calculated from the fitted Z,/4
values and are shown in Fig. 1 with (N/Z)y. The target
dependence of (N/Z )p is clearly seen. The Ni target has
the smallest (N /Z), and (N /Z)r values. The solid curve
is the best linear fit to the data and is given by the relation

(N /Z),=(0.783+0.038)
+(0.304+0.033)(N /Z)r . (3)

The dashed line represents a linear extrapolation from
Porile and Church’s results® for *Zr, Mo, and *°Ru with
1.8 GeV protons. Although the data have a limited sta-
tistical accuracy, they are consistent with the present re-
sults. The dashed-dotted line is a linear correlation ob-
tained by Regnier’ for production of argon isotopes of 24
GeV from targets in the same mass range as in the present
work. It does not agree with the present results. The data
of Ku and Karol® with 720 MeV « particles do not seem
to agree with the present results.

Although there exist large discrepancies among the
various experiments, the slopes of the linear approxima-
tions between (N /Z), and (N /Z)r seem to be in reason-
able agreement with each other and they are about 0.3. If
the composition of the target remains proportional in the
target fragments of the spallation reactions, then the slope
should be unity. Therefore, the experimental results indi-
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FIG. 2. Charge-dispersion curve for product nuclides in the
mass range 28 <A4 <58 in nuclear spallation reactions of Fe, Co,
Ni, Cu, and Zn targets with 12 GeV protons. The original cross
sections were corrected by subtracting yield contributions from
the short-lived parent nuclides and then normalized to the cross
section at a fixed mass (see the text). The solid curve corre-
sponds to the fitted charge-disperison curve for Cu at 4=50.
The errors are drawn only when they are large enough to be visi-
ble.

cate that nuclear spallation processes seem to retain the
charge composition of the target rather weakly.

A plausible explanation for this effect is as follows. At
the early stage of the evaporation process the ratio of the
numbers of neutrons to protons out of the target nucleus is
approximately equal to (N/Z)r. When the nucleus cools
down, the Coulomb barrier suppresses emission of pro-
tons. Therefore, the N /Z ratio for product nuclides be-
comes slightly smaller than (N /Z);. In the case of Ni the
N /Z ratio becomes somewhat larger than (N /Z); after
the early evaporation process because of an unusually
small N/Z ratio of the target nucleus. The Coulomb
suppression does not quite compensate for this increase.
Thus, (N /Z), is slightly larger than (N /Z)y for Ni, as is
seen in Fig. 1.

Figure 2 shows normalized cross sections with respect
to the charge dispersion curve as a function of Z,—Z.
The original cross sections were corrected by adjusting the
yield contributions from short-lived isobaric parent nu-
clides which were calculated by the parameters obtained in
the second step. Adopting the procedure by Porile
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et al.,? the corrected cross sections were normalized by
o(4 o,Zpo)
o(4,Z,)

where A is 46 for Fe, Co, and Ni and 50 for Cu and Zn,
and Z,, is the most probable charge for 4,. Hence,
0(Ay,Z,0) is the peak isobaric cross section at 4,. The
solid curve is the fitted charge-dispersion curve for Cu at
A=50. The parameters used are a; = —2.87, a, =0.180,
a;=—143x1073, a,=—1.89, as=20X10"% and
ag=0.466. Fitted curves are essentially identical for all
the targets except for Ti which has a slightly broader
curve. It should be noted that the 4 dependence of the
width of the charge-dispersion curves is not significant in
the mass range studied in the present analysis, and that
equally good fits were obtained without the parameter as.
In order to fit the data in the mass range given in Table
III, the three normalization parameters a;, a,, and a;
were required.

0'(A,Z)=0(4,Z) ’ 4)

C. Mass yield

The mass yield is calculated by
old)= 3 0(4,2), (5)
z

and the mass-yield curve is determined predominantly by
cross section data near the charge-dispersion peaks. On
the other hand those away from the charge-dispersion
peaks are important for determining the most probable
charge Z, and the widths of the charge-dispersion curves.
Therefore, the final optimization of the mass-yield curve
was made for the data with | Z, —Z | <1 in the third step
of the analysis. As can be seen in Fig. 2, the corrected
cross sections are quite consistent for all the targets. Fig-
ure 3 shows the corrected mass-yield data for the Cu and
Zn targets. The errors shown correspond to the same frac-
tional errors of the original cross section data. The solid
curve corresponds to the smoothed mass-yield curve calcu-
lated for Cu. In general, the mass-yield curve calculated
by Eqgs. (1) and (5) has a small fluctuation of about 10% as
a function of 4. The computed yield has a large value
when Z, is nearly an integer and it has a small value when
Z, is nearly half an integer. Hence, the fit to the data in
the present analysis seems to be adequate. The dashed and
broken lines are fitted mass-yield curves obtained by Cum-
ming et al.>!° for Cu at 3.9 and 28 GeV. The present re-
sult is in reasonable agreement with the 28 GeV curve.

The mass-yield curves obtained by Husain and Kat-
coff?” for ¥ at 3 and 29 GeV are also in qualitative agree-
ment with the present results.

V. CONCLUSION

A clean target dependence of the charge-dispersion peak
Z, was observed. The composition of the target was man-
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FIG. 3. Mass yield for Cu and Zn. The solid curve corre-
sponds to the smoothed mass-yield curve calculated for Cu. The
dashed and dotted-dashed lines are mass-yield curves obtained
by Cumming et al. (Refs. 9 and 10) for Cu at 3.9 and 28 GeV.
The data points shown are for the product nuclides which fall in
|Z,—Z | <1 in the charge-dispersion curve.

ifested qualitatively in target fragments, but the effect is
rather weaker in spallation reactions than that expected
from the direct proportionality of the target charge ratio.
Although the present results do not agree with some of the
previous observations,’~® the slopes of the linear approxi-
mations between (N/Z), and (N/Z); seem to be in
reasonable agreement with each other. Essentially no
mass dependence of Z, /4 was observed in the mass range
analyzed for all the targets.

Corrected cross sections are quite consistent for all the
targets and no target dependence of the mass-yield curve
was observed.
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