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* Nuclear reactions of 197Au with 11.5- and 300-GeV protons 
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The formation cross sections of more than 60 nuclides 

produced in the reaction of 11.5- and 300-GeV protons with 

197Au were measured. Most of the measurements were done by 

direct counting of the target with calibrated Ge(Li) y-ray 

spectrometers and spectral analysis with computer programs. 

In addition, chemical separations of osmium and gold 

fractions permitted the assay of nuclides which could not 

be resolved in the unseparated targets. The cross-section 

ratio at the two energies, °300/°11.5' was within 20% of
 

unity for all nuclides studied, which ranged in mass from
 

22Na to 196AU• This is interpreted as showing that the
 

spectrum of excitation energies left in the nucleus is 

nearly independent of bombarding energy above ~ 10 GeV. 

The small cross section changes observed are shown to be 

continuations of trends seen previously at lower energies. 

* .Work performed under the auspices of the U. S. Energy Research 

/~ and Development Administration. 
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Charge dispersion curves were estimated with the aid of an 

empirical formula, and a mass-yield curve was constructed. 

NUCLEAR REACTIONS 197Au + 11.5-, 300-GeV protons~ 

measured cr for formation of 63 nuclides from 22Na 

to 196AU; estimated charge dispersions and mass 

yield curve. 

RADIOACTIVITY measured T of l820s, l830s, l830sm
l/2 

I. INTRODUCTION 
.... """:--- - ...,-....,~- ....... _-~
 

As part of a program to study the interactions of high-

energy protons with complex nuclei several comparisons of 

formation cross sections at 300 GeV and at lower energies 

have been made recently. For targets of vanadium,l cobalt,l 

'I 2-4 ld 5 d ,6-8 h . , f 
s~ ver, go, an uran1um t e cross sect10ns 0 most 

products measured were essentially the same between proton 

energies of 11.5 and 300 GeV. With the exception of uranium, 

the ratio °300/°11.5-29 was unity to within 10%. However, 

that ratio was significantly lower for products in the mass 

region 70 < A < 140 formed from uranium. 6 Although the 

difference is small, it was felt desirable to further 

investigate these cross-section ratios for a heavy element 

target. Gold was chosen as the target element because the 

absence of appreciable low-excitation-energy fission makes 

the high~energy processes more prominent. 
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In order to measure cross sections efficiently for a large 

variety of products, the technique of non-destructive analysis 

of the target using high-resolution y-ray spectroscopy was 

chosen. This technique has been used successfully to study 

h h1ow-energy f 1SS10n 0 ' · f uran1um,. 9-11 p 0 0 1SS10n 0 t f" f eavy 
.. 15 

elements up to 1 Gev,12-l4 and fission of gold by s80-MeV protons. 

Of the previous cross section comparisons at 300 GeV, this 
1 1 , 2-4

method was also used for vanadium, cobalt, and s1lver,
 
5 6-8
but for gold and uranium selected elements were chemically 

separated, because of the much larger number of nuclides 

formed and the resulting complexity of the spectra. However, 

it has been established16 that long-lived nuclides can be 

satisfactorily resolved from heavy targets bombarded with GeV 

protons after a suitable decay period, and with care some 

short-lived nuclides with prominent y~rays can be determined, 

such as 24Na and 28Mg from gold and uranium targets bombarded 
17 with GeV protons.

In addition to measuring the cross section ratios at 11.5 

and 300 GeV, it was also desired to investigate the charge 

dispersion curves for the products in different mass regions, 

in conjunction with a concurrent study18 of the average recoil 

properties of many of the same nuclides. Knowledge of such 

charge dispersions are required to estimate the mean atomic 

number of precursor nuclei to the product measured, in order-
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to calculate the mean kinetic energy from the mean range. In 

connection with the recoil study chemical separations of osmium 

and gold fractions were made, and thus· the cross section 

measurements for the nuclides l850s, 194Au, and 196Au made 

by gross y-ray spectroscopy could be checked against those 

made on chemically separated samples. In addition, the 
. 182 183 183 m .nuc11des Os, Os, and Os, wh1ch could not be resolved 

in the gross y-ray measurements, could also be determined. 

II. EXPERIMENTAL PROCEDURE 

The irradiations at 11.5 GeV were performed in the internal 

circulating proton beam of the Argonne National Laboratory Zero 

Gradient Synchrotron (ZGS). Targets consisted of three aluminum 

monitor foils (each of 7 mg cm.... 2 thickness) upstream of three 

gold target foils (each of 24 mg cm- 2 thickness). Before the 

irradiation the leading edge of the target stack was carefully 

cut to insure alignment; after the irradiation the stack was 

cut 1 cm back from the leading edge and the center aluminum 

and gold foils were weighed to determine their exact thickness 

prior to counting. The irradiations at 300 GeV were performed 

in the Meson Hall external proton beam at the Fermi National 

Accelerator Laboratory (Fermilab). Similar target stacks to 

those described above were enclosed in evacuated polyethylene 

bags, and after the irradiation a portion of the stack centered- on the beam spot was cut out. 
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The center foils were used in order that recoil loss be 

compensated. With the thicknesses used in this experiment the 

compensation was complete for a11 nuc l ~' d es of ~;nterest17,18 

with the exception of 7Be. In the latter case the kinetic 

energy spectrum of the recoils extends to several hundred 

Mev19,20 and foils much thicker than used here would be 

necessary to completely compensate for loss. This was borne 

out by the cross sections observed in this work for 7Be at 

11.5 and 300 GeV, which were both about 30% lower than that 

measured at 30 Gev,21 in which much thicker targets were used. 

A total of five irradiations with the total proton intensity 

varying from ca. 1 x 1015 to 3 x 1016 were carried out at each 

energy. Lengths of irradiations varied from 2 to 40 minutes 

at the ZGS and from 0.5 to 48 hours at the Fermi1ab. The 

single 48-hour irradiation was only used to assay nuclides 

with half-lives greater than about 10 days. Saturation 

corrections were made "in all cases, taking account of periods 

of varying beam intensity. 

The	 proton flux was determined by assaying the aluminum 

o~ . th tmon~. t or f' 1 f or 24Na, us~n9 b 0 a P-yQ " dence coun erco~nc~ 

and the same calibrated Ge(Li) detectors used for countinCJ the 

gold targets. The agreement between the two methods was always 
24within 2%. The disintegration rate of Na was corrected for 

secondary effects by reducing it by 7%, since the effect was 

2measured in a separate experiment to be 10% per 100 mCJ cm
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of gold target downstream of the monitor. This value is in 

6,22,23good agreement with other such measurements. The 
24

monitor cross section at 11.5 GeV was taken to be 8.6 mb. 

1-8In previous work at 300 GeV the monitor cross section was 

assumed to be the same at both energies. It has recently been 

measured at 300 Gev25 relative to the l2c(p,pn)llc cross 

section, whose absolute cross section has now been measured. 26 

Using the value for the latter reaction cross section of 
25 24.6	 + 1.6 mb at 300 GeV and the measured ratio of 

0.33 + 0.01, one calculates a monitor cross section for 24Na 

from aluminum of 8.1 ~ 0.6 mb. Since this value is the same 

.~	 within experimental error as the 8.6 mb value used in previous 

work, and in order to be consistent with that work, we will 

also use the value 8.6 rob at 300 GeV. 

The gold targets were counted on one of two Ge(Li) 

spectrometers with 4096-channel capacity and magnetic tape 

readout. The two detectors used both had resolutions of 

2.0 keV (FWHM) at 1332 keV; their efficiences relative to NaI 

were 6% and 10%. A source distance of 10 cm was used, making 

summing of coincident y~rays negligible, and the detectors 

were calibrated for absolute efficiency with a variety of 

standards over the energy range 88-2754 keV. Based on the 

deviations of individual calibration points from a smooth 

curve we estimate the absolute accuracy of the calibrations to 
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be + 5%. A precision pulser was used to determine the counting 

losses due to pulse pileup, which were appreciable for the 

early counts. 

Spectra were recorded periodically, starting from 5 h to 

5 days after the bombardment, depending on the total proton 

intensity, and measurements continued for as long as 2 years. 

The spectra were analyzed with the aid of two computer programs, 

SAMPo27 and GAMANAL. 28 In addition, all of the spectral peaks 

of interest were visually examined for indications of more 

than one y-ray, such as shoulders, asymmetric shape, or 

abnormal width. The two different computer programs usually 

gave good agreement for the peak areas of those peaks which 

were single and well-separated from neighbors. The GAMANAL 

program proved to be better than SAMPO in resolving close 

multiplet structure, as shown by the better resulting decay 

curves and agreement of measured intensities with literature 

values for y-rays from the same nuclide. 

Peaks in the spectra were identified and assigned to 

specific nuclides on the basis of energy and half-life. For 

each peak of interest the calculated photon intensity as a 

function of time was used as input to a weighted least-squares 

decay-curve resolution program (CLSQ),29 using as weights the 

valUes Ofl/ai2 for each data point, with the standard deviation 

a. given by the spectral analysis program. The literature 
~ 

value of the half-life of the assumed nuclide was used, and a 
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poor fit of the data to that half-life was grounds for rejection 

of the peak, unless it could be established that a known nuclide 

was also contributing to the peak. In that case, the second 

nuclide's half-life was included in the decay-curve resolution, 

and the intensity of the interfering y-ray was required to be 

in agreement with other y-rays from that nuclide, if any. If 

the half-lives of two such nuclides differed by less than about 

a factor of three, no clear resolution of the decay curve could 

be made, and the peak was rejected. In many cases genetically 

related nuclides were thus eliminated, although their y-rays 
. 88 

were intense and well-resolved, for example 8S-day Zr and 

l08-day 88y • 

Table I lists the nuclides whose cross sections could be 

determined, their half-lives, the y-rays used and their 

abundances, and also identifies in the footnotes any interfering 

y-rays for which decay~curve resolutions were performed. In 

addition there is given for each nuclide a 'Jreliability grade", 

based on the above considerations. A grade of A indicates a 

nuclide with two or more y-rays which both showed single-

component decay curves and whose observed relative intensities 

agreed with the literature values. In this context, a peak due 

to a long-lived nuclide which decayed with the correct half-life 

after short-lived interferences had decayed away was classed as 

a single-component decay curve. A grade of B indicates a 

-
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nuclide for which only one y-ray could be used and which 

exhibited a single-component decay curve, or a nuclide with 

two y-rays requiring decay-curve resolution and whose 

intensities agreed. A grade of C indicates nuclides with 

only one y-ray which required resolution of the decay curve. 

Three of the nuclides listed in Table I were not resolved 

in the gross y-ray spectra but rather in chemically separated 

osmium samples, l820s, l830sg and l830sm, and are denoted by 

"chern" in this column. The half-lives for l820s and l830sm 

listed were measured in this work by following the decay of 

the listed y-rays. The experimental values found were 

m22.0 + 0.2 h for l820s and 9.1 + 0.2 h for 1830s • The 

intensity of the 381.8-keV y-ray of l830sg decayed with an 

apparent half-life of 14.5 + 0.3 h; this is a resultant of the 

combined growth and decay of the ground state from the isomeric 

state and its independent decay. Assuming a 16% branch for the 

. . . . 30 d . 
~somer~c trans~t~on an us~ng the value of 9.1 h for the 

half-life of the isomeric state, the calculated half~life of 

the ground state is 14.0 + 0.8 h. The cross section for l830&g 

was then calculated taking into account the partial feeding from 
183 m0s. Nearly equal cross sections for the two states were 

found, in agreement with the isomer ratio resulting3l from 

decay of l83I r• 
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III. RESULTS 

A cross section was calculated for each nuclidic y-ray and 

each bombardment, based on the end-of-bombardment (EOB) photon 

intensity and the abundance as given in Table I. At least 

three bombardments at each energy were included for each 

nuclide. In most cases the EOB photon intensity of a given 

photon in different bombardments had similar percentage 

standard deviations, as given by the least-squares decay-curve 

program, and the scatter of the individual cross sections 

calculated from these intensities was consistent with those 

standard deviations. Therefore, an unweighted average cross 

section was computed for each y-ray, together with the 

standard deviation of the average, calculated as (EA~)1/2AN_1)1/2, 
~ . 

where ~. is the deviation of the ilth measurement from the 
1 

average and N is the number of measurements. An "internal" 

standard deviation was also calculated, a = (1/£a~)1/2, where 

o. is the standard deviation of the ifth measurement, derived 
1 

from that of the photon intensity. The larger of the two 

numbers was used as the standard deviation of that cross section, 

and in cases where two or more y-rays were used, the final cross 

section was calculated as a weighted average of the cross 

sections for each y-ray. 

In addition, the following estimated errors were folded in 

quadratically to obtain the error listed for each crOSB section: 
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5% uncertainty in the absolute ef~iciency calibrations of the 

detectors, and 2% uncertainty in the secondary correction for 

24Na in the monitors. Uncertainties in the y-ray abundances 

were not included separately since agreement between the 

observed relative intensities and the literature values was 

one of the requirements for the acceptability of the y-rays 

for cross section determinations, as discussed above. 

In calculating the cross section ratios, °300/°11.5' the 

ratio was calculated separately for each y-ray so that errors 

in efficiency and abundance would cancel out. Moreover, only 

those data taken with the same detector were compared, 

eliminating another source of error. 

The results of these measurements are presented in Table II, 

which gives for each nuclide the cross section at 11.5 GeV and 

the cross section ratio, °300/°11,5' at the two energies. Also 

given for each nuclide is the type of yield (C = cumulative; 

I = independent) and any previous cross section measurements 

with a gold target5 , 15 , 32- 29 for comparison with the present 

measurement. 

With a few exceptions the cross sections measured here are 

in satisfactory agreement with previous measurements at proton 

energies above 10 GeV. This agreement supports the conclusion 

that the technique of gross y-ray spectroscopy without chemical 

separation can be used to assay a large number of nuclides in 

the complex mixture produced when GeV protons interact with 
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heavy targets. The exceptions to this agreement are the rare-

d b y Bac ann at 28 G V f or wh'1Chearth nuclides measure •• hm 38 e, 

satisfactory agreement is found only for l39ce• For the 

nuclides l45EU, l47EU, l46Gd, and l49Gd, Bachmann's cross 

sections are lower than those measured here at 300 GeV by 

ratios of 0.5-0.8. However, a subtractive correction was 

applied to the cross sections for these nuclides by Bachmann 

in order to correct for their formation by a-decay from short

lived heavier rare earths. If such a correction were made to 

the present data, the agreement between the two experiments 

would be improved. 

The discrepancy is in the opposite direction for l48EU, for 

which Bachmann's cross section is twice as large as that 

measured here. Because the cross section for this nuclide is 

independent and thus helps delineate the charge dispersion 

curve in this mass region, it is an important measurement. 

Both experimental values have been included in the charge 

dispersion data in Fig. 3, where it is seen that the empirical 

equation discussed below is in good agreement with the measurement 

of Bachmann. It is possible that the 5S0.2-keV y-ray of 148Eu 

was not correctly resolved from the nearby SS2.5-keV y-ray of 

83~, which was twice the intensity. 

For bombarding energies below 10 GeV, the data in Table II 

show that most nuclides have lower cross sections. The 

exceptions are the medium mass (~ ~ 90) neutron excess nuclides 
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84Rb, 95Nb and 103RU, whose cross sections are the same or 

larger at ~ 0.5 GeV than at 11.5 GeV. In addition, the (p,pn) 

reaction product, 196Au, has essentially the same cross section 

at 0.4 GeV as at 11.5 GeV. These trends with energy are 

discussed more fully in the next section. 

IV. DISCUSSION 

A. Energy variation of cross sections__ ~~~~~~N~__ ~_~~ ~~ __ ~ ~ __ ~_ 

The experimental ratios of the cross sections at 300 GeV to 

those at 11.5 GeV, °300/°11.5' are shown as a function of mass 

number in Fig. 1. Nuclides for which the error in the ratio 

is greater than 20% have been omitted from Fig. 1 for clarity. 

The data of Yu and porile5 for the same energies and target 

have been included, and separate symbols have been used to 

denote independent and cumulative cross sections and to 

distinguish neutron-excess and neutron-deficient nuclides. It 

is seen that the cross section ratio varies regularly with mass 

number, decreasing from about 1.1 for the lightest nuclides 

measured to about 0.9 for nuclides in the mass range 121 ~ A ~ 

185. The ratio then increases to values of 1.0-1.2 for nuclides 

close to the target. Although the absolute value of these 

ratios is uncertain to the extent of the uncertainty in the 

absolute values of the monitor cross section, the variations of 

the ratio would be unaffected by such uncertainty. These data 
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on gold cross sections confirm the observations of Chang and 

sugarman6 for a uranium target that 0300/011.5 averaged 

1.03 + 0.14 for products of 45 < A < 67 and decreased to 

0.81 + 0.14 for products of 83 < A < 140. 

These general trends are of some interest and will be 

discussed in more detail below, but the striking fact is that 

the individual cross sections for a wide range of products 

change so little between 11.5 and 300 GeV incident proton 

b . b d . 1 1-8energy. T 1S 0 h · servat10n has een commente on prev10us y, 

with the conclusion that the spectrum of excitation energies 

deposited in the nucleus is essentially independent of bombarding 

energy above 10 GeV. The increased number of pions and other 

hadrons produced in nucleon-nucleon collisions at the higher 

energy must escape the nucleus without multiplying the intra

nuclear cascade. 

There is considerable evidence from studies of charged

· 1 l' l' . t" 1 39,40 d' ·1 41part 1C e mu t1P 1C1 1es 1n proton-nuc eus an p10n-nuc eus 

interactions that at multi-GeV energies there is no cascading of 

the secondary hadrons inside the nucleus. The average mUltipli

cation of particles inside the nucleus is measured by R~ = <n> /<n> , 
.n A p 

where <n>A is the average number of charged relativistic (shower) 

particles produced in a hadron-nucleus interaction, and <n> is p 

the number of charged secondaries in the corresponding hadron-

proton collision. The quantity R is only weakly dependent onA 
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incident energy in the GeV region and becomes energy independent 

above 60 Gev. 41 , 42 The increase of RA with .target mass is also 

small, with most of the increase due to particles produced at 

39 41 . 1 .large angles.' The forward relativistic part1c es, 1n 

contrast, have the same mUltiplicity for a heavy nucleus as 

41for hydrogen. 

These observations suggest43 that at ultra-relativistic 

energies the hadron state produced in the first interaction 

acts like a single hadron while traversing the nucleus, and 

does not decay to its final multi-particle state until after 

it has left the nucleus. Under these circumstances one would 

expect that at sufficiently high energies the cross sections 

and recoil properties of nuclides resulting from hadron-nucleus 

interactions would approach asymptotic values. Although cross-

section measurements alone may not be the most sensitive test 

of these ideas, the near constancy of cross sections above 

10 GeV suggests that the asymptotic region may have been reached. 

There is evidence1 7 , 1 8 , 44 that the recoil properties of certain 

nuclides formed from heavy targets are still changing between 

11.5- and 28-GeV incident energy, and only approach limiting 

values at 300 GeV. 

The small changes in cross section values between 11.5- and 

300 GeV are mainly continuations of the trends observed at 

lower energy. Although there has been no comprehensive study 
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of the energy variation of cross sections with heavy targets 

45" 'bl t ksince the early work at the Cosmotron, 1t 1S pOSS1 e 0 rna e 

some generalizations. In the fragmentation region of masses 

(A ~ 50) the formation cross sections from heavy targets rise 
. 35,45-47 .

rap1dly above a threshold of about 0.5 GeV, . level~ng 

off in the multi-GeV region. The observed ratios in this work 

of 0300/011.5 = 1.07-1.13 for these light nuclides are 

consistent with such a leveling off above 10 GeV. On the other 

hand, the heavier neutron-deficient nuclides, with 120 ~ A ~ 190, 

have characteristic spallation-like excitation functions, which 

go through a maximum and then decrease with increasing bombarding 

48-50 h h' h h ., k'energy. T e energy at w ~c t e cross sect10n pea s ~s 

higher the farther the product is from the target in mass, but 

all such products are apparently over the peak at an energy of 

11.5 GeV, and show a further small decrease in going to 300 GeV. 

Most of the nuclides in the middle-mass region have the 

same cross section at 11.5 and 300 GeV, and probably are formed 

by a mixture of mechanisms in which the two energy dependences 

described above are combined and cancel out. The exceptions to 

this are the neutron-excess medium-mass nuclides (95Nb, l03Ru) 

whose cross sections decrease monotonically above about 0.5 GeV. 

They are formed primarily by binary fission at low bombarding 

energies, and the contribution of that process to their formation 

decreases with increasing energy. Since the total binary fission 
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51 
cross section remains approximately constant above 0.5 GeV, 

the charge distribution must shift toward more neutron-deficient 

nuclides at higher energies, in order to compensate for the 

decreasing cross sections of the neutron-excess nuclides. 

The cross sections for nuclides close to the target are 

the same or larger at 300 GeV as at 11.5 GeV. In particular, 

the nuclides 190I r and 192 I r show a 20% increase in cross 

section at the higher energy. It may be significant that 

th are . en sect' as ~s that of l88I r,ese ~nddtepen cross ~~ons, 

which also has a larger cross section, although with a large 

error. Since a charge dispersion curve is determined by such 

independent cross section values, a possible interpretation 

of these ratios is that the charge dispersion curves are 

shifted more toward neutron-excess nuclides at 300 GeV than 

at 11.5 GeV. This could arise, for example, from an increased 

probability of emission of positively charged particles as 

compared to neutral or negatively charged particles in the 

intranuclear cascade, since the evaporation sequence is most 

likely independent of incident energy. 

B. Charge dispersions and empirical cross-section formulae 
~~--~~----------------------~-------------------------- - - --

As stated in the Introduction, one of the aims of these 

measurements was to construct representative charge-dispersion 

curves for different mass regions, in order to allow the 
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calculation of the atomic number of the average precursor for 

a given nuclide. This could then be used to relate the 

experimental mean range for that nuclide to the mean kinetic 

energy at formation. 

Unfortunately there is insufficient data on independent 

cross sections in any local region to construct such charge 

dispersion curves. This has been done for gold as a target 

only at mass number A = 131 at 11.5 and 300 GeV, 5 near 
34

A = 148 at 28 Gev,38 and at A = 72 at 2.9 GeV. It was decided 

to use the available data and fit the parameters of an 

empirical formula, then use that formula to estimate the 

unmeasured cross sections. The formula used was first 

suggested by Rudstam52 and is his "COMO" equation: 

cr(Z,A) (1)
 

where cr(Z,A) is the independent cross section for the nuclide of 

atomic number Z and mass number A, and P, R, S, and Tare 

empirical parameters. Rudstam fit equation (1) to a large body 

of spallation data and found how the parameters varied with 

incident energy and target mass. Most of the data used for 

the fit was for medium-weight target elements (Z = 23-47), and 

the equation was intended to apply only to spallation products 

and not to nuclides formed by fission or fragmentation of heavy 

targets. Furthermore, while the form of equation (1) results 
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in symmetric charge disperion curves, the experimental 

evidence for GeV protons interacting with heavy targets 

Ta 53, Au5,34,38 and Pb 54,55)(e.g. is that they are 

asymmetric. 

Nevertheless,	 the cross section data of this work,
 
. 5,36-38
together with prev10us measurements at 11.5 -29 GeV, 

were used in an attempt to fit the parameters of equation (1). 

It was found that a satisfactory fit could be obtained by 

separating the data into two mass regions~ these correspond 

approximately to a spallation region (120 S A ~ 190) and to 

a medium-mass region with contributions from fission, deep 

spallation and fragmentation (40 ~ A ~ 105). The parameters 

'of equation (1) for these two mass regions which gave the 

best fit to the experimental cross sections are given in 

52Table III, with the values found by Rudstam for comparison. 

Charge dispersion curves calculated with these values of 

the parameters for particular mass numbers are shown in Figs. 

2 and 3, with experimental cross sections for nuclides close 

to those mass numbers. The most probable charge, Z , was 
p 

calculated for each mass number from the equation 

z
P 

= SA-TA2	 (2) 

and the experimental cross section for each isobar was plotted 

at the corresponding value of Z -Z. The dashed curves in p 
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Figs. 2 and 3 show how the cumulative cross sections behave for 

positron/electron-capture decay. In Fig. 3, the cross sections 

for 145EU, 147 EU, 149Eu, 146Gd, and 149Gd have been corrected 

for the contribution to their cross section from a-decay of 

the A + 4 nuclides, using equation (1) to estimate the 

•• hm 38formation cross sections of the latter. The data of Bac ann 

has already been corrected in this way. 

The quality of fit of the data to equation (1) in the two 

regions of mass is seen to be adequate for the purpose of 

estimating the atomic number of the average precursor of a 

given nuclide, and equation (1) provides a simple formulation 

for estimating unmeasured cross sections. The dependence of 

the parameters R, S, and T on mass number is shown in Fig. 4, 

where the present fit is given by the solid lines in the two 

mass regions, and the values given by Rudstam52 are the dashed 

lines. Figure 4a shows that R is smaller in the present fit 

than in Rudstam's, resulting in wider charge dispersions. 

This is especially true near A = 100, where the wide charge 

dispersion is due to the contribution of different reaction 

mechanisms, namely spallation and fission. Figure 4b shows 

the ratio Zp/A, which is linear in A according to equation (2), 

and in addition the trend of beta stability is shown as the 

dotted curve. It is seen that the most probable charge Z 
p 

for a given mass is larger for the present set of parameters 
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than for Rudstam's in the spallation region, i.e., more neutron 

deficient, but is smaller in the lighter mass region, i.e., 

closer to stability. These differences are probably due to 

the fact that the present fit is restricted to GeV protons 

on gold, while Rudstam's fit made use largely of data from 

lighter elements. 

c. Mass-yield curve 
~----~~~--~~~-~--~-~ 

In the spallation region, A ~ 120, the cumulative cross 

sections represent very nearly the total cross section at a given 

~	 mass number, with the exception of the mass region near A = 148, 

where a-decay depletes the yield at some masses and enhances 

others. These cumulative cross sections thus are useful in 

establishing the mass-yield curve in this mass region. However, 

in the lighter mass region this is not generally true, since 

there are appreciable cross sections for forming stable and 

neutron-excess nuclides, and the neutron-deficient cumulative 

yields no longer represent most of the isobaric cross section. 

The best measurements to help delineate the mass-yield curve in 
36this region are those of HUdis, et aZ.~ who measured the total 

isobaric cross sections at A = 20, 21, 22, 38, 83 and 131 by· 

determining the cumulative yields of the stable rare-gas 

isotopes. Figure 5 shows these data, together with cumulative 

cross	 sections from Table II and Ref. 5 at 11.5 GeV. Although 
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196 194 . ddt theythe cross sections for Au and Au are 1n epen en , 

probably represent the major part of the yield at those mass 

numbers, and thus are included in Fig. 5. For comparison the 

two solid lines indicate the mass yield calculated from 

equation (1) with the parameter values in Table III, while the 

dashed lines indicate the likely extrapolations to the lighter 

masses and the region close to the target. Of the medium-mass 

nuclides, only 83 Rb and 87 s r appear to cumulate the major 

portion of the yield. As stated above, near A = 148 the 

cumulative cross sections are larger than the mass-yield curve 

would indicate because of feeding by a-decay. 

V. SUMMARY AND CONCLUSIONS 

The technique of identifying and measuring the intensities 

of y-rays in a complex mixture of radionuclides by high-resolution 

Ge(Li) spectroscopy was used to study the reactions of high-energy 

prot ons W1 u. ross sect10ns or t e ormat1on 0 more'th 197A C 'f h f ' f 

than 60 nuclides weredeterrnined for bombarding energies of 11.5 

and 300 GeV. The ratio of cross sections at the two energies, 

°300/°11,5' varies in a regular way with the product mass 

number, but does not deviate from unity by more than 20% for any 

of the products measured here. This is in agreement with the 

. 1-8results of previous stud1es at 300 GeV, and leads to the 

~	 conclusion that the distribution of excitation energies deposited 

in the nucleus changes very little over the energy range 11.5

300 GeV. 
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This is supported by measurements of charged-particle 
. . 39-41 bmultiplicity in hadron-nucleus ~nteract~ons a ove 

~ 60 GeV, which show that the intranuclear cascade is not 

mUltiplied by secondary hadrons inside the nucleus. Because 

of this the increase in secondary production with energy does 

not cause a corresponding increase in the excitation energy 

transferred to the nucleus by the cascade, and the excitation-

energy spectrum should approach an asymptotic distribution 

above ~ 60 GeV. The small changes in cross sections between 

11.5 and 300 GeV which are observed are shown to be continuations 

of trends previously observed at lower energies. 

The Rudstam52 empirical cross section formula for 

spallation products was used to systematize the cross section 

values at 11.5 GeV by fitting the parameters separately for 

two mass regions. In spite of the experimental observation 

that charge dispersions are not symmetric, the symmetric 

form of the empirical equation gives a reasonable fit to the 

independent cross section data, A mass-yield distribution was 

estimated with the aid of this equation and a number of 

cumulative cross sections for products of mass number A > 120. 

3/24/76 cac 
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, TABLE I. Decay properties of observed nuclides. 
a 

Nuclide t~ Observed y-ray 
, (keV) 

Abundance 
I 

~eliability 
Grade 

22 Na 

24
Na 

2.62 yr 

15.03 h 

1274.5 

1368.5 

1.00 

1.00 

B 

A 

28Mg 

42 K 

44 
Scrn 

46 Sc 

20.93 h C 

12.4 h 

2.44 day 
, 

83.8 day 

2753.9 

1778.9(28A1)d 

1524.7 

1157.0(44Sc) 

889.3 

1. 00 

1.00 

0.18 

1.058e 

1.00 

B 

B 

B 

A 

48 v 15.97 day 

1120.5 

983.5 

1. 00 

1.00 A 

52Mng 

54Mn 

59pe 

5.7 day 

312.5 day 

44.6 day 

1312.1 

1434.3 

834.8 

1099.2 

0.97 

1. 00 

1.00 

0.565 

B 

B 

A 

56
Co 

58 c o 

60 
c o 

77.3 day 

71. 3 day 

5.26 yr 

1291. 6 

846.8 

810.8 f 

1173.2 

0.432 

1.00 

0.99 

1.00 

B 

C 

A 

65 zn 

69 znrn 

74
As 

75 s e 

244 day 

13.76 he 

17.77 day 

120 day 

1332.5 

1115.5 

438.7 

595.9 

264.7 

1.00 

0.508 

0.95 

0.592 

0.573 

B 

B 

B 

B 

83 Rb 86.2 day 

279.5g 

529.5 

0.248 

0.304 A 

84 Rb 33 day 

552.5 

881. 5h 

0.165 

0.734 C 



. , 
25 

TABLE I. (continued) 

-
Nuclide T~ Observed y-ray 

, (keV) 
,Abundance Re1iabi1tty 

. Grade 

,,

83 Sr 

87 y 

89 z r 

90 Nb 

95 Nb 

96 Tc 

103Ru 

100Rh 

100pd 

105
Ag 

120Sbm 

121Te 

121Tem 

122 
xe 

127 
xe 

131Ba 

133Ba 

139 c e 

143pm 

144
Pm 

145Eu 

32.4 h 

80.3 h 

78.5 h 

14.6 h 

35.1 day 

4.3 day 

39.6 day 

20 h 

4.0 day 

41.29 dayc 

5.8 day 

16.8 dayn 

154 day 

20.0 h 

36.4 day 

11. 7 day 

10.9 yr 

137.2 day 

.265 day 

360 day 

5.93 dayu 

762.5 

388.4(87Srm) 

484.8 

909.2 

2319.2 

765.8k 

849.9 

497.11 

1553.5m 

2376.1m 

1553.5m(100
Rh) 

2376.1m(100
Rh) 

280.4g 

1023.2 

573.10 

212.2 

564.0(122I) 

172.1P 

202.8r 

123.7 

496.21 

355.9 

165.8 

742.0 

618.0 

893.7 

0.332
i 

0.855e 

0.992 j 

1. 00 

0.82 

0.99 

0.98 

0.90 

0.28 

0.446 

0.28 

0.446 

0.32 

0.99 

0.80 

0.89 

0.177 

0.247Q 

0.681Q 

0.288 

0.48 8 

0.67 

0.804t 

0.385u 

1.00 

0.475 

B 

A 

B 

B 

C 

B 

C 

B 

B 

C 

B 

C 

B 

B 

B 

B 

B 

B 

B 

B 

B 





a Half-lives and abundances taken from the compilation of W.W.Bowman 

and K. W. MacMurdo, Atomic Data and Nuclear Data Tables 13, 89 (1974), 

unless otherwise indicated. 

b Defined in text. 

c S. J. Rothman, N. L. Peterson, W. K. Chen, J. J. Hines, R. Bastar,· 

L. C. Robinson, L. J. Nowicki, and J. B. Anderson, Phys. Rev. C9, 
2272 (1974). 

d Daughter radiation. 

e Includes factor for genetic relationship.
 

f Two-component decay (S8Co and 172Hf).
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g Two-component decay (75s e and 105A9).
 

h Two-component decay (84 Rb and 1850s, 880.3 - keV y).
 

i R. C. Etherton, L. M. Beyer, and W. H. Kelly, Phys. Rev. ~,
 

1249 (1968). 

j W. H. Zoller, W. B. Walters, and C. D. Coryell, Phys. Rev. 185, 

1537 (1969). 

k Two-component decay (95Nb and 102Rhm, 766.8 - keV y). 95 Zr parent 

not observed. 

1 103 131Two-component decay ( Ru and Ba) •
 

m Parent-daughter decay (lOOpd ~lOORh).
 

n H. M. A. Karim, Radiochim. Acta 19, 1 (1973).
 

o 121 m 121Parent-daughter decay ( Te·~ Te). 

p Two-component decay (127xe and l73Lu, 171.5 - keV y).
 

q R. Colle and R. Kishore, Phys. Rev. C9, 981 (1974).
 

r Two-component decay (127xe and l72Hf, 203.3 - keV y).
 

s C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes
 

(Wiley, New York, 1967), 6th ed. 

t J. Legrand, M. Blondel, and P. Magnier, Nucl. Instr. Methods 112, 

101 (1973). 

u Y. Y. Chu, E. M. Franz, and G. Friedlander, Phy~. Rev. Cl, 

1826 (1970). 

v D. R. Nethaway, B. Mendoza, and R. S. Newbury, Phys. Rev. C12, 

1310 (1975). 

w P. J. Karol, J. Inorg. Nuc1. Chern. ~, 2817 (1970). 

x 
D •. Barneoud, J. Boutet, J. Gizon, and J. Valentin, Nucl. Phys. 

~, 33 (1969) • 

Y Y. Y. Chu and P. J. Karol, Inorg. Nucl.Chem. Lett. 2, 1205 (1971). 

z Ref. 30 

aaMeasured in this work. 

• J a Klaasse,bbS• B Burson, P • • DIPy, • F. A. Goudsmit,and A. A. C. 

Nucl. Phys. A204, 337 (1973). 
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cc 188 188Parent-daughter decay ( Pt ~ Ir) • 

dd Nuclear Data Sheets ~' 401 (1973). 



, ' 
30 

,-...	 TABLE II. Cross sections from interaction of 11.5-GeV protons with 
197Au, cross section ratios 0300/011.5' and previous measurements. 

Nuclide Type 
of 

Yie1da 
°11.5 
(me) 

° 300/°11. 5 Previous measurements 
o Ep Ref.(rob) (GeV) 

22Na C 2.52tO.15 1.09tO.03 2.10fO.3 30 b 

24Na C 12.7t1.0 1.10tO.07 10.4f1.2 30 b 

28Mg C 3.03fO.22 1. 07tO. 06 

42K I 3.6fO.5 1. 08tO .11 

44 s cm I 1. 57tO .13 1.11tO.08 1. 64tO .12 18.2 c 
46 s c I 4.60fO.30 1.07fO.04 0.075 tO.019 0.58' d 

4. 42 fO. 36 18.2 c 
48v c 1.56tO.12 1.13fO.07 
52Mng I 1.19fO.07 1.09fO.04 
54Mn I 4.09tO.26 1.05tO.04 0.181tO.075 0.58 d 
59Fe C 1. 69 to .13 1.02tO.05 0.16 to. 05 0.45 e 

0.375 tO.088 0.58 d 
56 co c 0.45tO.04 1.15 fO.10 

58Co I 3.43 fO. 31 1.06 fO.07 

60Co I 2.83 fO .19 1. 00 to. 04 

65 zn C 4.08tO.25 1. 03 to. b4 
69 Znrn C 1. 23 fO .10 0.98 to. 07 
74AS I 2.48 ±O. 20 1.01 fO. 08 1. 2 fa. 4 0.45 e 

1.8 fa. 2 2.9 f 
75 s e C 5.18 eo , 33 1. 00 to. 03 
83Rb C 6.85 to. 49 1. 00 to. 04 2.27 fa. 39 0.58 d 
84Rb I 1. 75±0. 35 1.0 to.3 1.60±0.69 0.58 d 

1.7 fa .4 29 q 
83 s r C 3.21 to. 32 1.05tO.11 



31 

TABLE II. (continued) 

Nuclide Type 
, of 

Yie1da 

a . 11.5 
(rob) 

,a300l a11.5 Previous measurements 
a Ep Ref. 

(rob) (GeV) 

87 y C 7.1 ±0.5 1.02±0.05 O. 70±0 .18 0.58 d 

89 z r C 5.46±0.36 1.03±0.04 

90 Nb C 4.39±0.35 1. 04±0. 08 

95 Nb C 0.83±0.09 0.93±0.10 1.90±0.26 0.58 d 
96 Tc I 2.58±0.17 1.00±0.04 0.59±0.26 0.58 d 

103Ru C 0.41±0.04 0.85±0.12 0.97±0.08 0.58 d 
100

Rh I 2.5 ±0.5 1.0 ±0.3 

100pd C 1.32±0.09 1. OO±O. 05 

105Ag 

120Sbrn 

121Te 

C 

I 

C 

5.0 ±0.4 

0.16±0.03 

7.1 ±0.6 

1. 01±0. 08 

1.0 ±0.3 

0.96±0.06 

0.475±0.099 

0.150±0.017 

0.58 

18.2 

d 

c 

121
Te

In 
I 0.45±0.03 0.97±0.05 

122 xe 

127 
xe 

131Ba 

C 

C 

C 

7.8 ±0.6 

9.5 ±0.6 

9.3 ±0.6 

0.95±0.10 

0.96±0.03 

0.96±0.05 

7.6 ±0.5 

9.6 ±0.6 

7.9 ±0.5 

8.8 ±0.3 

29 

3 

29 

11.5 

g 

g 

g 

h 

133Ba 

139Ce 

143prn 

C 

C 

C 

8.8 ±0.8 

11.0±0.7 

9.8 ±0.6 

0.93±0.10 

0.94±0.03 

0.92±0.03 

8.3 ±0.7 

1 . i0.3±1.8 

300 

28 

h 

j 

144 prn I 0.22±0.03 0.9 ±0.2 

,,--. 

145
EU 

147Eu 

148Eu 

149
Eu 

C 

C 

I 

C 

13.0±0.8 

14.3±1.0 

0.58±0.06 

17.7±2.0 

0.94±0.04 

0.93±0.05 

1.0 ±0.2 

0.89±0.15 

6.65±0.06 

10.9±0.9 

1.20±0.25 

28 

28 

28 

j 

j 

j 
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TABLE II. (continued) 

Nuclide 

146Gd 

149Gd 

167
Tm 

169Yb 

170Lu 

171Lu 

173Lu 

172Hf 

175Hf 

183Re 

lS20s 

lS30s 

1830srn 

lS505 

lSS I r 

190 I r 

192 I r 
188pt 

194Au 

196AU 

Type 
. of 

Yie1da 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

C
 

I
 

I
 

I
 

C
 

I
 

I
 

,°11. 5 
(rob) 

11. 5±O. S 

15. 6±1. 0 

15. 5±1.1 

17. 5±1. S 

19.1±1.3 

17.3±1.1 

20.5±1.3 

16.3±1.3 

17.7±1.1 

20.6±1.3 

19.0±2.0 

12.0±2.0 

10.0±1.7 

21.S±1.7 

6.5 ±1.1 

4.06±0.30 

2.45±0.16 

20.7±1.4 

29.4 ±2. 2 

75 ±5 

°300/°11.5 

0.92±0.04 

O. 94± 0.04 

0.95±0.04 

0.92±0.06 

0.95±0.04 

0.93±0.04 

0.93±0.04 

0.91±0.04 

0.8S±0.04 

0.94±0.05 

0.94±0.04 

1.2 ±0.3 

1.22±0.OS 

1.21±0.06 

0.9S±0.05 

1. 02±0. OS 

1.10±0.05 

~revious measurements 
o Ep Ref • 

(rob) (GeV) 

7.4 ±0.6 28 j 

' i
10.6±1.9 28 j 

70.5 ±5. 7 0.426 k 

a 
C = cumulative, I = independent. 

b Ref. 35. 

c Ref. 37. 
d Ref. 15. 
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e Ref. 32. 

f Ref. 34. 

g Ref. 36. 

h Ref. 5. 

i 
a corrected to present y-ray abundance. 

j Ref. 38. 

k Ref. 33. 
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TABLE III. Values for the parameters of equation (1) 

Mass region cr 
0 

P R S T 

40 < A < 105 7.8 -8.2xlO- 3 30 A- 0• 79 0.470 2.1x10- 4 

120 < A < 185 0.70 0.015 6.5 A- 0• 38 0.478 2.9x10-4 

Rudstama 
0.056 11.8 A- 0 • 45 0.486 3.8x10-4 

a Ref. 52. 
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Fig. 1. Ratio of cross sections at the two bombarding energies, 

0300/011.5' as a function of mass number. Open symbols 
are neutron deficient nuclides, solid symbols are 
neutron-excess nuclides. (0,.): cumulative cross sections; 

(0,.): independent cross sections; (V): Ref. 5. 

Fig. 2.	 Charge dispersion curves calculated for specific mass 
numbers from Eq. (1). Open symbols are independent yields, 

solid symbols cumulative yields. (0,.): this work; (0,.): 

Ref. 37; (.): Ref. 36. 

Fig. 3.	 Charge dispersion curves calculated for specific mass 

numbers from Eq. (1). Open symbols are independent yields, 

solid symbols cumulative yields. (0,.): this work; (v,,): 

Ref. 5; (~,.): Ref. 38. The dashed curves show the 

cumulative yields from positron/electron-capture decay. 

Fig. 4. (a) Variation of parameter R of Eq. (1) with mass number 

Full lines: this work; dashed line: Rudstam (Ref. 52). 

(b) Variation of Zp/A with mass number. Full lines: this 

work; dashed line: Rudstam (Ref. 52); dotted curve: 

beta-stable nuclides. 

Fig. 5.	 Mass-yield curve for 11.5-GeV protons + 197AU• (.): 

cumulative cross sections, including data from Ref. 5; 

(0) independent cross sections; (x): total isobaric cross 

sections at 29 GeV (Ref. 36). The full lines are 

calculated from Eq. (1) and the dashed lines represent 

likely extrapolations. 
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