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Deep spallation of medium mass isotopes by protons
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Spallation systematics have been extended into the deep spallation mass region. Production cross sec-
tions of scandium radioisotopes from 0.8 GeV protons on Y, ' ' Mo, and ' Te targets were mea-
sured and the cross sections were used to generate isobaric yield curves at A~ =47. In the latter target,
this corresponds to a mass loss of ) 80 nucleons. At —10 MeV/nucleon and for products outside the
multifragmentation region, this is an extreme manifestation of the spallation process. The results prove
to fit smooth extrapolations from trends developed in earlier work on less deep spallation. The inhuence
of target composition is still evident even from "Te, in contrast to expectations, based on evaporation
considerations, that this so-called memory effect would wash out.

PACS number(s): 24.90.+d, 25.40.—h, 25.40.Sc

I. INTRODUCTION

Spallation is a high-energy nuclear reaction process de-
scribed by the widely used Serber two-step model [1,2].
A fast projectile interacts with a target nucleus through
nucleon-nucleon collisions, causing the ejection of a num-
ber of nucleons or nucleon clusters leaving a residue fre-
quently at high temperature. Even in heavy-ion col-
lisions, the two-body dynamics are evident at energies as
low as 30 MeV/nucleon as evidenced, for example, by
high-energy gamma measurements explained in terms of
proton-neutron brehmsstrahlung [3] and also by interpre-
tation of total reaction cross sections [4]. The fast step's
residue is left with excess internal energy associated with
particles and holes and deexcites, via evaporation of nu-
cleons, light clusters such as alpha particles and, less fre-
quently, heavier fragments [2,5]. An elegant prescription
for the two-step spallation model reproduces general
features observed in experiments [6]. Statistical models
of evaporation depend on the nuclear equation of state,
which is of considerable fundamental interest, especially
at high temperatures. The crossover between the two re-
action steps in spallation depends on the time scales in-
volved, which are also the subject of much attention and
debate. The cross section values themselves are of in-
terest because of applications to the production of exotic
secondary beams far from stability, to the understanding
of the propagation of cosmic rays through interstellar
media, and to determinations of cosmic-ray source ele-
mental and isotopic composition.

Hiifner [7] characterized spallation as high-energy re-
actions leading to products with masses down to half of
the target mass. Residual product mass distributions
from high-energy reactions show product yields decreas-
ing rapidly and basically exponentially with increasing
mass loss until the product mass number reaches approxi-
mately 40. Observed production of still lighter products
have their formation attributed to a fragmentation or

multifragmentation mechanism. Fragmentation yields
for mass numbers (40 increase with AA and have con-
tributions from both fast and slow time domains during
the spallation process.

The spallation process has frequently been character-
ized by activation studies which provide an isobar cross
section's dependence on its charge Z, i.e., the isobaric
charge distribution. Alternatively, the distribution vari-
able can be (N/Z) or (Z„Z). In m—ore recent years,
isotopic distributions have been measured by nonactiva-
tion methods. Peak maxima for all but the lightest of
products lie on the neutron-deficient side of stability and
fall off sharply on both sides, reAecting the dominant role
of the nuclear mass-energy surface in favoring evapora-
tions that drive residual nuclei toward stability [8].

Interpretation of activation measurements was carried
a step further by Ku and Karol [9]. They analyzed

=72 isobaric distributions from the interactions of
0.72 GeV alpha particles with ' ' Mo targets and
found that not only the most probable product composi-
tion, but also the distribution width itself varied in a
smooth fashion with target composition. Tobin and
Karol [10] extended the studies of A~ =72 isobaric
charge distributions, measuring product yields from the
interactions of 0.8 GeV protons with Y, ' '~Mo, and
the very neutron-rich ' Te. These nuclides provide a
large variation in target neutron-to-proton ratios. The
study enabled comparison of proton-induced spallation at
0.5, 0.8, and 2.9 GeV and of protons with alphas as in-
cident projectiles. Very recent studies with relativistic
heavy ions enable such comparisons to be expanded still
further [11].

The principal motivation of the current work was to
expand the spallation systematics our group has
developed into the very deep spallation region where al-
most no measurements have been made other than from
heavy targets in which the contribution from high-energy
fission can significantly confound interpretation. In order
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to facilitate comparisons with the shallower results refer-
enced above, the target nuclides employed in this study
were identical to those chosen by Tobin and Karol [10],

Y, ' ' Mo, and ' Te. Yields of Sc products in the
mass region 43 & A &48 were measured. The products
are arguably beyond the fragmentation region ( A ~40).
Furthermore, the associated mass loss from the various
targets places them in the deep spallation region,
41&63 &87. Based on high-energy fission systematics
[12], discussion of their production at 0.8 GeV is not ex-
pected to be complicated by contributions from fission.

II. EXPERIMENTAL DETAILS

Irradiations were performed at the Los Alamos Meson
Physics Facility (LAMPF) at Los Alamos National Labo-
ratory, using the 0.8 GeV external H beam. Irradiation
times were 8—15 min for absolute cross section measure-
ments and 30 min for relative yield determinations. The
beam intensity ranged between 1 and 6 pA.

The ' ' Mo and ' Te targets employed in this
study were made from enriched powdered metal isotopes,
~ 96%%uo pure, obtained from Oak Ridge National Labora-
tory. Natural Y targets were 25 pm metal foil,
99.999% pure. For the Mo and Te targets, self-
supporting 1.50 X 2.00 cm target pellets containing
30—50 g/cm of enriched target isotope and boric acid
serving as a binder were prepared using a 20-ton hydraul-
ic press [13]. The absolute yield targets consisted of a
stack of two 25 pm Al foils serving as the monitor and
catcher, the target pellet or foil, and a final 25 pm Al
catcher foil. The target stacks were carefully aligned and
sealed in a 100 pm Al guarding envelope. Several blank
targets containing only binder were also irradiated to
confirm the absence of contribution from the boric
acid itself. In some cases, the enriched metals were
converted to water-soluble solids [14]—(NH4)2MoO~,
Te03(OH)NO3, Y(NO3) —prior to irradiation to facili-
tate rapid radiochemical separations after bombardment.

After irradiations, radiochemical separations,
developed from standard precipitation, solvent extrac-
tion, and ion-exchange techniques, were performed. The
relevant decay properties of the Sc nuclides were taken
from Lederer and Shirley [15]. All targets and monitors
were counted with calibrated Ge(Li) and high-purity Ge
detectors. The monitor and all of the Sc isotropic decay
curves, except Sc ', were analyzed by a weighted linear
least-squares program cLsg [16] to determine end-of-

bombardment activities and their uncertainties. Sc '~

growth and decay curves were analyzed with a nonlinear
least-squares program NLREG [17]. Chemical yields were
determined spectrophotometrically [18]. Further details
are available in Ref. [19].

III. RESULTS

All experimental cross sections were measured relative
to the Al(p, x) Na monitor reaction (10.5+0.5 mb)
[20] at 0.8 GeV. The experimentally determined spalla-
tion cross sections are presented in Table I. Each cross
section is identified as either independent (I) or virtually
independent (I) if the estimated contribution from the
precursor is minor. The reported values are the average
of two or three independent determinations. The cross
sections were corrected for coincidence summing losses
and for contributions from the minor target isotopic im-
purities. No correction was attempted for scattering
eFects since previous studies employing identical targets
showed these corrections to be negligible [10].

The uncertainty associated with each cross section
value represents the total experimental uncertainty calcu-
lated from the associated systematic and random uncer-
tainties. The systematic uncertainties considered were
the counter efficiencies, decay schemes, monitor cross
section value, minor target isotopic impurity corrections,
and summing corrections. The sources of random uncer-
tainty were counting statistics, decay curve analyses,
chemical yield determinations, timing, and target
misalignment. Any contributions to the Na monitor
cross section from secondary particles produced within
the target were assumed to be insignificant based on pre-
vious work [14,21,22].

Isobaric yield curves. A major objective of this study at
=47 was to explore deep spallation particularly in

comparison to the detailed spallation systematics
developed from less deep spallation products at 2 =72.
As discussed below, mass loss from the target is a natura1
way of binning the results. Therefore, as a first step in
the analysis, Z dispersions at fixed mass loss, familiarly
called "charge distribution curves, " were determined
from the experimental data. Subsequently, the appropri-
ate mass-loss distributions or mass-yield curves were de-
rived.

The isotopic cross section measurements reported in
Table I are by themselves not sufhcient to permit a de-
tailed determination of the charge distribution curves.

TABLE I. 0.8 GeV proton-induced spallation cross sections (pb).

Nuclide

4'Sc I'
Sc I

~Sc&I
4'Sc I

Sc I
4'Sc I

N/Z

1.0476
1.0952
1.0952
1.1905
1.2381
1.2857

89Y

99.0+11.9
374+39
238+29
733+110
338+37
114+15

Mo

116+14
356+39
200+26
428+73
180+24

46.0+5 ~ 1

MQ

48.8+6.6
195+23
107+15
328+54
167+21

56.1+7.8

17.2+3.5
99.6+12.9
52.5+7.8
251+31
140+18

63.2+8.0

5.6+1.5
21.9+2.6
10.0+1.5
51.2+ 16.6
31.9+4.6
16.5+2.9

'I virtually independent.
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However, isobaric yield curves may be constructed from
cross sections spanning a range of mass numbers close to
the chosen isobar from iterative fits of mass-yield correct-
ed data to a continuous model distribution. The detailed
data generated by previous studies [9,10] showed that iso-
baric distribution shapes can be described by a skewed
Gaussian function. The four-parameter skewed Gaussian
distribution shape chosen to fit the present experimental
data was developed from a normal cumulative distribu-
tion [23] written here in terms of the standardized vari-
able t = (x —p, ) /o. .

P(t)=P, e ' i' 1+ (t' —3t)
P3
6o.

This distribution is totally characterized by I'0, p„o., and

p3, respectively, the curve maximum, the mean, the stan-
dard deviation [(pz)' ], and the third central moment.
The latter is related to the skewness of the distribution,
yt, by y, =p3/o . For the variable in the charge distri-
bution curves, we prefer to use N/Z rather than Z~ —Z
because the latter is much more subject to arbitrariness
over how to incorporate shell effects.

Experimental data from Table I were adjusted to iso-
baric results at A =47 with the following assumptions
based on our previous spallation studies [9,10,22].

(1) The shapes, but not the absolute magnitudes, of iso-
baric curves over narrow mass ranges may be represented
by one set of parameters. It is then possible to adjust the
cross sections of nuclei in the surrounding mass region to
a given isobaric distribution if information is available
concerning the AA or A dependence of the total isobar-
ic yield (mass yield) over the mass region of interest.

(2) Beyond the mass region a few nucleons removed
from the target, mass yields of spallation products,
Y( A„) decrease exponentially with increasing mass
loss from the target, Y(A) ~exp( —pTb, A) [5,24]. pT
is the mass-yield coefFicient for the particular
target/projectile/energy combination, i.e., the logarith-
mic slope of the appropriate mass-yield curve.

For each target, the appropriate mass-yield coefficient

pT was determined by successive approximation. The ex-
perimental data reported by Ku and Karol [9] and Tobin
and Karol [10] indicate an average mass-yield slope of ap-
proximately 10%/nucleon for 0.8 GeV protons and medi-
um mass targets. As an initial guess, the isotopic cross
sections were corrected to the 3 =47 isobaric curve us-

ing pT=0. 1. Statistical moment calculations were per-
formed on these corrected yields to provide initial shape
parameter estimates with which to fit Eq. (1) using the
nonlinear least-squares program NLREcx [17]. The refined
shape parameters were used to generate a "universal" iso-
baric curve shape. Using the latter, isobaric distributions
for masses 43~ A ~48 were generated at each mass
number and the curves were normalized to the experi-
mentally measured isotopic cross section at the given
mass number. Next, mass yields Y( Az ) for each such A~
curve were determined by summing the measured and ex-
trapolated isobaric cross sections. An error of 20% of
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FIG. 1. Mass-yield distributions for the interaction of 0.8
GeV protons with Y, ' Mo, and ' Te targets. Solid circles,
yields determined from this work; open circles, determined from
Tobin and Karol [10]; solid lines are linear regressions of the
data.

the extrapolated yield was included with the error of the
measured yield to give the uncertainty of the total isobar-
ic yield. In previous work [10] first-pass mass yields were
used to optimize the mass-yield coefBcient by fitting to
the equation ln Y(AT)=b+pT(A —A~). However, for
these scandium results this alone will not work because
the mass yields here span a much narrower mass region,
five isobars, than that spanned by the data of Tobin
and Karol, 20 isobars, for example. Since the
target/projectile combinations Tobin and Karol used
were identical to those in the present study, the spallation
data at 65 ~ 3 ~ 83 were included in the interactive re-
gression procedure for pT down to A =47.

The optimal mass-yield coeScients and the associated
uncertainties for all of the targets studied are listed in
Table II. Figure 1 shows mass yields from the present
study (solid circles) and from Tobin and Karol [10] (open
circles). The solid line is from a linear regression of the
logarithmic data. The magnitudes of the mass-yield
coeScients are very comparable to results previously
published at projectile energies near 0.8 GeV [9,10], but
for the first time, they are shown to extend to much
greater mass losses in spallation. The lingering question
of whether the mass-yield slope coefticients at A =47
have been obtained through circular arguments will be
addressed in subsequent discussion.

The mass-yield-adjusted A =47 isobaric curves for the
five isotopic targets are plotted as a function of product
composition in Fig. 2. The error bars reAect the uncer-
tainties listed in Table I as well as the estimated uncer-
tainties associated with the iterative mass-yield correc-
tions themselves. The solid curves represent the optimal
skewed Gaussian fits to the experimental data.

Figures 2(a) —2(e) show that the yields decrease with in-
creasing mass loss from the target, in a manner complete-
ly consistent with spallation systematics at smaller AA
[9,10,22,25,26]. The distributions peak at X/Z —1. 17,
slightly, but significantly, to the neutron-deficient side of
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TABLE II. Logarithmic mass-yield slopes at 0.8 GeV for
40~ Ap +80.

Target

89Y

Mo
96Mo

Mo
130T

Mass-yield slope, PT

0.099+ 0.020
0.108+ 0.016
0.100+ 0.034
0.113+ 0.021
0.108+ 0.008

stability at (N/Z) „=l. 193 [27], corresponding to a few
tenths of a charge unit shift. The curves are asymmetric
and skew out to the neutron excessive sides. Figure 2(fl
shows the superimposed isobaric distributions rescaled to
the Y maximum yield for visual comparison. Displayed
in this manner, the figure clarifies two trends tracking in-

creasing target N/Z: a shift in the position of the peak
maximum toward higher product N/Z and an increase in
the widths of the distributions.

IV. DISCUSSION

A. Semi-empirical parametrizations

o(Z, A)=f (ATE)exp[PA —R ~Z —SA+TA
~ ], (2)

where o (Z, A ) is the predicted isobaric cross section, AT
is the target mass number, E is the projectile energy, and

Over the years, smooth empirical functions have been
fit to experimental mass and charge yields as a means to
summarize a wide variety of spallation data and also to
interpolate unknown cross sections. Proton-induced
spallation cross sections are generally estimated using an
empirical relationship based on variations of Rudstam's
original expression [24].
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FIG. 2. 2 =47 absolute isobaric curves from the interaction
of 0.8 GeV protons with Y, ' ' Mo, and ' Te targets.
Solid curves through data are fits to Eq. (1).

FIG. 3. Comparisons of fitted skewed Gaussian distribution
curves (solid curves) from Eq. (1) with semiempirical estimates
for ' Y, ' ' Mo, and ' Te targets. Dashed curves, Silberberg
et al. [31,32]; dotted curves, Rudstam [29]; dot-dot-dashed
curves, Chackett and Chackett [30].
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Y(X/Z = 1.282)
Mo(X/Z = 1.190)
Mo(X/Z = 1.286)
Mo(IV /Z = 1.381)

'"Te(X/Z =1.500)

1243+ 16
951+ 11
588+ 28
372+ 20

71.1+ 4.5

1.154+ 0.001
1.141+ 0.002
1.154+ 0.001
1.167+ 0.003
1.171+ 0.004

5.377+0.004
5.157+ 0.003
5.420+ 0.014
5.727+ 0.021
6.395+ 0.034

0.920+ 0.059
0.804+ 0.044
1.080+ 0.220
1.440+ 0.361
2.011+ 0.815
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the range 17—42. But complementary measured yields of
A -72 products from targets covering this AA region
give no evidence of any such variation in slope. A mech-
anism that retains a long-chain memory effect is con-
sistent with the importance of emission of large frag-
ments in the cascade and evaporation steps [10].

Since our shape parameters are derived from deep spal-
lation data, it is legitimate to question how similar our re-
sults are to those for A =47 produced from less deep
spallation (b. A ~ 40). We investigated this point by com-
paring the shape parameters from Table III with shape
parameters derived from other published cross section
data, the references for which are listed in Table IV, also
fit to Eq. (1). Cross sections were corrected to the

=47 isobaric curve using mass-yield corrections simi-
lar to those used in the present study. Mass-yield
coefficients were obtained (a) directly from the original
publications, (b) by estimates from a linear regression of
the experimental data, or (c) using interpolations from a
mass-yield curve provided by Cumming et al. [38].

The most probable A =47 product compositions, as a
function of target composition, (N /Z) T, are represented
in Fig. 4(a) as open circles. Similar to our very deep spal-
lation results (solid circles), a product composition depen-
dence on the target composition is evident. For example,
the most neutron-deficient target, Ni, has the most
neutron-deficient product composition. Likewise, the
more neutron-excessive targets La, Ta, and Au corre-
spond to the more neutron-excessive product distribu-
tions. It is understood that the latter heavy targets might
have appreciable contributions of neutron-excess prod-
ucts from high-energy fission. This was the rationale for
choosing ' Te to be the representative of neutron rich-
ness in a target in the current work.

The trends of the present study's data may be seen
more clearly with the inclusion of the best linear fit of the
current data (solid circles) represented by the solid lines.
The slope of the line in Fig. 4(a) is 0.0997, which indi-
cates that the spallation mechanism retains information
on target composition over a range of mass loss including
very deep spallation. Indeed, even stronger dependence

of charge distribution on target composition is observed
in production of heavier products for which the
mass-energy surface is relatively steeply inclined
[9,10,34,35,44,45]. For instance, Tobin and Karol [10]
reported a slope of 0.279 for the dependence of (N/Z)~
on (N/Z) T for A =72 isobaric distributions produced
by 0.8 GeV protons on Y, Mo, and Te targets. Ku and
Karol [9] reported the equivalent slope of 0.29 for the re-
actions of 0.72 GeV alphas with ' ' Mo targets.
Asano et al. [34] reported 0.304 from the reactions of 12
GeV protons with Zn, Cu, Ni, Co, and Fe targets to pro-
duce A =50 isobaric distributions.

We reanalyzed Sc spallation data published by Hagebe(
and Ravn [42], from the interactions of 18.2 GeV protons
with Y, La, Ta, and Au targets, in which 6 A is approxi-
mately 42, 92, 134, and 150, respectively. A slope of
0.097 resulted from a linear regression of just this data
alone. This value compares very favorably with 0.0997,
the slope derived from our data, despite the increasing
probability of a fission contribution in the heavier targets,
especially at the higher bombarding energy.

In regard to the various semiempirical formulations,
Rudstam's original expression would yield a horizontal
straight line at (N/Z)~ —1.154. The semiempirically de-
rived slopes of 0.259 from the Chackett-Chackett expres-
sion (dot-dot-dashed line) and 0.213 derived from the ex-
pression of Silberberg et al. (dashed line) compare more
favorably to the slopes derived from the less-deep spalla-
tion data leading to heavier products as reported by oth-
ers [10,34,35]. These observations are not surprising
since these formulas are based on abundant spallation
systematics with cascade/evaporation chain lengths
much shorter than 6A =40.

Similar trends can be observed in Figs. 4(b) and 4(c),
which show target composition effects on the width and
skewness of A =47 isobaric distributions. Overall, a
shift to wider and more neutron-excess skewed distribu-
tions is observed as the target composition becomes more
neutron excessive. As shown in Fig. 4, the semiempiri-
cally [24,30—32] derived isobaric distributions are mostly

TABLE IV. References for data in Figs. 4(a) —4(c).

12 GeV 'H+""Ni, ' Co ""Zn, ""Fe, ""Cu
12 GeV 'H+' ' Fe, " Ni ' 'Cu
3.65 GeV 'H+' Ni, ' 'Cu

3.65 GeV 'H+ ' Mn, ' Co ""Ni ""Cu

3.9 GeV 'H+""Cu
24 GeV 'H+""Cu

28 GeV 'H+""Cu
3, 29 GeV 'H+""Ag

300 GeV 'H+""Ag

18 2 GeV 'H+ Y, l40La, ' 'Ta, ' Au
0.59 GeV 'H+""As

Asano et al. [34]
Noguchi et al. [35]
Kozma, Tumendemberel,

and Chultem [36]
Kozma, Ilyushchenko,

and Hnatovicz [37]
Cumming et al. [38]
Rudstam, Brunnix,

and Pappas [39]
Cumming [20]
Katcoff, Fickel,

and Wyttenbach [40]
Porile, Cole,

and Rudy [41]
Hagebtt and Ravn [42]
Rudstam aud Brunnix [43]
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shape invariant with respect to target composition. The
Rudstam [24] expression yields an invariant curve width
cr -0.045, appearing as a dotted line in Fig. 4(b). The ex-
pressions of Chackett and Chackett [30] and Silberberg
et al. [31,32] show curve widths increasing somewhat
with greater neutron excess in the target, although both
underestimate the magnitude of this effect, especially in
the more neutron-excess targets. It should be noted,
though, that Siimmerer et al. [29], in their heavy-ion
study, claim to see no evidence for a dependence of the
product distribution width on target composition.

Some discussion of expected behavior of the dispersion
of the isobaric distribution is worthwhile. The observed
lack of symmetry in individual charge distribution curves
is a signature of opposing trends in neutron and proton
separation energies away from stability on the mass-
energy surface. At late evaporation stages, under the
influence of the Coulomb barriers to charged-particle
emission, the spallation product distributions become
neutron deficient. This behavior is constrained, however,
as the proton dripline is approached. High neutron sepa-
ration energies and low proton separation energies here
severely reduce the competitiveness of neutron evapora-
tion. Thus the steep, almost invariant slope of the
neutron-deficient wings of the isobaric charge distribu-
tions mirror the effect of the mass-energy surface on eva-
poration. In contrast, spallation product distributions do
not extend very far into the neutron-excessive domain on
the other side of stability. Therefore spallation products
on the neutron-rich side of the distribution are still quite
remote from the infiuence of the proton/neutron separa-
tion energy imbalance implicit in the neutron-dripline ex-
treme. As a result, the observed neutron-rich spallation
products are less influenced by the mass-energy surface
than their proton-rich counterparts and retain their sensi-
tivities to target composition. This is witnessed experi-
mentally in (i) the shifts, at constant A, of the peak
widths and their increasing asymmetries in neutron-rich
targets that lead to neutron-rich cascade residuals and
also by (ii) the general increase in the curve widths as the
product mass gets larger, reflecting the broadening of the
nuclear mass-energy stability valley with A.

C. Very deep spallation

The conventional spallation model divides the reaction
mechanism into two phases. First, the projectile strikes
the target nucleus and ca.uses the ejection of a number of
particles by direct, fast cascading interactions. Then the
struck, excited target residue relaxes by particle evapora-
tion. Most recently, the model of Abul-Magd, Friedman
and Hiifner [6] has reproduced the general features of
spallation with this picture. Details of nuclear structure
were intentionally omitted since those authors' objective
was to understand the gross behavior of high-energy re-
actions. Because those gross features are entirely con-
sistent with the two-step mechanism, one is encouraged
to expect that more detailed consideration would provide
further insight into the physics of the spallation process.
We have been exploring features whose results appear to

be qualitatively at odds with the mechanism as currently
envisioned. Among the inconsistencies are the observa-
tions by Kaufman [46] and Tobin and Karol [10]. In the
former, modest yields of high-energy very deep spallation
products from ' Au were difficult to reconcile with recoil
momenta that implied low excitation energies of inter-
mediate cascade residues. In the latter reference, anoma-
lously and consistently high forward-to-backward recoil
ratios for neutron-deficient spallation products compared
to near-stable products from a medium mass target could
not be accounted for within the standard mechanism.

The targets studied in this work ranged in composition
from the neutron-deficient Mo (N/Z = l. 190) to the
neutron-excessive ' Te (N/Z = 1.500). In the dynamic
excitation phase leading to residues at least several mass
numbers removed from the target, the relative ejection
probabilities of neutrons and protons vary quite regularly
with target composition [9,10,22,28]; that is, initial N/Z
differences between the target nuclei are retained by the
cascade step [25,28]. This is the foundation of the spalla-
tion yield "memory effect. "

Subsequent particle emission probabilities are governed
by the location of the cooling nucleus with respect to nu-
clear stability on the mass-energy surface [8], i.e., both
the location of the stability valley and relative separation
energies of evaporated particles. Separation energies
strongly influence the competitive emission rates of pro-
tons and neutrons, funneling the cooling nuclei toward
stability. The products studied in this effort had
41 ~ hA ~ 87. Even if we hypothetically viewed the en-
tire 0.8 GeV incident energy as available for evaporation
with —10 MeV energy loss per nucleon (a couple of MeV
above average separation energy), we are qualitatively at
the limit of evaporative emission. In fact, Abul-Magd,
Friedman, and Hiifner [6] showed that the average ener-

gy carried away per unit evaporative mass loss was —13
MeV. Long evaporation chains such as those leading to
our observed very deep spallation products should, ac-
cording to the model, converge, decreasing for the most
part any differences that arose from initial cascade com-
position [29]. Neutron-rich cascade residuals from ' Te,
for example, would preferentially evaporate neutrons
since separation energies for neutrons would be much
lower than for protons in such residuals. Near the very
end of the cooling process, the Coulomb barrier increas-
ingly inhibits charged-particle emission rates, eventually
shifting product distributions toward the neutron-
deficient side of stability.

However, despite expectations that a large number of
evaporation steps should wash out memory of initial tar-
get composition, the product distributions in our very
deep spallation results nevertheless continue to reflect a
significant eff'ect of target N/Z. Figures 2(a) —2(f) show a
clear drift in the distribution peak positions toward in-
creasing N/Z with the more neutron-rich targets. One
simple explanation lies in the substantial role assigned to
the ejection of large clusters during the cascade process.
This is a path usually neglected in spallation analysis.
Although its influence is still speculative, there is accu-
mulating circumstantial evidence [10,46—48] that such
cluster ejections are a reasonable and necessary facet in
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the formation of spallation products in intermediate and
high-energy reactions.

V. CONCLUSIONS

Yields of Sc radioisotopes from the interaction of 0.8
GeV protons with Y, ' ' Mo, and ' Te targets were
measured. Aided by established spallation systematics,
the yields from each target were used to generate "A =47
isobaric distribution curves. " Mass yields constructed
from the isobaric distributions were compared to mass
yields determined previously [10] at A -72 from the
same targets. The exponential decrease in product mass
yields with increasing mass loss from all of the targets
was observed to be preserved into the very deep spalla-
tion region. A precise parametrization of the curves
clearly showed a regular dependence of the shape param-
eters (mean, width, and skewness) with target composi-
tion indicating the "memory" effect persists at even very
large mass losses, hA -85. Persistence of the memory
effect argues for the importance of cluster ejection and
evaporation, something still downplayed in most calcula-
tions.

The isobaric curves and mass yields were compared to

several widely used semiempirical parametrizations. All
of those formulas seriously underestimate the widths of
the isobaric distributions, fail to account for the asym-
metric shapes of the isobaric curves, and cannot repro-
duce the experimentally observed shifts in widths with in-
creasing neutron excess in the target. While adequately
estimating the mass yields in the deep spallation mass re-
gion from the Y and ' ' Mo targets, 46&63 (57,
the semiempirical formulas do not reproduce, within an
order of magnitude, the very deep spallation mass yields
from ' Te, AA -85.
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