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Cross sections of radionuclides in the A4 =72 mass region produced by the interaction 800 MeV
protons with Y, 9291%Mo, and '*°Te were measured. Particular emphasis was paid to the mea-
surement of short-lived products far from 3 stability. The cross sections were used to generate iso-
baric yield curves at 4 =72. Precise characterization of these curves showed that the distribution
parameters (mean, standard deviation, skewness) vary in a regular fashion with target N/Z. For
89y, relative isobaric curves produced by 500 and 800 MeV protons were found to be identical
within experimental error. The yield distributions for the *>%¢1%Mo targets also scaled with those
from an earlier alpha-induced spallation study. These findings lend strong support to the argument
that the spallation mechanism is independent of projectile energy and target composition.

I. INTRODUCTION

Many studies of the interaction of intermediate and
high-energy hadrons with complex target nuclei have
been well described in terms of the two-step spallation
model proposed by Serber.! Indeed, they have been la-
beled an “undisputed tacit assumption” by Hiifner? in his
recent review.

In the first step of the reaction model, projectile-target
interactions occur via individual nucleon-nucleon col-
lision. These propagate an intranuclear cascade leading
to the prompt emission of nucleons and light fragments.
Excitation energy and forward momentum are imparted
to the residual nucleus. With relativistic heavy-ion pro-
jectiles, this process is referred to as abrasion. In the
slower, second step of the reaction, excitation energy is
dissipated via the evaporation of nucleons and light nu-
clei. Over the years, this sequence has been known as the
“cascade-evaporation” model. In more recent heavy-ion
studies, the analogous ‘‘abrasion-ablation” model is in-
voked.

The spallation process has been characterized by the
study of isobaric yield distributions from different target
and/or projectile systems.> The isobaric yield curve
shows the dependence of formation cross section upon
nuclear charge (hence stability) for a given mass number.
In addition to providing information on the reaction
mechanism, knowledge of yield systematics is pertinent
to isotope production fields* such as cosmochemistry, nu-
clear medicine, and structure studies of exotic neutron-
rich nuclei.

From medium-mass target nuclei, isobaric yield distri-
butions are roughly Gaussian in form, peaking somewhat
to the neutron deficient side of stability. Early spallation
studies measured the isobaric yields of long-lived, near-
stable products.>® From various medium-mass targets, a
given isobaric yield distribution from proton-induced re-
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actions seemed to be independent of target mass. Miller
and Hudis’ hypothesized that this apparent universality
was a result of the evaporation step washing out any
“memory” of the initial target composition. That is,
near-stable spallation products arise from a wide variety
of cascade-evaporation pathways converging on stability.
This insensitivity is still regarded as a characteristic
feature of spallation.’

However, Monte Carlo simulations predicted that iso-
baric yield distributions should reflect the composition
(N /Z) of the target nucleus: spallation of neutron excess
targets should give enhanced yields of neutron excess
products and vice versa.® Several studies subsequently
confirmed the dependence of spallation yield systematics
on the composition of the target. Porile and Church’
measured A =72 isobaric yield distribution from 1.8
GeV protons on *°Ru, Mo, and °°Zr and found that the
most probable product N/Z increased with increasing
target N/Z. Thibault-Phillipe'® reported similar behav-
ior for Na isotopic distributions from 24 GeV protons on
Mo and 'Mo. Ku and Karol!! measured 4 =72 yield
distributions from the interaction of 720 MeV alpha par-
ticles with °>%61%Mo targets. In the latter study, an ex-
tensive analysis showed that not only the most probable
product N /Z, but also the distribution variance varied
regularly with target N /Z. In spite of the dominant role
of the nuclear mass-energy surface forcing evaporative
deexcitation towards stability, these studies showed the
distributions in fact retain considerable “memory” of the
initial target composition.

Most experts seem to agree that the mechanism of in-
termediate energy spallation (but not fragmentation) has
been by and large determined.? However, the majority of
studies supporting the Serber model have surveyed the
high-yield, longer-lived products close to B stability,
whose many possible formation pathways provide only
averaged information. In contrast, products far from S
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stability arise from a restricted pool of cascade-
evaporation pathways. This realization was the motiva-
tion behind the present investigation: to try to resolve
the two reaction steps by more meaningful focus on
shorter-lived species on the outlying wings of the charge
dispersion curve.

One of the principal objectives of this study was to
measure the shape of the yield distributions resulting
from proton-induced spallation for comparison with the
720-MeV alpha results of Ku and Karol. Fourteen Ge
and As yields from the interaction of 800-MeV protons
with Mo, **Mo, Mo, and %Y were obtained. Ger-
manium and arsenic were selected for study for several
reasons. First, the isotopic distributions span a wide
N /Z range (*°Ge N /Z ~1.06 to °’As N/Z ~1.4) about
mass 72. Second, their chemical properties lend them-
selves to rapid chemical separations with reasonably high
yields facilitating measurement of the low-cross-section,
short-lived activities. In addition, the cross sections of 16
gallium and bromine isotopes from the interaction of 800
MeV protons with ¥Y were determined as part of an an-
cillary integral recoil study.!? Yields were corrected ac-
cording to established mass-yield systematics to generate
an “A4 =72” isobaric distribution.

The relative yields of As and Ge products from the in-
teraction of 500 MeV protons with ¥Y were also mea-
sured. Comparison of the resultant isobaric yield distri-
bution shapes to those measured at 800 MeV tests Miller
and Hudis’ hypothesis of the projectile energy indepen-
dence of spallation yield systematics (aside from scaling).’

The nearly linear behavior of the most probable prod-
uct N/Z (at A =72) with target composition was found
by Ku and Karol to extend smoothly to the heavy target
197Au. To verify that this extrapolation is proper and not
due to a contribution from high-energy fission, the very
neutron-rich target *°Te was studied.

II. EXPERIMENTAL

To facilitate the rapid chemical separations, water
soluble salts of the enriched (=96%) “>Mo, **Mo, Mo,
130Te, and high purity (>99.9%) *°Y target metals were
synthesized or purchased. Self-supporting 1.50X2.00 cm
target pellets were prepared using a hydraulic press.
Effective target thickness was 10—50 mg/cm? enriched
metal. For absolute yield determinations, targets were
placed in individual stacks with 25 pm aluminum catcher
and monitor foils. The target stacks were carefully
aligned and sealed in 100 um aluminum envelopes.

All irradiations were performed at Los Alamos Nation-
al Laboratory using the LAMPF 800 MeV external pro-
ton beam. Irradiation times were 1-5 min with a beam
intensity of 1-5 uA. Targets were delivered to the nu-
clear chemistry lab via a pneumatic rabbit system.

Since the spallation products of interest have low for-
mation cross sections and short half-lives, rapid and
reasonably quantitative chemical separations were essen-
tial. Solvent extraction and ion exchange separations
were used involving trace (<500 ug) amounts of carrier,
reducing equilibration times and volumes without loss of
selectivity or efficiency. Separation times were 4—8 min.
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TABLE I. Decay properties of nuclides studied (Refs. 14 and 15).

Measured y
Nuclide Half-life (keV) Abundance
%Ga 15.2 min 115.1 0.58
%Ga 9.4 h 1039.4 0.38
Ga 78.3 h 93.3 0.48
%8Ga 68.1 min 1077.5 0.03
Ga 21.1 min 1039.6 0.067
2Ga 14.1 h 833.9 0.956
BGa 4.86 h 297.0 0.80
"“Ga 8.25 min 596.0 0.912
%Ge 227 h 381.8 0.28
Ge 19.0 min 167.0 0.774
“Ge 39.0 h 1106.4 0.257
Ge 82.8 min 264.8 0.111
Get 113 h 264.8 0.533
BGe 145 h 271.3 0.96
As 15.2 min 233.0 0.05
As 52.5 min 1039.6 0.817
As 64.8 h 174.9 0.836
2As 26.0 h 834.0 0.801
TAs 17.8 d 595.8 0.603
76As 263 h 559.1 0.45
BAs 90.6 min 614.0 0.54
PAs 9.01 min 95.5 0.165
Br 3.4 min 64.9 0.34
T4Br™ 41.5 min 635.0 0.98
"4Br# 25.3 min 635.0 0.98
Br 95.5 min 286.5 0916
"6Br 16.1 h 559.0 0.74
"B 4.28 min 106.0 0.137
"TBr¢ 57.04 h 239.0 0.228
8By 6.46 min 614.0 0.136
80g ™ 442 h 616.0 a
80Bre 17.68 min 616.0 0.067
82Bre 3534 h 776.0 0.83

*Determined through *Bré daughter.

Chlg:mical yields were determined spectrophotometrical-
ly.

Decay properties of the observed nuclides are listed
in Table I. Counting was performed at LAMPF using
calibrated Ge(Li) spectrometers. Product and monitor
decay curves were analyzed by a nonlinear least squares
program.'6

14,15

III. RESULTS

Absolute cross sections were obtained by normaliza-
tion to the ’Al(p,3pn)**Na monitor reaction taken to be
10.540.5 mb.!” Results from the interaction of 800 MeV
protons with %Y, 271%Mo, and ’°Te targets are
presented in Table II. I, ~1, and C refer, respectively, to
independent, effectively independent, or cumulative for-
mation. “Effectively” independent implies that the mea-
sured or estimated contribution from precursors is only a
small fraction of the observed yield. N/Z, the neutron-
to-proton ratio of each product, is given in column 2.
The tabulated yields are the arithmetic mean of three re-
plicate determinations. The reported uncertainties reflect
the total (random and systematic) experimental error.
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TABLE II. 800 MeV proton-induced spallation cross sections (mb).
Nuclide N/Z Y Mo %Mo 100Mo 130Te
%6Ge I 1.063 (9.6+0.9)X 1072 0.1740.015 (4.4 £0.5)X 1072 (2.3 +£0.4)Xx 1073 (2.2 £0.6)X107*
Ge ~1 1.094 1.9+0.1 1.724+0.12 0.5 +0.04 (9.8 £0.7)X 1072 (3.5 £0.6)X 1073
®Ge C 1.156 13.3+1.2 8.7 +1.0 3.8 +0.3 2.2 +0.2 0.1140.018
Ge C 1.344 (5.8+0.8)x 1072 (8.3 £1.8)X1073 (3.9 £1.0)X1072 (9.5 +2.2)X 1072 0.1540.03
1Ge® I 1.406 (5.3+1.5)x10™* (9.6 +4.6)X 1073 (5.6 £1.3)Xx 1073
BGe ~1 1.438 (1.1 £0.63)X10™* (5.9 X2.3)X107*
As I 1.091 0.740.05 0.87+0.09 0.1740.02 (4.0 £0.6)X 1072 (1.7 £0.4)X1073
0As C 1.121 1.940.1 2.3 0.2 0.3940.05 0.17+0.02 (3.9 £0.9)Xx 1072
As C 1.152 11.340.8 10.6 +1.0 5.1 +0.4 2.3 +0.2 0.10+0.03
2As ~1 1.182 10.4+0.9 9.5 +1.1 5.3 +0.4 42 +0.4 0.4340.08
TAs T 1.242 5.7+1.6 1.9 +0.4 1.9 +0.3 3.2 +0.8 1.3 +0.2
T5As T 1.303 0.5+0.07 0.1610.04 0.2840.02 0.8 +0.1 0.7440.12
BAs ~1 1.364 (1.5+0.3) X 1072 (1.5 £0.3)X1072 (4.6 +0.8)X 1072 (7.5 £1.3)X1072
PAs ~1 1.394 (1.8+0.4)x 1073 (2.9 +1.1)X107* (1.4 +£0.5)X 1072 (1.8 £0.6)X 1072
Nuclide N/Z 8y Nuclide N/Z 8y Meta/ground ratio
%Ga ~1I 1.097 1.240.2 PBr ~1 1.085 1.9 +0.9
%Ga ~1I 1.129 5.9+0.7 “Brm ~1 1.114 3.9 +0.5 1.3+0.3
’Ga C 1.161 9.0+1.0 T4Bré ~1 1.114 3.0 £0.5
8Ga ~1 1.194 9.2+1.0 Br C 1.143 17.7 £2.1
Ga C 1.258 1.240.3 Br ~1 1.171 26.1 +£3.8
2Ga ~1 1.323 1.840.3 TBr™m ~1 1.200 16.1 +2.9 1.8+0.8
BGa ~1 1.355 (1.740.7) X 1072 TBré ~1 1.200 9.2 +3.7
"“Ga ~1 1.387 (2.2+0.9)x 1073 Br C 1.229 16.8 +3.7
80Br™ I 1.286 2.2 +0.8 0.6+0.2
80Brg [ 1.286 3.7 +0.3
82Bre | 1.343 0.53+0.08

The principal sources of random error were from target
alignment, chemical yields, decay curve fits, and parent-
daughter separation times. The sources of systematic er-
ror included corrections for minor isotopic constituents
in the targets, detector efficiencies, decay schemes, and
summing corrections. Previous spallation studies with
similar thickness targets indicated that the contribution
from secondary reactions would be insignificant.!!!8

The relative cross sections of As and Ge isotopes from
500 MeV proton interactions with ¥Y are presented in
Table III. Ge results were normalized to the *As inter-
nal “monitor” using the ratio of the respective chemical
yields. For these relative results, the uncertainties reflect
only random sources of error.

Based upon the procedures of Ku and Karol and oth-
ers,” 111920 4 =72 isobaric yield distributions were con-

structed from (65 < A < 80) measured cross sections. The
mass-yield decreases exponentially with increasing mass
loss from the target. Therefore, the measured cross sec-
tions were corrected to the 4 =72 curve by a factor
exp[ —m (A4 —72)]. For each target, m was estimated by
a procedure similar to that in Ref. 11. The final logarith-
mic mass-yield slopes are presented in Table IV.

An initial estimate of the shape of the isobaric yield
distribution was drawn through all of the measured in-
dependent yields. The estimated precursor yields were
then subtracted from the measured cumulative yields. As
in earlier work,!! the uncertainty of the precursor correc-
tion was taken to be 20% of the value of the correction.
For products such as 9’Ge, "3As, and ®?Br® on the outly-
ing “wings” of the distribution, the predicted precursor
contribution was negligible. For "’Ge®, the correction

TABLE III. 500 MeV proton-induced spallation cross sections (relative to "?As).

Nuclide N/Z 89Y relative cross section Nuclide N/Z 89Y relative cross section
%Ge I 1.063 (5.7 £0.7)x107? “As T 1.091 0.051+0.0006
Ge ~1 1.094 0.11%+0.01 As C 1.121 0.13 +0.02
Ge C 1.156 1.1 £0.12 As C 1.152 0.71 +0.08
Ge C 1.344 (3.7 £0.6)X107* As ~1 1.182 1.0 +0.08
"Gef ~1 1.406 (7.0£2.4) X 10™* TAs T 1.242 0.41 +0.12
T6As I 1.303 (4.1 +0.7)X107?
BAs ~1T 1.364 (1.2 +0.2)X1073
PAs ~1 1.394 (1.9 +0.5)x107*
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FIG. 1. A4 =72 absolute isobaric yield curves from the interaction of 800 MeV protons with *Y, 9291%0Mo, and '*°Te targets.
Solid curves through data are fits to Eq. (1).
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TABLE IV. Logarithmic mass-yield slopes.

Target 500 MeV 800 MeV

8y 0.138+0.019 0.104+0.011
2Mo 0.113+0.019
%Mo 0.099+0.012
100Mo 0.10240.011
130Te 0.12740.016

due to the 80% B~ decay of ""Ge™ was estimated from
isomer ratio systematics in a manner similar to that dis-
cussed later for "°’As. The largest precursor contribution,
nearly 12 percent, was that estimated for short-lived 7'Se,
located near the distribution peak.

Corrected cross sections for the 800 MeV proton irra-
diations are plotted against N /Z in Figs. 1(a)~(e) for the
five targets. The smooth curves represent optimal fits to
a skewed distribution function,?! i.e., a Gaussian modified
by the complementary error function

: (X —pi—k)?
Y(X)=$mexp ————'ul—z— erfc(BX) ,
(1)
where
ro= X yidX , )
i=0
> xi'y;Ax
By s 0=, 3
Mo
B = 23 (x; —p1) o » 4)
i=0
1/3
2,
= 5
k (4—m) ’ ®)
172
2__ K
T (u,tk?)
B= e , ©®)
2, K
T (uy+k?)

and erfc is the complementary error function.??

Consistent with earlier measurements,”!®111819 the
following trends are apparent: (1) The location of the dis-
tribution maximum shifts towards the neutron excess side
of stability with increasing target N /Z. (2) The width of
the distribution increases with target N/Z. (3) The dis-
tributions are asymmetric, peaking on the neutron
deficient side of stability (N/Z~=1.25) and skewing
slightly towards the neutron excess side. With the excep-
tion of the distribution from the !3°Te target, the neutron
deficient “wing” of the isobaric yield curves drops off
more rapidly than the neutron excess side.

To better illustrate these observations, the curves are
superimposed in Fig. 1(f) and normalized at their peaks.
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Y (N/Z =1.282) is indistinguishable from the **Mo
(N /Z =1.286) distribution.

1V. DISCUSSION

The targets examined in this study span a wide N/Z
range, from Mo (N/Z =1.19) to *°Te (N/Z =1.50).
In the conventional two-step spallation model, these
differences become obscured during the excitation and re-
laxation phases of the reaction. For example, from sim-
ple combinatorics,?® one predicts that relatively neutron-
rich 13°Te would have a higher probability of losing neu-
trons in the cascade step than relatively neutron poor
%Mo. Thus, the initial N /Z differences of the target nu-
clei are slightly reduced during the cascade step.

The relaxation process further decreases such dif-
ferences. In his theoretical treatment of high-tem-
perature nuclei, LeCouteur has shown that the relative
likelihood of the evaporation of a charged particle or a
neutron from an excited nucleus is strongly dependent
upon the location of the cooling nucleus on the nuclear
energy surface;’* particle emission causing the greatest
free energy change will be favored. For proton-rich nu-
clei, charged particle separation energies will be small rel-
ative to the neutron separation energies, increasing the
probability of charged particle emission. The converse is
true for neutron-rich nuclei. As the residual nucleus
cools substantially, the Coulomb barrier effectively
hinders charged particle evaporation, increasing the like-
lihood of neutron emission. The net effect of the relaxa-
tion stage is initially to channel the cooling nuclei to-
wards the minimum of the nuclear energy surface,
“washing out” any initial differences in cascade residual
composition and finally to shift slightly to the neutron
deficient side of stability.

In spite of the channeling effect, the observed isobaric
yield distributions indeed ‘“remember”’ the composition of
the target, as evidenced in Fig. 1(f) by the gradual shift of
the distribution peak towards higher N /Z in going from
Mo to *°Te. The relative widths of the yield curves
show a similar increase with target N/Z. Additionally,
the slopes on the neutron-deficient side of the curves are
uniformly steeper than the neutron-excess side for the Y
and Mo targets. This latter effect reflects the role of the
nuclear energy surface in preventing extreme excursions
from stability. At late stages of the relaxation process,
cooling nuclei are already neutron deficient; additional
neutron emission is suppressed because of the increasing
neutron separation energies as the proton-unstable limit
is approached. In contrast, the neutron excess products
are relatively far from the neutron-unstable limit because
the yield distributions are displaced towards the
neutron-deficient side of stability. Since the neutron-
excess products from the Y and Mo targets are not
strongly influenced by the distant neutron-unstable limit,
their relative yields are still quite sensitive to target com-
position.

The 500 MeV proton-induced relative yields from Y
and the 720 MeV a-induced spallation absolute cross sec-
tions of Ku and Karol'! (®?Mo, Mo, and Mo targets)
were corrected to 4 =72. The resultant isobaric yield
curves are compared to the 800 MeV proton-induced re-
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.sults in Figs. 2(a)-(d). The solid curves are the scaled
800 MeV proton curves. The remarkable congruity in
the shape of the isobaric yield distributions from a given
target, for both the 500 and 800 MeV proton and 720
MeV alpha projectiles, is strong evidence of the lack of
dependence of the spallation mechanism upon the nature
of the projectile.

Also shown in Figs. 2(a)—-(d) are the product cross sec-
tion ratios. The 720 MeV /800 MeV proton ratios are
uniform within experimental error across the product
N /Z range. In the absence of any mechanistic changes
in the spallation process, the a/proton absolute cross sec-
tion ratios would be expected to reflect the ratio of the to-
tal reaction cross sections for the two projectiles. The ra-
tio predicted by the “soft spheres” model® for 720 MeV
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a particles and 800 MeV protons on the 27 1%Mpo targets
is 1.50. The a/proton ratios are in excellent agreement
with the predicted ratio [dashed lines in Figs. 2(b)—-(d)].

The fitted distribution shape parameters are listed in
Table V and are plotted against target N/Z in Figs.
3(a)-(d). For each target, the parameters are identical,
within error. The mean of the 4 =72 isobaric distribu-
tion from the interaction of 2.9 GeV protons with *’Au!®
was included in Fig. 3(a) for comparison to the '3°Te
point. The distribution means from '*’Au (N /Z =1.494)
and '*Te (N /Z =1.5) were found to be identical, within
the large uncertainty of the Au point, implying that the
magnitude of a high-energy fission contribution to the
mass 72 products from °’Au is small.

Finally, a noteworthy feature is the anomalously low
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FIG. 2. Comparison of 4 =72 relative isobaric yield curve shapes: (a) 500 MeV protons with 800 MeV protons on *Y; (b)—(d)
720 MeV alphas with 800 MeV protons for °>%¢!%Mo, respectively. Solid curve as in Fig. (1) for 800 MeV protons. Dotted curves

through alpha data are fits to Eq. (1).
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TABLE V. Fitted shape parameters of 4 =72 isobaric yield curves.

Projectile U (u)'"? 72 s
“2Mo (N/Z =1.190)
800 MeV p 1.159+0.0005 (4.07 +0.03) X102 1.566+0.002 2.04X107°
720 MeV «a 1.162+0.004 (3.95 £0.3)X 1072 1.575+0.02 1.82X1073
Y (N/Z=1.282)
500 MeV p 1.174%0.005 (4.357+0.29)X 1072 1.6231+0.02 413X 1073
800 MeV p 1.176+0.002 (4.185+0.13)X 1072 1.632+0.007 3.93Xx107°
%Mo (N/Z =1.286)
800 MeV p 1.179+0.0039 (4.379+0.3)X 1072 1.649+0.02 423%107°
720 MeV «a 1.182+0.0034 (4.4624+0.3) X 1072 1.657+0.01 3.83X10°°
10Mo (N/Z =1.381)
800 MeV p 1.203+0.0007 (4.570+0.05)X 1072 1.747+0.003 3.34X 1077
720 MeV a 1.203+0.003 (4.71840.2) X 1072 1.742+0.01 3.71X 1073
B0Te (N /Z =1.500)
800 MeV p 1.227+0.003 (4.8574+0.2)X 1072 1.854+0.01 —7.79%X107¢

cross section of "°As for all targets but *°Te. This obser-
vation itself provides a significant clue. Scholz and Malik
showed that a short evaporation chain tends to populate
high spin states of isomers.”® Accordingly, the low yield
of As from the %Y and °?7'®Mo targets suggests the
existence of an unknown short-lived, high-spin, isomeric
state that directly feeds the stable °Ge daughter. Con-
versely, the much longer evaporation chains required to
reach "°As from '*°Te present many opportunities for the
dissipation of angular momentum,?’ so the ground state
predominates. To estimate the °As™ cross section, we
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FIG. 3. Variation of isobaric yield curve shape parameters
with target N/Z.

used the observed m /g ratio in Table II of *Br, a compa-
rable odd-odd, neutron-deficient nuclide whose m/g I
ratio is 4~ /17. The °As™ "¢ estimate becomes 6.4 mb,
in close agreement with the fitted *’Y isobaric yield curve
of Fig. 1(a).

Precise knowledge of yield distribution systematics is
important for geochemistry, cosmochemistry, and isotope
production in the medical and nuclear structure fields. A
widely used empirical relationship introduced by
Rudstam?® assumes a symmetric form

o(A,Z)=f(A,,E)exp{PA —R[Z —(SA+TA4]%},
7

where o( A,Z) is the predicted product cross section of
nuclide (A4,Z), A, is the target mass number, and E is the
projectile energy. The term (SA4 +TA?) establishes the
position of maximum yield for mass 4. a, P, R, S,and T
are “best fit” constants to experimental yield, chiefly
from the spallation of medium mass targets. P is analo-
gous to the logarithmic mass-yield slope. R is the distri-
bution width parameter. The distribution peak parame-
ters are T and S. With constant S, the peak of the pre-
dicted yields distributions does not vary with target N /Z.
To account for the marked effect of target composition
upon the distribution peak position, Chackett and Chack-
ett?® and Silberberg and Tsao®® used more complicated
expressions for S.

Calculated isobaric yield curves at 4 =72 for Mo
and Mo targets are compared to the corresponding
fitted experimental curves (symbols) in Fig. 4. The
Chackett and Chackett (dashed line) and Silberberg and
Tsao (solid line) formulations give similar scaled curves in
which the experimentally observed shift in peak position
with target composition is qualitatively reproduced. Of
course, the symmetric functional form of the empirical
formulas fails to describe the changing width and asym-
metry seen experimentally. Furthermore, although an
improvement over Rudstam’s pioneering work, errors
greater than a factor of 2 are still not uncommon from
these modifications.

The regular variation of the shape parameters as a
function of target N/Z (Fig. 3) supports their usage in
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FIG. 4. Comparison of fitted distribution curves from Eq. (1)
with empirical formulas for (a) *Mo and (b) '®Mo targets.

“master curves” to predict the systematic behavior of iso-
baric yield distributions for all types of incident projec-
tiles. Such trends were, in fact, the premise of Rudstam’s
original relationship.

V. CONCLUSION

The results of the present study consist of absolute for-
mation yields of products with 65< 4 <82 from %Y,
92-10Mo and '3°Te targets at a proton energy of 800
MeV. Also, relative yields from ®°Y using 500 MeV pro-
tons were measured. In an attempt to provide a meaning-
ful resolution of the excitation and relaxation steps, par-
ticular emphasis was paid to the measurement of product
yields away from stability.

By recourse to the established smoothness of spallation
systematics, the yields from each target were corrected to
conform to A =72 isobaric curves. The virtually identi-
cal curve shapes at 500 and 800 MeV lends strong sup-
port to the argument that the excitation and relaxation
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stages are not strongly coupled. That argument is further
strengthened by the observed dependence of the peak po-
sition of the yield distribution upon target composition in
spite of the funneling effect of the nuclear energy surface.

Cross sections were used to obtain precise parametriza-
tion of spallation yield systematics. The very regular
dependence of the mean (peak location), standard devia-
tion (width), and third moment (skewness) of charge
dispersion curves on target composition is now well es-
tablished. In conjunction with a skewed distribution
model function, these shape parameters define a set of ac-
curate master relationships useful for predicting the rela-
tive yield of spallation products including the ability to
reproduce the asymmetric shapes from targets of dif-
ferent composition.

Comparison of the proton-induced yields with those
from alpha-induced reactions agree very well with a sim-
ple scheme based on total reaction cross section ratios.
The observed scaling of proton and alpha-induced yields
according to the total reaction cross section is a reflection
of factorization.>! Since total reaction cross sections can
be calculated for hadronic projectiles over an extensive
energy domain with the soft spheres model, spallation
systematics can be extrapolated with reasonable
confidence over a wide domain.’>33 However, spallation
systematics are not justifiable when other reaction mecha-
nisms like multifragmentation,? fission,** and electromag-
netic dissociation®® become appreciable.
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