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The formation cross sections of ' Be and Al from Al, Fe, Co, Ni, Cu, Zn, Ag, and Au targets irradi-
ated with 12 GeV protons were measured by accelerator mass spectrometry. The obtained cross sections
were consistent with the excitation functions predicted from the literature values measured at other pro-
ton energies within the experimental uncertainties. The ' Be cross sections increased with an increase in
the target mass. On the other hand, the Al cross sections decreased from Al to Ag targets, but in-

creased somewhat from Ag to Au. The formation mechanisms of ' Be and Al including Be, Na, and
Na are discussed with respect to fitting of the experimental results to the calculated values using the

universal formula of Campi et al. During the course of the discussion, we introduce a new parameter,
the degree of neuton excess (X—Z)/3, in order to classify light fragments more clearly. It is found that
the production of ' Be and Na with positive values for the degree of neutron excess can be well repro-
duced by the formula, indicating that fragmentation is a dominant process for ' Be production from Fe
to Au targets and for Na from Ag to Au. However, the values calculated by the formula overestimate
the yields of Be, Na, and Al with negative values or zero for the neutron-excess parameter. Through
a comparison of the calculated and experimental data it is also found that the cross section ratios of
' Be/ Be, Na/ Al, and Na/ Na are linearly correlated with the degree of neutron excess of the tar-
gets. This suggests that the production of Be, Na, and Al with negative or zero (N —Z)/A by a
fragmentation process from Ag to Au targets is suppressed relative to those of ' Be and Na with posi-
tive values of the neutron-excess parameter.

PACS number(s): 2S.40.Ep, 27.20.+n, 27.30.+ t

I. INTRODUCTION

Long-lived nuclides ' Be (T»@=1.5X10 yr) and Al
(7.2X10 yr) observed in terrestrial and extraterrestrial
matters provide important keys to the deciphering of fos-
sil records stored in those materials and allow investiga-
tions of their irradiation history by solar and galactic cos-
mic radiation. The production cross sections for these
long-lived nuclides by high-energy protons are indispens-
able as basic nuclear data to solve the above-mentioned
problems and to study the formation mechanism by spal-
lation and fragmentation in high-energy reactions. How-
ever, accurate information concerning their cross sections
still seems to be insufFicient, mainly due to a difhculty to
carry out low-level radioactivity measurements and/or
conventional mass spectrometry that has usually been

employed up to now to measure long-lived nuclides.
Thus, satisfactory theoretical treatments to help under-
stand the reaction mechanism, especially fragmentation,
do not exist.

Recently, for trace analyses of long-lived nuclides such
as ' Be, ' C, Al, Cl, 'Ca, and ' I accelerators have
been applied as high-energy and extremely sensitive mass
spectrometers [accelerator mass spectrometry (AMS)] in
addition to the primary use of the accelerators as energet-
ic particle sources. The usefulness of this method for
both dating and trace element analysis has been pointed
out by Muller [1], Nelson et al. [2], and Bennett et al.
[3], although the first application of an accelerator to this
mode had already been carried out more than 50 years
ago by Alvarez and Cornog [4] for ineasuring 3He and
H. We have applied this method to measurements of
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' Be and Al produced not only in natural samples by in-
teractions with cosmic radiation [5], but also in
artificially irradiated targets with protons, neutrons, and
bremsstrahlung from accelerators [6].

In this paper we report on the results for the produc-
tion cross sections of ' Be and Al from aluminum, iron,
cobalt, nickel, copper, zinc, silver, and gold with 12 GeV
protons measured by an AMS system with the aid of an
internal beam-monitor method [7]. The results were
compared with those from AMS by Dittrich et al. [8,9],
who have reported on the production of ' Be and Al
from cosmochemically relevant elements (Z ~ 28) at
E =0.1 —2.6 GeV, and with other earlier data.

On the basis of these data, we discuss the production
mechanisms of ' Be and Al by spallation and fragmen-
tation in high-energy nuclear reactions. Since a Monte
Carlo simulation based on an intranuclear-cascade and
evaporation model can reproduce the mass yield distribu-
tion from spallation, but not from fragmentation, we
have analyzed the results using the universal formula for
a fragment distribution produced by —5 GeV protons de-
rived by Campi et al. [10,11]. However, because of
insufficient experimental data, it is not clear whether the
formula is valid especially for small fragments produced
by the fragmentation process. Our results therefore seem
to be a good test concerning the use of the universal for-
rnula for predicting unknown cross sections for the pro-
duction of residual nuclides with suf5cient accuracy.

II. EXPERIMENTAL PROCEDURE

A. Irradiation

The irradiation was performed in the external primary
beam line of the 12 GeV proton synchrotron at the Na-
tional Laboratory for High Energy Physics (KEK),
Japan. The number of incident protons was measured by
the monitor reaction of Al(p, 3pn) Na, and was estimat-
ed to be 1.57X10' for 10 min of irradiation. In calibrat-
ing the beam intensity, a value of 8. 1+0.9 mb was used
as the cross section for the monitor reaction at E =12
GeV. Each target foil, ranging in thickness from 8 to 58
mg/cm, was guarded on both sides with identical foils in
order to compensate for recoil losses and to prevent
cross-contamination between the targets. Samples having
lighter mass nuclei were placed at the upstream side of
the stack. Details of the irradiation were described in
Ref. [12], in which the resultant cross sections for spalla-
tion products determined by nondestructive y-ray count-
ings were also reported.

B. Preparation of ' Be and Al samples

without any preseparations. From the silver sample,
AgC1 was precipitated and filtered off. The separated
beryllium and aluminum fractions were purified by pre-
cipitation of the hydroxides with aqueous ammonia. The
beryllium solution in dilute HC1 finally obtained was
dried and redissolved in several drops of water containing
4% ' O. The solution was then dried and ignited to BeO
in vacuum. The aluminum hydroxide was redissolved in
HC1 containing a few micrograms of enriched ' B; this
solution was then evaporated and ignited to A1203 in an
electric furnace. The blank samples were prepared from
unirradiated target foils by the same chemical procedures
as those for irradiated samples.

The BeO (or A1203) was mixed well with silver powder
and compressed into a 1.5-mm-diam hole in a copper tar-
get cone of a cesium sputter source.

C. Accelerator mass spectrometry

The isotopic ratios of &OBe/9Be and 6Al/27A1 were
determined for the samples prepared as mentioned above
by the AMS system using an internal beam-monitor
method at the 4MV tandem Van de Graaff accelerator of
the Research Center for Nuclear Science and Technolo-
gy, University of Tokyo [13]. In the ' Be/ Be measure-
ment, Be' 0 served as a monitor beam for ' Be' 0
The fraction of Be' 0 was increased by labeling the
Be0 samples with enriched ' 0. In the case of Al/ Al,

Al was monitored by measuring ' B' 0 from the
sputtering ion source.

The ratios of ' Be/ Be and Al/ Al were obtained by
the following equations:

[' Be]s/[ Be]s =(1/E, )([' Be +]~/[ Be +]~)
X ( [9Be17O—

] /[9Be16O —
] )

and

[ Al] /[ Al] =(E'/E )(1/s )([ 6A1 ]~/[ Q ]M)

X([ B Q ] /[ Al ]s), (2)

where c& and c3 are the transmission efFiciencies from the
high-energy analyzing magnet to the detector for ' Be +

and Al +, and c2 and c.z those through the accelerator
from AI + and ' 0 +, respectively; subscripts S, M, and
D indicate the ion source, monitor, and detector. The
transmission efficiencies (EI and E3) were determined using
standard samples of ' Be (' Be/ Be=4.98X10 '

) and
Al ( Al/ A1=9. 12X10 '

); values of 0.7 —0.8 were
obtained. The detector system comprised a silicon
surface-barrier detector and an absorber containing nitro-
gen gas. The details of the AMS system and the measure-
ment procedures were reported in Ref. [13].

The target samples were dissolved in acid after adding
200 pg of beryllium and 500 pg of alurninurn carriers.
The beryllium fraction was separated by a cation ex-
change with 1M HCl and the aluminum fraction with 3M
HCI. Before cation exchange separation, the target ele-
ments were removed by anion exchange, except for the
aluminum and silver targets. The dissolved aluminum
sample was charged on a cation exchange column

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the energy spectra of ' Be and
Al measured for the nickel target, standard samples of

' Be and Al and chemistry-blank samples. In the Al
spectra, two other peaks due to ' 0 + and ' 0 + were as-
signed. The background levels in the ' Be and Al mea-
surements were estimated to be about SX10 ' and
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1 X 10 ', respectively, from the chemistry-blank sample
spectra. The AMS measurements were repeated more
than five times for each sample, and the reproducibilities
for ' Be and Al measurements were found to be +2.3%
and +3.7%, respectively, using standard samples. A typ-
ical measurement time was 1000 s. The results of the
AMS measurements are summarized in Table I.

The errors quoted in the cross sections include uncer-
tainties in the amounts of beryllium and aluminum car-
riers added (1%), in the AMS measurements which main-
ly depend on counting statistics, and in the absolute iso-
topic ratios for ' Be (+1.5%) and Al (+2%) standard
samples. Finally, the errors were estimated from these
uncertainties and the ambiguity of reproducibility in the
standard sample measurement by adding quadratically.
Systematic uncertainties due to the beam-intensity cali-
bration, estimated to be approximately 10%, were not in-
cluded.

The cross sections obtained for 12 GeV protons in the
present work are compared with earlier results at other
proton energies from AMS and other methods in the fol-
lowing. The excitation functions for ' Be and Al pro-
duced from aluminum, iron, and nickel are shown in
Figs. 3—5. For the production of ' Be from aluminum
[Fig. 3(a)], our result of 2.47+0. 16 mb is seen to be equal
to those of 2.67+0. 17 mb at 1.2 GeV and 2.68+0. 17 mb

at 2.6 GeV [8,9] within the experimental error. The pro-
duction of Al from aluminum is shown in Fig. 3(b).
Earlier results by Furukawa et al. [14] using positron an-
nihilation radiation with a low-level y-y coincidence
spectrometer for E up to 52 MeV and AMS results by
Schneider et al. (40—160 MeV) [15] and Dittrich et al.
(0. 1 —2.6 GeV) [8,9] are also shown. Our result of
20. 1+1.6 mb at 12 GeV can be smoothly connected with
those cross sections at lower E 's, and agrees well with
20.0+1.4 mb at 2.6 GeV. The Al production from
aluminum decreases with an increase in the incident pro-
ton energy up to several hundred MeV after the max-
imum value at about 25 MeV, and becomes almost con-
stant in the G-eV region.

For the production of ' Be and Al from iron, the re-
sults are shown in Figs. 4(a) and 4(b), respectively, along
with the AMS results by Dittrich et al. [8,9]. In the case
of ' Be, the earlier measurements at 730 MeV (1.2 mb)
from P-ray counting [16] and at 21 GeV (4.6+0.8 mb)
with conventional mass spectrometry [17]are also includ-
ed; for the Al production, the earlier result at 730 MeV
(0.47 mb) [18] is shown. Both excitation functions for
' Be and Al increase up to a few GeV and subsequently
level o6' in the higher GeV region. In the case of ' Be
production from nickel [Fig. 5(a)], our 12 GeV result is
somewhat higher than the values at 2.6 GeV (2.58+0. 12
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FIG. 1. Energy spectra of ' Be for the samples of standard
(' Be/ Be=4.98 X 10 ' ), chemistry-blank, and nickel target.

FICx. 2. Energy spectra of Al for the samples of standard
( Al/ A1=9. 12 X 10 ' ), chemistry-blank, and nickel target.
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TABLE I. Results of accelerator mass spectrometry and estimated cross sections of ' Be and Al.

Thickness
(mg/cm )

5.20 7.52

Co

8.36 17.4 9.06

Zn

58.1

Ag

12.1 39.3

Be carrier
(pg)
"set'Se
(x 10-")
' Be (atom)
(x10')
o.(' Be) (mb)

212.0 211.4 214.6 221.1 212.0 232.4 227.9 218.7

2.47+0. 16 2.95+0.33 3.83+0.36 4.02+0.27 4. 14+0.42 4.57+0.23 13.0+0.9 41.3+2.0

3.171+0.182 2.653+0.283 3.581+0.317 7.605+0.455 3.934+0.380 24.68+1.03 9.035+0.574 53.18+2.04

4.496+0.258 3.752+0.401 5. 139+0.455 11.25+0.67 5.578+0.539 38.35+1.60 13.77+0.87 77.80+2.98

Al carrier
(pg)
"Al/"Al
(x10 ")

Al (atom)
(X10 )

(y(2 Al) (mb)

533.9 511.8 512.5

20. 1+1.6 2.02+0.22 1.80+0.25 2. 14+0.21

3.154+0.213 2. 157+0.215 2. 112+0.290 5.227+0.461

36.55+2.47 2.567+0.256 2.410+0.331 5.975+0.527

530.7

12.03+0.63 0.988+0.189 1.778+0.213

15.40+0.81 1.054+0.201 2. 104+0.252

1.84+0. 12 0.994+0.195 1.12+0.14

mb) [9] and at 3 GeV (2.2+0.5 mb) [19], while for Al
from nickel in Fig. 5(b) our value is slightly lower than
the 2.6 GeV result [9]. However, the production of ' Be
and Al from nickel seems to saturate at energies higher
than several GeV, as in the cases of Be and Al from
iron and ' Be from aluminum.

Although measurements of ' Be and Al produced in
high-energy reactions from cobalt, copper, zinc, silver,
and gold, that are not entirely cosmochemically relevant
target elements, have never been reported, the cross sec-
tions from these targets, especially medium to heavy ele-
ments such as silver and gold, are important for obtaining
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information concerning the reaction mechanism. The
productions from cobalt, copper, and zinc are expected to
show almost the same trend as for iron and nickel. The
excitation functions for ' Be and Al mentioned above,
except for that for Al from aluminum by the (p,pn) re-
action with a low threshold, rise from the threshold ener-
gy and then level off at energies of several GeV. For
silver and gold, the production cross sections of ' Be and

Al also seem to gradually increase up to 12 GeV, analo-
gous to the results for Be, Na, and Na [12,20—23).
Measurements of ' Be and Al from these targets at
lower proton energies should be carried out.

Figure 6 shows the cross sections (o. ) of ' Be and Al
produced by 12 GeV protons as a function of the target
mass number (2). The ' Be cross sections increase by
more than one order of magnitude with an increase in the
target mass from aluminum to gold, or the mass
difference between the target and the product. On the
other hand, those of Al decrease by a factor of 20 from
aluminum to silver, but increase somewhat from silver to
gold. From similar plots for Be and Na production by
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0.8 —2.6 GeV protons [8], it has been speculated that the
change in the slope of o. vs A rejects changing reaction
mechanism for the production of Be and Na. Dittrich
et al. [8] also noted that the change in the slope of the

Na cross sections at 2.6 GeV at A =55 indicates a pos-
sible fragmentation process for the production of Na
from heavier targets. According to them, the change in
the slope of the Al production at a mass number of
around 70 (Fig. 6) indicates the possible production of

Al by fragmentation in heavier targets, while being
dominated by spallation in lighter ones. A large mono-
tonic increase in ' Be production from medium to heavier
targets may also indicate that fragmentation is probably a
dominant process. Consequently, it is qualitatively de-
duced that the dominant process for the production of
' Be and Al by high-energy protons changes from spal-
lation to fragmentation with an increase in the slope from.
negative to positive in plots of the cross sections versus
the target mass number. It is interesting to note that at a
higher proton energy of 30 CxeV [20] the production cross
section of Be from heavy elements (tantalum, gold, lead,
and uranium) attains a constant value; that is, the posi-
tive slope changes to zero in the 0 vs A correlation, prob-
ably due to a saturation e6'ect for the production by frag-
mentation.

For a further discussion of the production mechanism,
we compared our results with the calculated values from
the following universal formula by Campi et al. [10]:

(3)cr(x) =0.09X +0.9 exp(3. 7X),
where X is the ratio of the fragment mass (K) to target
mass (A) and o (x) is in units of mb. This formula implies
that the mass yield for fragment K does not depend sepa-
rately on the target and fragment mass, but only on the
ratio X=K/A. They derived this formula by analyzing
the fragment distribution produced by —5 GeV protons
on targets with A )60 with two model-independent sum
rules,

cr(K) = ( N )o ~
%=1

(4)

and

g Ko(K)=do~,

where (N) is the total mean multiplicity of the frag-
rnents from a target of mass number A and o.~ is the to-
tal reaction cross section. For the total yield of frag-
ments K & 20, they obtained the second term in formula
(3) using an experimental mass-yield distribution, while
the first term was introduced to estimate the remaining
X 20 contribution by assuming a power-law distribu-
tion (K ') for these light fragments [24]. Although it
has also been pointed out by the authors [10] that the
universal formula (3) is violated for a light target, such as
' C, and that it is not clear whether the formula is valid
for a very small fragment (K ( 10), this formula includes
contributions from both spallation and fragmentation for
the fragment yield.

From the results given in Figs. 3—5 and the discussion

above, the ' Be and Al production cross sections from
aluminum to zinc are predicted to be almost constant in
the energy region of 2—12 GeV. We therefore applied
the formula to fit the target mass dependence of the ' Be
and Al cross sections obtained at 12 GeV; the results
are shown in Figs. 7(a) and 7(b), respectively. A similar
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E = 12 GeV as a function of the degree of neutron excess
(N —Z)/A of the target elements iron, cobalt, nickel, copper,
zinc, silver, and gold. The cross sections for ' Be and Al were
obtained in this work. The Be, Na, and Na data from iron
to zinc targets are taken from Ref. [12] and those from silver
Ref. [22]. The Be from gold is an average value of the data
from tantalum, lead, and uranium targets in Ref. [20]. The Na
and Na from gold are taken from Ref. [23]. The solid lines are
guides to the eye for ' Be/ Be and Na/ Al, and the dashed
1jne for Na/ Na. The dotted 1jne js foi Na/ Na from
copper, silver, and gold targets at E~ =30 CxeV [20] and from
silver [25] and gold [23] at E~ =300 CyeV. The ratios from silver
and gold at 30 GeV agree well with those at 300 GeV, and the
ratios from gold at 30 and 300 GeV are also consistent with that
from gold at 12 GeV.

to 0.2; the solid lines, drawn as guides to the eye, are al-
most parallel. The results for the ratios of Na/ Na es-
timated by the values in Refs. [12,20,22,23] are also indi-
cated by the dashed line in Fig. 8. The ratios increase
with an increase in the degree of neutron excess of the
targets, as in the cases of ' Be/ Be and Na/ Al, al-
though the slope of the dashed line is smaller than those
of the solid lines. It is confirmed from the figure that
fragmentation yields of Be, Na, and Al with
(N —Z)/A ~0 from target elements with large neutron
excess are relatively lower compared with those of ' Be
and Na with (N —Z)/A )0. The cross section ratios
of Na/ Na from silver [25] and gold [23] at E~ =300
GeV agree well with those from the same targets at 30
CJeV [20], which is shown by the dotted line including the
ratio from copper at 30 GeV [20] in Fig. 8. The slope of
the dotted line is almost parallel to the solid ones. When
the production of these nuclides reaches saturation in
high-energy reactions, it is suggested that the production
ratios of these nuclides as a function of the degree of neu-
tron excess of target lie on lines with the same slope. It
should also be noted that the correlation lines between
the cross section ratios of ' Be/ Be and (N —Z)/A of

result for Na in the same targets of aluminum to zinc
[12] is shown in Fig. 7(c), including data from silver [22]
and gold [23] targets at 11.5 GeV. Na is one of the
most accurately measured nuclides in the study of high-
energy reactions. The measured cross sections of ' Be,

Al, and Na indicate the cumulative yields, while the
calculated values from the formula are the total isobaric
yields. We have assumed from the fitting of the calculat-
ed curve to the experimental data of iron to zinc that ' Be
collects 40% of the total mass yield for K = 10, Al
34% for K = 26 and Na 66% for IC = 24; the solid
curves shown in Figs. 7(a) —7(c) were obtained based on
these assumptions. In the cases of ' Be and Na from
iron to gold, excellent agreement with the results calcu-
lated by the formula was obtained, except for those from
the aluminum target. The Na yield from titanium [12]
was also consistent with the calculated curve, as shown in
Fig. 7(c). It is indicated that the lower limit of the target
mass for applying the formula can possibly be extended
to A =50, lighter than the -60 originally recommended
in Ref. [10] and that the formula is valid for a fragment
as small as K = 10. From the agreement for ' Be and

Na, we can quantitatively estimate the ratio of the frag-
mentation yield to the total. In ' Be, the ratios vary from
80 to 85%%uo in iron to zinc, 96%%uo in silver, to 99%%uo in gold.
Similarly, in Na ratios from 15 to 25% in iron to zinc,
65% in silver to 93% in gold. This is evidence that frag-
mentation is a dominant process for ' Be production
from iron to gold and for Na from silver to gold. How-
ever, in the case of Al, the calculated curve overesti-
mates by factors of 2—5 the experimental data from silver
to gold, as shown in Fig. 7(b). Similar results to that of

Al were also obtained jn the cases of Be and Na when
comparing the calculated values obtained by the formula
with the experimental data reported in Refs.
[12,20,22,23]. Since the formula cannot reproduce the
experimental results for Be, Na, and Al, it is con-
sidered that the contribution of the fragmentation pro-
cess is suppressed for the production of these three nu-
clides from silver to gold in this energy region.

Why are the yields of these nuclides by fragmentation
lowered relative to those of ' Be and Na in medium to
heavy elements? The overestimate by the formula is of
interest in the correlation with the neutron to proton ra-
tios (N/Z) of the product nuclides. The ratios of Be
(N/Z =0.75), Na (1.0), and Al (1.0) are smaller than
those of ' Be (1.5) and Na (1.18). Here, we introduce
the degree of neutron excess defined by (N Z)/A, where—
3 =N+Z, in order to classify these five nuclides more
clearly than the neutron to proton ratio, since the expres-
sion of a neutron-rich or proton-rich nuclide is sometimes
ambiguous, especially for light nuclides. The universal
formula is valid for ' Be [(%—Z)/A =0.2] and Na
(0.08) with positive values, but not for Be (—0. 14), Na
(0) and Al (0) with negative or zero values. Further-
more, the degree of neutron excess of the products is
shown to correlate with those of the target elements. The
cross section ratios for ' Be/ Be and Na/ Al as a func-
tion of (N —Z)/A of the target elements are given in Fig.
8. Both ratios increase by a factor of about 10 with an in-
crease in the degree of neutron excess of targets from 0.05
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manganese, iron, and nickel targets at 0.8, 1.2, and 2.6
CieV [8] are almost parallel to the solid line at 12 GeV in
Fig. 8; in the case of 2.6 GeV, the line is almost identical
to the one obtained at 12 GeV in Q. 046
& (N —Z)/A &0.091 of the targets. For a further eluci-
dation of the implications of the correlations exemplifie
in Fig. 8, more experimental investigations, especially ac-
curate measurements of these light fragments produced
from medium to heavy elements, are required.

IV. CONCLUSION

We measured the production cross sections of the
long-lived nuclides ' Be and Al by AMS using targets
irradiated at E&=12 GeV. The obtained results were
compared wjth data for Be, Na, and Na appearjng jn
the literature, and analyzed by the universal formula of
Campi et al. [10]. The experimental results for ' Be and

Na with positive values for the degree of neutron excess
[(X—Z)/A] could be well reproduced by the formula,
but not Be, Na, and Al with negative or zero for the
degree of neutron excess. From the analysis, it is indicat-
ed that fragmentation is a dominant process for ' Be pro-
duction from iron to gold targets and for Na from silver
to gold. On the other hand, the yields of Be, Na, and

Al from silver to gold are lower than the calculated
values by the formula, suggesting that the contribution of
the fragmentation process is suppressed for the produc-

tion of Be, Na, and Al from medium to heavy ele-
ments. It is also found that the cross section ratios of
' Be/ Be, Na/ Al, and Na/ Na increase with an in-
crease in the (N —Z)/A of the targets. It may therefore
be concluded that yields of light fragments with negative
or zero for the degree of neutron excess by fragmentation
of medium to heavy elements with large neutron excess
are suppressed relative to those of light products with
positive values of the degree of neutron excess. Also,
based on the correlation shown in Fig. 8, one can roughly
estimate the cross section of either one of the ratios from
others measured in the GeV region, especially ' Be cross
sectjon from Be and those of Al and Na from Na.
Although more experimental investigations for light frag-
ments produced by high-energy reactions are needed, the
information obtained in this study can undoubtedly pro-
vide important clues for elucidating the reaction mecha-
nism as well as constructing theoretical models for high-
energy reactions.
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