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ABSTRACT 

Absolute cross sections have been measured for 14 reactions: 

54 54 for 0.83 MeV < E < 3.61 MeV, Cr(p,n) M - p - n for 

2.23 MeV < E < 3.61 MeV, 
p 

51 52 V(p,y) Cr for 0.93 MeV < E < 4.47 MeV , 
p 

51 51 V(p,n) Cr for 1.58 MeV < E < 4.47 MeV, 
p 

68zn(p,y) 69 Ga for 

68 68 1.67 MeV _.:::. Ep _.:::. 4.97 MeV, Zn(p,n) Ga for 3. 77 MeV < E _< 5.03 MeV, 
- p 

68
zn(p,a) 65cu for 3.36 MeV _.:::. Ep S 5.48 MeV, 48ca(p,y) 44sc for 

48 48 
0.58 MeV .:S. E .:S. 2.67 MeV, Ca(p,n) Sc for 0 . 96 < E < 2.67 

p - p - MeV, 

37 41_ 62 66 
Cl(a,y) 1<. for 2.90 MeV S Ea_.:::. 5.23 MeV, Ni(a,y) Zn for 

62 . 65 
5.07 MeV S Ea ..5. 8.64 MeV, Ni(a,n) Zn for 6.95 MeV _.:::.Ea S 8.76 MeV, 

64 . 68 64 6 7 Ni(a,y) Zn for 4.50 MeV ..5. Ea ..5. 7.45 MeV, and Ni(a,n) Zn for 

5.29 ..5. Ea ..5. 7.44 MeV. Substantial drops in cross section, by factors 

from three to five, were observed above the neutron thresholds for all 

48 49 of the radiative capture reactions except Ca(p,y) Sc. These "competi-

tion cusps" are caused by competition from the neutron channel. In the 

48 49 68 65 Ca(p,y) Sc and Zn(p,a) Cu reactions, significant though smaller 

neutron competition effects were observed. The measured cross sections 

have been compared with cross sections calculated using global Hauser-

Feshbach models. It was thus established that: (i) isospin mixing 

should be assumed to be complete in these nuclear reaction models, 

(ii) width fluctuation corrections should be included in the treatment 

of the competition effects, and (iii) black nucleus strength functions 

for the neutron channels lead to inadequate neutron transmission functions, 

and should be replaced by more realistic strength functions which include the 
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effects of size resonances . Cross sections calculated with current 

versions of global Hauser-Feshbach models, which incorporate these 

modifications, agree with those measured for the fourteen reactions 

studied to within a factor of two in almost all cases, and to within 

a factor of three in all cases. 
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CHAPTER I 

INTRODUCTION 

The chemical elements as we now find them are believed to result 

from nuclear transmutations in various astronomical environments prior 

to the formation of the solar system. The quasi-static carbon, neon, 

oxygen, and silicon burning which occur during the later stages of the 

evolution of massive stars, and the short-lived but vigorous explosive 

nucleosynthesis accompanying the supernova explosion which ends the 

star's life are especially important settings for nucleosynthesis. 

Charged particle- and neutron-induced reactions build up heavier nuclei 

during these stages of stellar evolution, and are thought to be the 

sources of many of the neclear species from neon to iron (see, for ex-

ample, Trimble 1975). 

For hydrostatic burning the temperatures and densities are too 

low, and for explosive nucleosynthesis the time too short, to reach 

nuclear statistical equilib7ium in all nuclear reactions: consequently, 

calculations of the composition of the products must be carried out by 

following comple~e networks of nuclear r~actions. Provided the thermo

dynamic history and ini~ial composition are known, the results of such 

calculations depend primarily on the cross sections used in the calcula-

tion of the thermonuclear reaction rates. Reaction rates have been 

experimentally determined for many reactions of interest both by numeri

cal integration of measured cross sections (e.g., Howard 1974 and 

Solomon 1978), and by measuring yields in targets sufficiently thick to 
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stop the beam (Roughton 1976). But because of the high temperatures 

and densities involved, rates are needed for a very large number of re

actions; many of the targets are radioactive or thermally raised into 

excited states. Thus, for many reactions, the rates cannot at present 

be calculated from experimental data because the cross sections have not 

yet been measured, and for many more, prospects of measurements being 

carried out in the near future are slim, or altogether out of the ques

tion. 

The need for these reaction rates has led to the development of 

semi-empirical models based on the Hauser-Feshbach expression for 

energy-averaged cross sections, with the required transmission functions 

based on the optical model for particle channels and on giant resonance 

and single particle forms for the y-ray channels (Michaud 1970b, Woosley 

1975, Mann 1976 , Zimmerman 1977). The models are global in the sense 

that, given the charges, numbers of neutrons, mass excesses and level 

schemes for the nuclei involved, all cross sections are calculated from 

one set of parameters with a smooth functional dependence on the energy 

and masses. In principle, such a model should provide a good description 

of cross sections for reactions in which the compound nucleus mechanism 

is dominant and the density of compound states is sufficient to justify 

the statistical assumptions underlying the model for energy intervals 

of interest. Because the cross sections are averaged with a weighting 

factor representing the Maxwell-Boltzmann velocity distribution in cal

culating thermonuclear rates, the energy-averaged cross sections calcu

lated from the Hauser-Feshbach models should be appropriate for most of 
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the charged-particle and neutron-induced reactions on medium mass nuclei 

occurring during hydrostatic and explosive carbon, oxygen, neon, and 

silicon burning, and for the neutron-induced reactions on intermediate 

and heavy nuclei occurring during the r- and s-processes. 

Calculations performed with an earlier version of one of these 

global models (Woosley 1975) predicted that,above the thresholds for the 

emission of s-wave neutrons in a number of proton- and a-particle-induced 

reactions, the cross sections for the competing radiative capture and 

charged particle emitting reactions would decrease precipitously by a 

factor as large as one hundred. Similar but smaller threshold effects 

in energy-averaged cross sections have been observed in elastic neutron 

scattering,and were shown by Meyerhof (1962) to result from the unitarity 

of the collision matrix. Because s-wave neutrons experience no Coulomb 

or angular momentum barriers, their emission is favored over that of 

charged particles; their emission is favored over that of y-rays because 

of the weakness of electromagnetic interactions compared to strong inter

actions in the nucleus. Unitarity requires that flux be conserved; as 

the cross section for neutron emission increases, there must be compen

sating decreases in the cross sections for other products. This situa

tion is illustrated schematically in Figure 1. These threshold effects 

in energy-averaged cross sections are different from the cusps first pre

dicted by Wigner (1948) and discussed at greater length by Baz (1958) 

and Newton (1959). The "Wigner cusps" arise from a square root singular

ity in the derivative of the collision matrix which results from combin

ing the requirement of unitarity with the proper analytic continuation 
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of the collision matrix across the threshold. From an R-matrix analysis, 

Meyerhof (1963) has shown that when the cusp is averaged over many 

levels, the competition threshold effect observed in energy-averaged 

cross sections results. Such competition threshold effects may be 

termed level-averaged cusps or competition cusps, although they are not 

cusps in the strict mathematical sense of the word as are the Wigner 

cusps; all further references to cusps in this thesis will refer to the 

competition cusps. 

In comparisons with a wide range of experimental data, the global 

Hauser-Feshbach models have been quite successful in reproducing the 

observed cross sections, usually to within a factor of two (Mann 1975a 

and 1975b, Holmes 1976a and 1976b, and Fowler 1975). For many of these 

reactions the cross sections have little energy dependence other than 

that arising from barrier penetration effects, and are sensitive pri

marily to the transmission functions for one channel. Thus radiative 

thermal neutron capture reactions usually provide a measure of y-ray 

transmission functions, and (p,n) and (a,n) reactions measure proton and 

ex-particle transmission functions except just above the neutron threshold. 

However, it is also crucial for nucleosynthesis calculations that the 

models be able to predict accurately the effects of competition between 

different outgoing channels. For example, in explosive nucleosyn-

thesis, (p,y) reactions contribute to the build-up of heavier 

species, whereas (p,n) reactions do not. The emitted neutron will be 

captured, of course, but probably by a different species of nucleus, 

quite possibly one which does not participate in the main stream of 
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nucleosynthesis. The study of reactions for which competition effects 

play a major role is also important because the strong energy dependence 

of the cross sections, reflecting the interplay of transmission functions 

in the competing channels, provides a sensitive probe of aspects of the 

nuclear reaction models not stringently tested by the earlier experimen-

tal work. 

As a result of these considerations, and stimulated by the success-

ful observation of the first of the predicted competition cusps in the 

64 . 65 excitation function of Ni(p,y) Cu by Mann, Dayras, and Switkowski 

(1975c), a program was undertaken to measure absolute cross sections for 

a number of reactions for which prominent competition effects were pre-

dieted, and for the associated neutron producing reactions. 

64 . 64 The magnitude of the drop at the Ni(p,n) Cu threshold was 

found to be a factor of ten smaller than the first predictions (Woosley 

1975), and also smaller than that predicted by Mann's program HAUSER*4 

(Mann 1976a). Mann et al. (1975c) showed that an adequate fit to the 

observed excitation function could be obtained if width fluctuation 

corrections were included in the calculations performed with the HAUSER*4 

program. Fowler (1976) pointed out that, if isospin mixing were not 

complete, the depth of the cusp would be strongly dependent on the degree 

of mixing. With the partial isospin mixing formalism of Grimes et al. 

(1972), Fowler showed that KGHFP calculations performed with an isospin 

mixing parameter equal to 0.4 reproduced the observed excitation function 

quite well. 

Because of the ambiguities in the causes of reduced competition 

cusps, several proton-induced reactions predicted to show substantial 
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competition effects and the associated (p,n) reactions were studied: 

51
V(p,y)

52
cr, 

51
V(p,n)

51
cr (Zyskind 1977 and 1979a), 

54
cr(p,y) 55Mn, 

54
cr(p,n)

54Mn (Zyskind 1978), 68 zn(p,y)
69

Ga, 68 zn(p,a) 65cu, and 

68 68 
Zn(p,n) Ga (Esat 1977 and 1979). These reactions and studies of 

65
cu(p,y)

66
zn and 

65
cu(p,a)

62
Ni (Switkowski 1978a and 1978b) confirmed 

that while the early calculations (Woosley 1975) were quite successful 

in predicting where threshold effects would be found, they consistently 

predicted the magnitudes of the drops in the cross sections at thresholds 

to be larger than those actually observed by factors ranging from thr ee 

to ten. As noted above, it was found to be possible to reproduce the 

observed threshold effects in proton capture reactions either by using a 

value of 0.4 for the isospin mixing parameter (Zyskind 1977), or by modi-

fying the KGHFP by including width fluctuation corrections in the Tepel 

approximation, and correcting the black nucleus strength function for the 

effects of size resonances (Zyskind 1978). Since threshold effects in 

(a,y) reactions are insensitive to isospin effects, and to decide between 

37 41 62 . 66 
these alternatives, we studied the Cl(a,y) K, Ni(a,y) Zn and 

64N·( ) 68 z . f h' h . . i ff i a,y n reactions or w ic prominent competit on e ects were pre-

62 65 64 . 6 7 
dieted (Woosley 1975), and the associated Ni(a,n) Zn and Ni(a,n) Zn 

reactions (Davidson 1977 and Zyskind 1979b). Again, the threshold 

effects were found to be smaller than those predicted by at least a fac-

tor of three, and to be much better reproduced by calculations employing 

width fluctuation corrections and, in the case of the KGHFP, empirical 

neutron strength functions reflecting the effects of size resonances. 

Similar results were found for the 68zn(p,a) 65cu reaction, for which the 



-7-

magnitude of the competition effects is also relatively insensitive 

to isospin effects. These results and other considerations have led 

to the conclusion that the isospin mixing is effectively complete and 

isospin effects can therefore be ignored in the excitation region of 

the present work. In contrast, width fluctuation corrections and 

realistic neutron strength functions have been shown to be important, 

and these are included in current versions of the nuclear reaction 

models. 

The 
48

ca(p,y)
49

sc reaction, which was predicted to have a promin-

ent competition cusp, plays a role in the nucleosynthesis of neutron-

rich, intermediate mass nuclei during explosive carbon burning (Clayton 

1974). To determine the reaction rates for this reaction and the com-

48 48 peting Ca(p,n) Sc reaction, and to test the reaction models for a 

very neutron-rich, doubly magic target with a very low neutron threshold, 

cross sections were measured for these reactions (Zyskind 1979c). 
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CHAPTER II 

EXPERIMENTAL PROCEDURES, DATA ANALYSIS, AND RESULTS 

A. Reactions Studied and Target Chambers 

Absolute cross sections were measured for the fourteen reactions 

involving competition effects listed in Table I. Also given in the table 
' 

are the Q-values, neutron thresholds, and energy ranges studied for each 

reaction. Proton and helium ion beams produced by the ONR-CIT tandem Van 

de Graaff accelerator were delivered to the all-metal target chamber 

mounted on the "south 20°" beam line, as shown in Figure 2, for most re-

actions. The stainless steel chamber with copper gaskets was pumped by 

an ion pump and isolated from the accelerator vacuum system by an in-line, 

liquid-nitrogen cold trap (Dyer 1974). This set-up minimized the deposi-

tion of carbon during bombardment, an especially serious source of con-

tarnination for a-particle-induced reactions because of the positive Q-

. 13 16 value and large cross section of the C(a,n) 0 reaction. Secondary 

electron emission from the target was suppressed by applying a bias of 

+300V to the target, which was electrically isolated from the chamber. 

51 52 51 51 68 69 
For the measurements of the V(p,y) Cr, V(p,n) Cr, Zn(p,y) Ga, 

68 68 37 41 . Zn(p,n) Ga, and Cl(a,y) K cross sections, the experimental configu-

ration was similar except that the target chamber consisted of a glass 

tee mounted on the center beam line. For the last three reactions the 

targets were water cooled because of their low melting points, and 

secondary electrons were suppressed by placing a -300 V bias on an 

aluminum ring surrounding the stern of the glass tee 2 cm upstream of the 

68 65 target. The configuration for the Zn(p,a) Cu measurements, which were 

carried out in the scattering chamber on the center beam line, is shown 
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in Figure 3. 

The 
54

cr target was mounted with its surface at an angle of 51° 

to the beam direction. The 68 zn target used in the (p,y) and (p,n) 

37 
measurements and the Cl target were mounted with their surf aces at 

an angle of 45° to the beam direction. Targets for the other measure-

ments were oriented with their surfaces normal to the beam. 

B. Target Fabrication 

Most of the targets consisted of layers deposited by vacuum evapo-

ration on either tantalum or tungsten backings of thicknesses ranging 

from 5 to 20 thousandths of an inch. The 
68

zn transmission target used 

in the measurements of the 
68

zn(p,a) 65 cu reaction was deposited on a thin 

carbon foil. To facilitate comparison of the measured cross sections 

with Hauser-Feshbach calculations, the target layer should be suffici-

ently thick that the beam energy loss in traversing the layer is great 

enough to average over many compound nuclear resonances. Where possible, 

the thicknesses of the targets for proton induced reactions were about 

1 mg/cm2 , and for a-particle induced reactions about 0.25 mg/cm
2

. In 

some cases this was not possible because of difficulties in target manu-

facture. For the transmission target used in the study of the 

68 65 Zn(p,a) Cu reaction, the thickness was limited by the requirement 

that the outgoing a-groups be resolved. 

Enriched isotopes were used for all except the vanadium (natural 

vanadiur.1 is 99. 75% 
51

v) targets. The isotopic enrichments of the target / 

materials are given in Table II. The natural vanadium and isotopically 

enriched nickel isotopes (obtained from ORNL Separated Isotopes Division) 

were available in metallic form,and were evaporated from standard open 
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tungsten and tantalum boats to make the targets. The enriched 54cr 

and 
68

zn were obtained in the chemical form of oxides and the 48ca in 

the form of calcium carbonate (all from the same source). When heated, 

the calcium carbonate decomposes into volatile co
2 

and CaO, so the cal

cium is also in the form of an oxide. These oxides are generally not 

convenient materials to evaporate because of their very high melting 

points. The elimination of the oxygen can be accomplished by heating 

the oxide in the presence of a suitable reducing agent; however, such 

reactions often proceed at very high temperatures and occur with such 

violence that unless performed in a closed vessel, the materials are 

spewed all over. This problem was solved by carrying out the reduction 

and evaporation in a baffled tantalum boat of the type shown in Figure 

4. The load placed in the boat consisted of the oxide of the material 

to be evaporated (or the carbonate in the case of the calcium) mixed 

with a powder of the reducing agent (tantalum filings for the reduction 

of the Cao, and carbon for the ZnO and Cr
2

o
3
). The boat was then heated 

resistively. When the boat attained a white heat the reduction pro

ceeded and left TaO in the boat or emitted volatile co
2 

as the reduced, 

metallic target material was evaporated onto the target backing placed 

over the chimney. Even with the protection provided by the boat's baf

fles, if the temperature was held at too high a level and the reduction 

and evaporation carried out too quickly, chunks were emitted from the 

chimney. The directionality of the emission from the chimney had the 

·advantage of conserving target material, but the disadvantage of 

increasing the variation in target thickness over the surface of the 

target. 
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The enriched chlorine was obtained in the form of NaCl. Because 

of its low atomic number, the sodium would have constituted a most 

serious contaminant . Consequently the targets were made from PbC1
2

. 

This was produced by combining the NaCl in an aqueous solution with 

PbN0
3

, from which the PbC1
2 

precipitated. The precipitate was rinsed 

six times in distilled water, chilled to minimize the PbC1
2 

solubility. 

Each rinse was centrifuged and the supernatant liquid poured off to 

eliminate the NaN0
3

• The PbC12 was finally dried, and the target was 

made by evaporating this material from a conventional open boa t. 

C. Determinations of Target Thicknesses 

Thicknesses were measured for a number of targets by weighing. 

However, this method was not deemed satisfactory for targets made using 

enclosed boats because of the variation in thickness across their sur-

faces. The use of backscattering techniques (Snyder 1950, Brown 1951, 

Chu 1978) permitted the target thickness profile to be determined. The 

configuration for these measurements was similar to that shown in Figure 

68 65 3 for the Zn(p,a) Cu measurements, except thaS for the backscattering 

on the targets with thick backings, the beam current was collected from 

the target rod. Figures 5 and 6 show spectra obtained for the backscat

tering of 3 MeV protons on a 54cr target, and of 3. 7 MeV a-particles on 

a vanadium target, respectively. These spectra are dominated by the steps 

arising from particles Rutherford scattered from the high atomic number 

backing materials. Superposed on this is the bump arising from elastic 

scattering from the target layer material. 

The target thicknesses were extracted from such data in two ways. 

For the earlier backscattering mea surements, the thickness wa s obta i ned 
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from the shift in the location of the thick target step of particles 

backscattered by the backing material caused by beam energy loss in 

the target layer. The process of scattering from the bare backing is 

shown schematically in Figure 7a. The energy of the scattered par-

ticles, ~, is given by 

(II. l) 

where k is a constant of proportionality, sometimes called the scatter-

ing factor, depending on the scattering angle 8S = 8 A+ 8E and target and 

projectile masses, but independent of energy (Chu 1978). The scattering 

from the backing when a target layer is present is shown in Figure 7b. 

In this case, the measured energy of particles scattered from the backing 

material is 

c 
k(E - - dx) I dE 

A dx 
A 

E 

f dE dx 
dx 

c 

(II. 2) 

where dE/dx is evaluated at each point for the appropriate energy result -

ing from previous energy losses due to passage through the target layer 

and, for the scattered particles, scattering from the surface of the 

backing. For the targets used in the present work it was sufficiently 

accurate to evaluate the energy losses using two values of dE/dx which 

were constant for the paths ABC and CDE evaluated at the target centered 

energies EB and ~· With this approximation, the target thickness T 

can be. obtained from the observed shift in the scattering edge, S , using 

the relation 
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s (II. 3) 

The above method is not satisfactory in cases where a significant 

but unknown fraction of the mass in the target layer may consist of sub-

stances other than the target material. There was reason to believe 

48 this might be the case for the Ca target. Its thickness was therefore 

determined by comparing the yield of a-particles scattered from the Ca to 

the height of the step resulting from a-particles scattered from the sur-

face of the backing. This is illustrated in Figure 7c. The thickness of 

the target layer, T 
t 

in units of mass, is given by 

(II.4) 

In this expression Nt is the area of the a-particle group arising from 

particles scattered from the target layer; ~ is the height of the step 

corresponding to a-particles scattered from the surface of the backing; 

At and ~ are the atomic masses of the target and backing materials, re

spectively; ob (E_) and a (E ) are the laboratory differential cross sec-
--C t eff 

tions for Rutherford scattering of a-particles on the backing and target 

materials, respectively, evaluated at the appropriate energies; and ~Tb 

is defined as shown in Figure 7c as the thickness of a layer of backing 

material such that a-particles scattered from its surface (point C) and 

its back (point C') after traversing the overlying target layer differ in 

energy upon their reemergence from the target layer by an energy dE/dn, 

the energy per channel in the backscattering spectrum. The cross section 

a (E ) is given by the approximation of Chu et al. (1978) for the t eff - -
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average of the Rutherford cross section over a finite interval 

1 

L'IEAC 
1--

E 
A 

(II. 5) 

where L'IEAC = EA-EC • The energy EC is evaluated using methods similar 

to those used to determine the target thickness from the shift in the 

backscattering edge. The method of comparing the Rutherford yields from 

the target layer and the backing has the advantage that it is not sensi-

tive to contaminants in the target layer which give rise to 

a-particle groups which are resolved from that arising from scattering on 

the target material. In comparing the two yields, the solid angle and 

the integrated beam cancel out. Where this method was used to determine 

the target thickness, it was established that the elastic scattering was 

essentially Rutherford by checking that its excitation curve was 

proportional to the inverse square of the effective bombarding energy. 

The target thicknesses adopted and the methods by which they were 

determined are given in Table 2. The 54cr, 
62

Ni, 
68

zn, and 
48

ca targets 

were also weighed. Because of the large variations of target thickness 

over the surfaces of these targets, it was necessary to use the informa-

tion obtained from the backscattering profiles of target thickness to 

determine the value at the beam spot. This nonuniformity also complicates 

comparison of the results from weighing and backscattering, but, except 

for the Ca target discussed below, the two methods appeared to be in good 

agreement. The vanadium target used in the cross section measurements was 

weighed, but was too thick for backscattering measurements. To insure that 
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there was no large amount of oxygen present in the target, cross sections 

51 52 were measured for the V(p, y) Cr reaction for 1. 76 < E _< 2 . 00 MeV - p 

using a thinner target. The thickness of this target was measured to be 

190 µgm/cm2 of vanadium by comparison of Rutherford yields from the back-

ing and target layer. These cross sections agreed with those determined 

using the thicker target to within 6%. The normalization found with the 

thinner target was adopted. 

The thickness of the 
48

ca target was also measured at various times 

by weighing and by measuring the shift of the backscattering edge . The 

latter measurements include contributions from whatever oxygen and carbon 

is on the target as well as the calcium. The monotonic increase with 

time of the thicknesses measured in these two ways, and the values of 

these thicknesses indicate that, in spite of storing and transporting the 

targets under argon, the calcium became oxidized and eventually turned to 

Caco
3

• The various thickness measurements indicate that it is an excel

lent approximation to assume that the composition of the target was Cao 

during the experiment. Uncertainty in this assumption about the target 

composition introduces no uncertainty in the measured cross sections, and 

only a very small uncertainty in the effective bombarding energies. 

D. Gamma-Ray Detection 

Gamma-rays were detected with a 73 cc Ge(Li) detector placed either 

at 55° or at 125° to the beam direction, generally at distances between 

2 and 10 cm from the target. In some cases a few mm of lead shielding was 

placed over the detector face to attenuate prolific, low energy y-rays. 

Details of the detection geometries for the individual experiments are 
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given in Table 3. The detector efficiencies were calibrated for each 

experiment by using radioactive sources placed in the target position 

and resonances in the 27Al(p,y)
28

si reaction. Absolute calibrations 

22 
were performed with Na source number 7956, the activity of which was 

4.56 ± 0.05 µCi on 2 February 1969. The calibration of this source was 

22 60 checked against other absolutely calibrated Na and Co sources from 

Amersham and Isotopes Products Laboratory, and the various calibrations 

were found to be in agreement to within a few percent. Except for the 

68 69 Zn(p,y) Ga measurements, the relative efficiency of the Ge(Li) detec-

56 tor as a function of y-ray energy was determined by using a Co source, 

and the 2.046 and 1.800 MeV resonances in the 27Al(p,y) 28si reaction, 

for which the y-ray energies and relative intensities are given in Table 

4. A typical efficiency curve is shown in Figure 9. 68 69 For the Zn(p,y) Ga 

measurements, there were y-rays of interest with energies of 319 and 

574 keV; in addition to the above sources and reactions, the relative 

efficiency was extended to lower energies by using 182Ta, 207ni, d 226R an a 

133 sources, and checked with an absolutely calibrated Ba source. A rela-

tive efficiency curve for such low energy y-rays is shown in Figure 8. 

The y-ray energies and relative intensities used in compiling this curve 

are given in Table 4. 

At bombarding energies below neutron thresholds, the y-ray spectra 

were typically dominated by lines originating from the decay of low-lying 

excited states in the compound nucleus. 
51 52 

For example, the V(p,y) Cr 

spectrum for E 
p 

1.9 MeV, shown in Figure 10, is dominated hy the 

52 1.43 MeV line from the decay of the first excited state of Cr. As the 
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bombarding energy is increased the quality of the spectrum deteriorates 

slowly as the yields increase for y-rays from inelastic scattering and 

decay of excited states populated by neutron emission. This is illus-

trated in the spectrum shown in Figure 11 for a bombarding energy of 

3.75 MeV, which is dominated by lines from decay of excited states of 51cr 

51 
and V. These problems were most severe for low energy y-rays and ex-

tended to y-rays of higher and higher energy as the bombarding energy was 

increased. For most reactions the highest energy at which y-ray cross 

sections could be measured was determined by the point at which these 

background problems prevented extraction of reliable areas for the peaks 

of interest. 

Dead-time corrections typically ranged from less than 1% below the 

neutron threshold to a maximum of about 20% at the highest bombarding 

energies. 

To check the accuracy of they-ray cross section measurements, the 

absolute strength of the 2.046 MeV resonance in 
27

Al(p,y)
28

si was measured to 

be 22 ± 4 eV, in good agreement with other reported values (Kennedy 1977). 

E. Analysis of Gamma-Ray Data 

Cross sections for producing individual y-rays were determined from 

the areas extracted from the Ge(Li) spectra by assuming an angular distri-

bution of the form a0+a2P2 (cos 8). To check this assumption, angular 

51 52 
distributions for the 1.43 MeV y-ray produced in the V(p,y) Cr reac-

tion were measured at bombarding energies of 1.5, 2.25, and 3.0 MeV. 

No deviations from the form a
0
+a

2
P

2
(cos 8) greater than the precision of 

the measurements (~ 2%) was observed. To obtain the total cross sections 

for (p,y) or (~,y) reactions, it is necessary to add the cross sections for 
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the production of individual y-rays in such a way that each cascade is 

counted once, and only once . The method developed to accomplish this is 

illustrated in the following discussion for the 
54

cr(p,y) 55Mn reaction, 

which includes essentially all of the complications which were encountered 

in other cases. 

For E < 3.2 MeV it was possible to extract areas for 
p 

individual y-rays resulting from the decay of excited states in 55Mn to 

either the ground state or the 126 keV first excited state. Their energies 

are given in the two columns of Table 5 headed "excitation function ." The 

two most prolific y-rays were the 1529 and 2565 keV lines, the excitation 

functions of which are shown in Figures 19 and 20. At no bombarding energy 

was it possible to observe the 126 keV y-ray arising from the decay of the 

first excited state. A preliminary total (p,y) cross section was deter-

mined by adding up the cross sections for producing the individual y-rays. 

In this sum the cross sections for the 858 and 1885 keV y-rays were multi-

plied by weighting factors of 1.05 and 1.56, respectively, to allow for 

the known branching ratios for unobserved transitions from the 984 keV 

state to the ground state and from the 1885 keV state to the first excited 

state. For E > 3.2 MeV, reliable peak area extractions were only possible 
p 

for the seven y-rays whose energies are given in Table 6 for that range of 

bombarding energies. The cross sections for these y-rays were then added , 

with a weighting factor of 1.56 for the 1885 keV line. This sum was then 

multiplied by 1.14 to normalize to the sum of the thirteen cross sections 

used for E < 3. 2 MeV, to obtain the preliminary total (p,y) cross sections 
p 

for E > 3. 2 MeV . The normalization factor was determined by taking the 
p 

average of the ratios of the two sums for proton energies running from 
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2.646 to 3.152 MeV; the small stan~ard deviation of 0.01 reflects the fact 

that the ratio remained relatively constant over this range; this is not 

surprising since many different cascades are included in each sum and aver-

ages are taken over many compound nuclear resonances. 

The preliminary cross section determination described above considers 

only decays which pass through the twelve excited states for which y-decays 

are shown in Table 5 under the heading "excitation functions." Other decays 

may be treated in two groups: (i) y0 and y 1 decays, those proceeding via 

primary y-transitions from the capture state in the compound nucleus 

directly to the ground and first excited states, respectively, and (ii) other 

cascades not passing through the 12 states, the decays of which give rise to 

the 13 y-rays used in determining the preliminary cross sections. For all 

other reactions studied, the group (i) decays included only y
0 

decays. From 

several long runs of the 54cr(p,y) 55
Mn reaction, y-ray spectra were obtained 

over the proton energy range from 1.4 to 2.8 MeV with sufficiently good 

statistical precision to permit the observation of primary transitions. From 

these we found it necessary to increase the preliminary 54cr(p,y) 55
Mn cross 

sections by an average of 10% to allow for group (i) decays. 

The group (ii) y-rays arise from decays directly to the ground state 

(and to the 126 keV first excited state as well, in the case of the 

54 55 . Cr(p,y) Mn reaction) of excited states in the compound nucleus (othe r 

than the capture state) which are not populated sufficiently strongly to 

give statistically significant peaks in the individual run spectra. An 

average relative intensity of group (ii) transitions was determined by 

analyzing sums of spectra from large numbers of runs, which improves the 



-20-

statistical signifi cance of the peak areas. The major y-rays observed 

in this manner are shown in Table 5 in the colunms headed 11 cross secti on . 11 

It was found necessary to increase the preliminary cross sections by 18% 

to allow for the average intensity of group (ii) transi tions. No strong 

systematic variations of these corrections with bombarding energy were 

present . 

The preliminary cross sections were therefore multiplied by a factor 

of 1.27 to include the effects of group (i) and group (ii) transitions . 

Because of the many compound nuclear resonances averaged over fo r each 

data point, the many decay modes included in these corrections, the absence 

of pronounced systematic variations with energy, and the small size of the 

correction compared with the uncorrected preliminary cross sections, the 

above procedure should provide a satisfactory determination of the total 

54cr(p,y) 55Mn cross sections. The resulting cross sections are shown in 

Figure 21. 

Similar methods were used in the determination of the to tal cros s 

sections for the other (p,y) and (a,y) reactions studied . Figures 12-18 

provide information on decays in the compound nuclei involved . In Table 

6, the relevant facts for the cross section determinations fo r each r e ac-

tion are sununarized. 68 69 For the Zn(p ,y) Ga reaction the primary y
0 

lines 

could be seen for many bombarding energies , and the necessary correct i on 

was found to decrease systematically f rom &fa of the preliminary cross sec-

t ion to ti as the bombarding energy was increas ed . 62 . 66 For the Ni(a,y) Zn 

reaction, the y
0 

line was also observed at many bombarding energies but 

no systematic trends were apparent . The cross sections resulting from such 
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analyses are shown in Figures 21 through 27 and listed in Tables 7 

through 13. The error bars shown represent counting statistics only and, 

48 49 except for the ca(p,y) Sc excitation function, are indicated whenever 

larger than the data points. For all experiments, the reproducibility of 

the measurements was checked at many energies and found to be within the 

statistical precision of the number of counts. It is estimated that un-

certainties in the overall normalization of the cross sections do not ex-

ceed 21%; this is the sum in quadrature of uncertainties in relative 

detector efficiency (5%), absolute Ge(Li) efficiency due primarily to 

geometrical effects (10%), charge collection (5%), target thickness (10%), 

angular distribution effects (10%), target composition (3%), and correction 

to the preliminary cross sections for weak branches (10%). 

For low bombarding energies, and in the region of the neutron 

thresholds, the cross sections depend very strongly (and nonlinearly) on 

the bombarding energy; therefore, the shift of the effective energy from 

the target-centered value was evaluated by a method suggested by Barnes and 

described in Mak , Ashery, and Barnes (1974). The corrected effective 

energies typically differed from the target-centered energies by no more 

than 5 or 10 keV at the lowest energies, and at the higher energies when 

this difference became less than 1 or 2 keV the target-centered energies 

were used. It is estimated that the combined uncertainties in the effective 

incident energy, arising from all causes do not exceed 8 keV for the (a,y) 

68 69 reactions, 6 keV for the Zn(p, y) Ga data, and 4 keV for the ot her (p,y) 

reactions studied. In the energy region studied for these reactions, the 

cross sections vary sufficiently slowly with energy that these uncertainties 
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in effective bombarding energies are not serious. For example, it is in 

48 49 48 48 the energy range between 0 . 8 and 2.1 MeV that Ca(p , y) Sc and Ca(p,n) Sc 

cross sections are needed for calculation of thermonuclear reaction rates 

at astrophysically interesting temperatures of about 2 x109 °K (see Appendix 

B). 48 49 A shift of 4 keV in the energy scale for the Ca(p,y) Sc and 

48 48 Ca(p,n) Sc data would have very little effect on the thermonuclear reaction 

rates. It is also often of int erest to extrapolate cross sections to lower 

energies. The strongest energy dependences of the low-energy cross sections 

are factored out of the astrophysical S-f actor 

s 

where 

0.98948 Z Z A112 Mev112 
0 1 

(II.6) 

(II. 7) 

E is the center-of-mass energy and A is the reduced mass in the incident 

channel. The uncertainties in the determination of the S-factor at the 

lowest bombarding energy provide a good indication of the uncertainties 

in extrapolating the experimental cross sections to lower energies. For 

the 
48Ca(p ty) 49sc reaction at Elab = 580 keV, the 42% uncer t ainty in cross 

p 

section gives rise to a 42% uncertainty in the S-factor, but the 4 keV 

uncertainty in the energy results in only a 7. 5% uncertainty in the S-factor. 

F. Neutron Detection 

The neutrons were detected with a BF "long counter." The geometries 
3 

for the various experiments are given in Table 14. A schematic diagram of 

the BF
3 

long counter is shown in Figure 28. The paraffin moderates the 
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neutrons so they may be detected by the BF
3 

tube, which is mainly sensi

tive to thermal neutrons. The efficiency for a counter based on the 

same design as that used in this experiment, at 1 m from the neutron 

source, has been found to rise by about 15% from the efficiency for 23 keV 

neutrons to a plateau response level by the time neutron energies have 

attained 2.2 MeV, and to fall by about 5% as the neutron energy rises fur

ther to 5 MeV (Allen 1960). Because of their short thermalization dis

tance, low energy neutrons have a greater probability to diffuse out of 

the front face of the paraffin and this is one reason for the lower effi

ciency for detection of low energy neutrons. The holes in the front face 

of the paraffin improve the low energy response. The fall-off for high 

neutron energies arises in large part from a decrease in the effective 

solid angle of the detector as neutron energy is increased. This occurs 

because the BF
3 

long counter behaves as a detector with a solid angle 

proportional to the inverse square of its effective distance from the 

source, r+r
0

, 

1 
(II. 8) 

where r is the distance from the source to the detector face, and r
0 

is 

a mean thermalization distance for the neutrons, which does not depend on 

r. It does, however, increase with increasing neutron energy because 

higher energy neutrons require a greater distance to become thermalized. 

Values for r
0 

found by different investigators vary, but generally rise 

from about 0.8 cm for 25 keV neutrons up to about 6 cm for neutrons of 

5 MeV (Allen 1960) . For the experiments reported here, as bombarding 

energies are raised, the neutron energies rise and new neutron groups 
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appear as neutron thresholds are crossed. For counting neutrons with such 

a complex, unknown spectrum, which changes from one bombarding energy to 

another, the flat response of the long counter is very attractive. 

The efficiency of the BF3 long counter used in these experiments 

was measured by comparing the number of neutrons counted from several 

(p,n) reactions with the absolute intensities of y-rays arising from the 

decays of the radioactive residual nuclei. In these measurements, the 

y-rays from the activity of interest remaining from earlier bombardments 

were counted with the beam off from time tri to time trf (the result is 

the residual activity, nr); then the targets were bombarded from time tbi 

to time tbf' and neutrons were counted by the BF
3 

long counter (the re

sult is n ). Finally, with the beam off, they-rays from the activity 
n 

produced were counted from time t . to time t f (with result n ). This 
ai a a 

procedure is illustrated in Figure 29. The efficiency for detecting 

neutrons is then given by 

€ 
n 

n 
€ n 
y KB (n - n. ) 

y a b 

where nb is the number of y-rays detected during the time interval 

(II.9) 

(t . ,t f) arising from the activity already present before the bombardment 
ai a 

began at tbi; 

and~ is the fraction of all (p ,n) residual nuclei formed during the bom·

bardment interval (tbi'tbf) which decay during the activation counting 

interval (tai'taf): 
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K = 1 
(II .11) 

+Ad(t . -tbf) - Ad(t f-t i) 
e ai [l - e a a ] 

By is the fraction of the decays which result in production of the y-ray 

which is counted; Ad is the decay rate of the radioactive (p,n) residual 

nucleus: 

(II . 12) 

where Td is its mean life; and €y is the efficiency for the Ge(Li) detec

tor to detect Y-rays of interest in the detection geometry. Three reac-

tions, 
48 48 68 68 51 51 

Ca(p,n) Sc, Zn(p,n) Ga, and V(p,n) Cr, were used to insure 

that no errors were likely to arise from mistakes in the branching ratios. 

The decay rates, Ad' from the resulting activities, the energies of the 

y-rays detected, and their branching ratios, By, are given in Table 14. 

The efficiency of the 100 cc Ge(Li) detector used to detect the y-rays was 

calibrated by using radioactive sources as described in Section D of this 

chapter. 

The results of the various efficiency measurements are listed in 

Table 14. 68 68 
That for Zn(p,n) Ga is the average of results found for the 

three bombarding energies listed. The efficiency was measured in several 

geometries distinguished by different distances from the neutron source to 

the long counter. The measurements for the three different reactions using 

the activation technique are all in good agreement with one another. 

Measurements of the efficiency with an Am-Be source yielded about 40% lower 

efficiencies, but this is probably explained by the smaller effective solid 

angle which the long counter presents for the neutrons from the Am- Be 
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source, these neutrons having an average energy of about 5 MeV. An effect 

of this kind of about 10% has been reported previously for measurements 

made with a neutron source 1 m from a similar long counter. For the pres-

ent geometry, with the source 27 cm from the long counter, the difference 

in efficiency for detecting low energy neutrons produced from the (p,n) 

reactions and the higher energy neutrons produced by the Am-Be source is 

estimated to be about 40% as observed. The efficiency for detecting 

neutrons for experiments where the target-to-long-counter distance did not 

coincide with any of the calibration geometries was determined by inter-

polating between the geometries for which the efficiency was measured by 

the activation technique by using the relation 

E: ( r) 
n 

(II .13) 

where r is a source to detector distance for which the efficiency was 
m 

measured by the activation technique; E:(r ) is the efficiency measured in 
m 

that geometry; and the value of r
0 

is taken to be 2 cm, the value appro

priate for neutrons of several hundred keV energy (Allen 1960). 

48 48 Efficiency measurements were made with the Ca(p,n) Sc and 

68 68 . 
Zn(p,n) Ga reactions at a number of different bombarding energies, to 

test the flatness of the long counter response as the neutron spectrum 

changed. The results of these measurements are shown in Figure 30. The 

energy scale is the amount by which the center of mass energy of the beam 

at the target surface exceeds the neutron threshold for population of the 

68 68 68 
Ga ground state in the case of the Zn(p,n) data, and the threshold 

for population of the 622 keV (3+) third excited state of 48sc (which is 
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the effective threshold for neutron production because of the high spins 

48 48 of the lower lying states) in the case of the Ca(p,n) Sc data. The 

error bars are statistical only. The various neutron thres:10lds in the 

relevant energy ranges are indicated to give an idea of the complexity 

of the spectra. 
68 68 

The Zn(p,n) Ga data show that, for the range of neutron 

spectra resulting from the first MeV above threshold, the long counter 

response is quite flat . 48 48 The Ca(p,n) Sc data shown in Figure 29 indi-

cate that the response continues to be quite flat, perhaps decreasing 

from 5 to 10% by 2.7 MeV above the effective threshold. Based on these 

measurements, it was assumed that the long counter efficiency is essen-

tially independent of the amount by which the bombarding energy exceeds 

the neutron threshold over the limited range of the present experiments. 

The greater flatness of the low energy response and the faster falloff of 

the response at higher neutron energies, than reported in Allen's article 

(1960), may arise from differences in the long counters used. But the 

differences may also arise from the greater influence of the energy 

dependence of r
0 

on the effective solid angle in the geometries used in 

our work, with the long counter 27 cm or 42 cm from the neutron source. 

In the work reported by Al len (1960) the long counter was 100 cm from the 

neutron source. 

G. Analysis of Neutron Data 

The measured excitation functions for the reactions studied are 

shown in Figures 31 through 36. In determining the angle-integrated 

absolute cross sections, any departures from isotropy in the angular dis-

tributions, which were expected to be small, were ignored. In 
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51 51 measurements of angular distributions for V(p,n) Cr at proton energies 

of 2.25 and 3 . 00 MeV, deviations at other angles from the neutron yield 

at 90° were less than 10%. These results are consistent with the work of 

Schiffer and Lee (1958), who found that for (p ,n) reactions on targets in 

the mass range with which we are dealing, anisotropies are less than 20%. 

To eliminate counts arising from sources other than neutrons produced by 

the reaction of interest, a background was subtracted. In most cases it was 

sufficient to make a linear extrapolation of the cross sections measured 

below the neutron threshold. This background generally had little effect ex-

cept at energies irmnediately above threshold . For example, the extrapolated 

background for 54cr(p ,n) 
54

Mri (Eth= 2 .199 MeV) amounted to 40% of the detected 

neutrons at an effective bombarding energy of 2. 225 MeV, 9 % at 2. 253 MeV, 4% 

at 2.293 MeV, and decreased rapidly in importance thereafter. For the 

48 48 Ca(p,n) Sc data, contributions from contaminants were severe below the 

1.157 MeV threshold for the 3+ 48sc state. At E = 1.1 MeV, the back-
p 

ground comprises 40% of the counts, and the data for this and lower 

energies are very uncertain because of this background subtraction. At 

E = 1.183 MeV the background comprises only 9% of the counts and decreases 
p 

rapidly in importance for higher energies. 62 65 
For the Ni(a,n) Zn data 

(E = 6.901 MeV) the backgr ound corrections amounted to 32% at 7.00 MeV, 
th 

15% at 7.15 MeV, 11% at 7.30 MeV, and decreased in importance at higher 

energies. Yields were measured for bombardments of a bare backing at 

several energies to confirm that the contribut ions to the background aris-

ing from sour ces other than contaminants in the evaporated target layer 

could be adequately approximated by assuming a linear energy dependence . 

64 . 67 For the Ni(a,n) Zn data (Eth= 5.169 MeV), the background was somewhat 

larger, and was determined by comparing excitation functions measured for 

64 bombardments of a Ni target and of a backing which was prepared 
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· i 1 1 d · th but did not have a 64Ni· layer / s mu taneous y an in e same manner 

evaporated onto it. The resulting corrections amount to 86% at an effec-

tive bombarding energy of 5.46 MeV, 14% at 5.66 MeV, and 9% at 5.86 MeV. 

As for the y-ray data, the effective energies given are those found 

from thee-folding technique of Mak, Ashery, and Barnes (1974), where 

the resultant effective energies differ from the target-centered energy 

by more than a few keV, and by the target-centered energy when they do not. 

When the energy of the beam before striking the target, Eb, ex

ceeds the lowest neutron threshold energy, Eth' but by an amount less 

than the amount of energy the beam loses in traversing the target layer, 

6E, both the effective energy and the cross section determination must 

reflect this fact. For such runs, the effective energy is calculated 

assuming a target thickness which is only the fraction (Eb -Eth) I 6E as 

great as its actual value. Similarly, this effective target thickness 

has also been used in the cross section determination for such near-

threshold runs. The error bars for such points reflect the additional 

uncertainty in target thickness arising from the assumed 5 keV uncer-

tainty in the bombarding energy, Eb, as well as the statistical counting 

errors. 

The uncertainties in the overall normalization of the absolute 

cross sections for the neutron data are estimated to be about 21%, the 

sources of error being similar to those for the y-ray data. 

H. 68 65 
Detection of a-Particles and Data Analysis for Zn(p,a) Cu 

Measurements 

Alpha-particles were detected with two silicon surface barrier 

detectors, both at 160°, with Ta apertures defining a solid angle of 
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16. 8 roster for each detector. The spectrum in Figure 37 shows the a
0 

_group and the elastic proton group. The cross sections were normalized 

to the elastic proton yield at 3.36 MeV, which was determined to arise 

2 from Rutherford scattering by checking the predicted l/E dependence of 

the elastic scattering excitation function. Angular distributions of the 

a0 groups were measured at 4.030 MeV, 4.48 MeV, and 4.975 MeV, and were 

found to show no anisotropies greater than 15%. Departures from anisotropy 

were therefore ignored in determining the absolute angle integrated cross 

sections. These are given in Figure 38 and Table 22. 

The energy steps taken in this excitation function were either 

40 keV or 20 keV. The smaller energy steps were taken from 3.8 to 4.3 MeV, 

the region encompassing the maJ'or features of the excitation function, 1· .e., 

the threshold effects and the isobaric analog resonance at 4.1 MeV. The 

beam energy loss in the target ranged from 7 keV down to 5 keV, depending 

on the bombarding energy. Although it was necessary to use energy steps 

larger than the beam energy loss in the target for reasons of time, the 

widths of the major interesting features of the excitation function were 

greater than the energy steps. Because the beam energy loss in the target 

layer was so small, the bombarding energies were not corrected for target 

thickness. 

For all runs the dead time corrections amounted to less than 10%, 

and for most runs did not exceed 5%. The uncertainties in the overall 

normalization of the absolute cross sections do not exceed 20%, the sum 

in quadrature of uncertainties in the solid angle (5%), charge integration 

(5%), target thickness (5%), and angular distribution effects (15%). 
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CHAPTER III 

THEORY AND DISCUSSION 

A. Summary of the Data 

Cross sections were measured for fourteen charged particle induced 

reactions: seven radiative capture reactions, one (p,a) reaction, and six 

neutron producing reactions. These are listed in Table 1. For all reac-

tions studied, the energy ranges over which the cross sections were meas-

ured were restricted to energies below the Coulomb barriers, and the exci-

tation functions characteristically rise with energy as the barrier pene-

tration becomes greater. For the capture and (p,a) reactions the energy 

ranges included the lowest threshold for neutron production as well as a 

number of the subsequent thresholds. The excitation functions shown in 

Figures 19-27 and 38 show that, at these neutron thresholds, the increase in 

cross section with bombarding energy is interrupted, in most cases by a 

drop in cross section by a factor of three to five as the energy increases 

51 52 54 55 above the first neutron threshold ( V(p,y) Cr, Cr(p,y) Mn, 

37c1(a,y) 41K, 62Ni(a,y) 66zn, and 64Ni(a,y) 68zn). 

In some cases the effects are not as straightforward: for 

48 49 . Ca(p,y) Sc the cross sections appear unaffected by the first three 

neutron thresholds and only cease to increase, but still do not drop sig-

68 69 nificantly above tqe fourth threshold; for Zn(p,y) Ga the drop occurs 

68 65 mainly after the second threshold and, for Zn(p,a) Cu, the drop is 

smaller and also occurs mainly after the second threshold. The case of 

48 49 ;--..,_ 
Ca(p,y) Sc will be dealt with in some detail in Appendix B, where it 

is shown how such threshold effects can be understood. 
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For some of the reactions L>r which the excitation functions do show 

large drops above the first neutron threshold, there are additional features 

in the excitation functions which appear to correspond to higher neutron 

thresholds. 51 52 For example, in the V(p,y) Cr excitation function, after 

the drop occasioned by the first (p,n) threshold at E 
p 

1. 56 MeV, the 

cross section rises again as the energy increases from 1. 8 to 2. 5 MeV. 

At 2.5 MeV the excitation function ceases to rise with increasing energy; 

then, at 2.9 MeV, the cross sections begin to fall again with increasing 

energy. These features at 2.5 and 2 . 9 MeV are attributed to competition 

effects at thresholds for populating excited states in 51cr by neutron 

emission, and will be discussed later. 

While,in most cases, the target thicknesses and energy steps were too 

large to see the resonances corresponding to individual compound nucleus 

states, narrow resonances are visible in many of the excitation functions 

for proton induced reactions. > These are isobaric analog resonances (T 

states) and are so indicated in the figures. 

In similar studies of competition effects, the Melbourne group have 

measured absolute cross sections for the production of the 1529 and 2565 

54 55 . . 48 49 keV y-rays in Cr(p,y) Mn (Wilkinson 1978) and for the Ca(p,y) Sc and 

48 48 54 55 Ca(p,n) Sc reactions (Kennett 1979). Their Cr(p,y) Mn results agree 

with the data presented in this thesis to within 10%. For the proton-

. d d . 48 h . i 1 d b h fl i in uce reactions on Ca t e comparison s comp icate y t e uctuat ons 

in the c~oss sections and the difference in target thicknesses (their 

target was about one-fifth as thick as ours) . However, a careful compari-

son indicates that their cross sections are in good agreement with the 

Caltech data, although the Melbourne data tend to be greater than our data 
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48 49 48 48 . by about 15% for both the Ca(p,y) Sc and Ca(p,n) Sc reactions. 

This is well within the combined uncertainties of the cross section 

determinations of the two sets of measurements. 

48 48 . The Ca(p,n) Sc cross sections measured by de Waal ~ al. (1971) 

are a factor of two lower than the Caltech data. The measurements by 

54 54 51 51 the Bhabha group of the Cr(p,n) Mn (Kailas 1975) and V(p,n) Cr 

(Mehta 1977) cross sections are generally 25 to 30% higher than our data, 

which is within the estimated uncertainties, for proton energies below 

3 MeV, but rise faster above 3 MeV. By E 
p 

3.5 MeV their data are 

approximately 60% higher than our data. The 51v(p ,n) 51cr cross sections 

of Mehta et ~l. (1977) are twice as great by the time the bombarding 

energy reaches 4 MeV. 

There have also been a number of experimental studies of isobaric 

analog resonances in the reaction 51v(p,y) 52cr (Teranishi 1966, Price 

1972, Roy 1974, Faini 1973), 54cr(p,y) 55Mn (Peters 1973), 
54

cr(p,n) 54
Mn 

68 68 (Moses 197la and 197lb), Zn(p,n) Ga (Vourvopoulos 1966 and Egan 1970), 

48 49 
and Ca(p,y) Sc (Chasman 1967, Vingiani 1968, Struve 1973, and Adachi 

1973). These studies were concerned mainly with studying the location 

and decay properties of the analog resonances, and are of interest in 

the present work mainly for identifying the analog resonances appearing 

in our excitation functions. Dubois et al . (1966) have also measured the 

48c c ) 49s · · f · f soo E 1400 k v b did a p, y c excitation unction or < · < e , ut not 
p 

measure absolute cross sections. 

In summary, the data presented in this thesis are in good agreement 

54 55 48 49 
with the Melbourne data for the Cr(p , y) Mn, Ca(p,y) Sc, and 
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4 8 ( ) 4 8s · b · d · ' h d b 1 i h d b Ca p,n c reac t ions, ut are in isagreement wit ata pu s e y 

48 48 51 51 54 54 other groups for the Ca(p,n) Sc, V(p,n) Cr, and Cr(p,n) Mn 

reactions. From the information presented in these papers it is not 

possible to determine the origin of the discrepancies; however, in the 

work presented here considerable care was taken to insure that the abso-

lute cross sections were correctly determined, and in what follows it 

will be assumed that this was done successfully. 

B. Theory 

(i) Competition and Global Hauser-Feshbach Models 

In Figures 21-27, 31-36, and 38 the experimental data are compared 

with theoretical curves representing calculations for current versions of 

two global Hauser-Feshbach models: the Kellogg global Hauser-Feshbach 

program (called KGHFP) (Zimmerman 1977) and the HAUSER*4 code (Mann 

1976). 

To permit comparison with the experimental data, we have in some 

cases plotted <o(Eeff)>6E instead of plotting the theoretical cross sec

tions, o(E). <o(Eeff)>6E is the cross section averaged over an energy 

interval 6E, corresponding to the beam energy loss in the target, centered 

at E and weighted by the reciprocal of the stopping cross section, E(E): 
c 

E + 6E 

cf 2 

6E 
E - -

c 2 

E + 6E 

CJ 2 

6E 
E - -

c 2 

o(E) dE 
E(E) 

dE 
E(E) 
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As for the experimental data, the effective energy to which this cross 

section is assigned is obtained from 6E, E , and the theoretical exci
c 

tation function from the e-folding criterion of Mak, Ashery, and Barnes. 

51 52 The latter procedure was carried out only for the V(p,y) Cr reaction 

and the three (a,y) reactions. For other reactions it had no significant 

effect. 

The calculated curves are generally in good agreement with the 

data and, in particular, they reproduce quite accurately the features of 

the excitation functions attributed to competition effects. Such compe-

tition effects can be understood in terms of the Hauser-Feshbach reaction 

model, and they provide stringent tests of the models. The studies 

reported in this thesis and by others (Mann 1975c, Switkowski 1978a and 

1978b) concerned with competition effects have led to several refineMents 

in the global Hauser-Feshbach models. To elucidate how the competition 

effects are predicted by and serve as tests of the global Hauser-Feshbach 

models, we shall discuss the models and the competition-related refine-

ments with special attention to their treatment of the competition effects 

51 52 . for the V(p,y) Cr reaction. 

The Hauser-Feshbach formula for the energy-averaged cross section 

for the reaction A(a,b)B is (Hauser 1952) 

(28 a+l) (28 A+l) l 
J' II 

T (J' II )Tb (J ,II) 
(2J+l) _a __ , ___ _ 

I T (J',JI) 
c 

(III. l) = crHF(E ) <a ab> ab a 

c 

In this expression, E is the center of mass energy for the incident 
a 

channel, a; 1: is the corresponding reduced wavelength; 8 is the 
a a 
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projectile spin, and SA is the target spin for channel a. The transmission 

functions, T (J, Il), are the total transmission functions for the decay of 
c 

the compound states of spin J and parity IT into the pair c+C; these will be 

discussed in the next subsection (ii). Excited states of C must be included. 

For compound nuclear states which can emit s-wave neutrons, the 

neutron transmission function generally will quickly dominate the other 

terms in the denominator of equation (III.l) above the neutron threshold. 

Thus the cross sections for the weaker competing channels will decrease 

above the neutron threshold. The effects can be quite dramatic as in the 

51 52 51 case of the V(p,y) Cr data of the present work. Because the V target 

51 and the Cr ground state both have the same spin and parity (7/2-), com-

pound states which are formed by a-wave protons can decay by emission of 

s-wave neutrons above the first neutron threshold (Elab = 1.56 MeV), and a 
p 

substantial competition cusp results. The features at 2.7 and 3.0 MeV 

result from neutron competition when the neutron thresholds are crossed 

for populating the 1165 keV 9/2 and 1480 keV 11/2 51 excited states of Cr, 

respectively. These states can be formed by s-wave neutron decay of the 

compound states formed by d-wave protons. Such considerations are dis

cussed in detail for the reaction 
48

ca(p,y) 49sc in Appendix B. 

Although the calculations of Woosley et al. (1975) using an earlier 

version of the KGHFP successfully predicted where these competition effects 

could be found, the magnitude of the drop in the cross section above the 

neutron threshold was consistently overpredicted by a factor of three to 

five for the proton-induced reactions studied (Mann 1975c, Switkowski 

1978a and 1978b, Zyskind 1978, and Esat 1977) . The basic HAUSER*4 model 
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also overpredicted the depth of the competition cusps, though not as 

severely. 

Several effects,which were not originally included in the models, 

have been suggested to explain this discrepancy: (i) width fluctuation 

corrections (Mann 1975c), (ii) size resonances (which are not included 

in the black nucleus strength functions used in the equivalent square 

well models of KGHFP), and (iii) partial isospin mixing in the com-

pound nuclear states (Fowler 1976). After presenting the basic models 

in subsection (ii) we will discuss in subsections (iii) to (v) the role 

of each of these effects in the global Hauser-Feshbach models and their 

treatment of the competition. 

(ii) Transmission Functions 

Transmission functions for each partial wave, in each particle chan-

nel, T
1 

, are calculated from the optical potential as a function of 
c 

channel energy . These are combined to obtain the transmission func-

tion for 

into the 

the decay of the compound nucleus states of spin J and parity IT 

A pair c+C , where the residual nucleus, C, is left in the ex-

A A A 
cited state, A, of excitation energy EC' spin SC' and parity c• The result 

is 
A T (J,Il;E, ) = 
C AC l 

£ ,s 
c c 

(III.2) 

The sum runs over all combinations of £ and s which can couple with 
c c 

A A (SC,ITC) to form a compound state of spin J and parity Il, where sc is the 

channel spin resulting from coupling SC and Sc. The appropriate channel 

energy is 
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(III. 3) 

where E is the channel energy in the incident channel, a+A, and Q is a ac 

the Q-value for the reaction A(a,c)C. To obtain T (J,IT), the total 
c 

transmission function for the decay of (J,IT) compound states into the 

pair c+C, the transmission functions for each final state in channel c 

must be added: 

Tc(J,TI) 
N /\ 

= L T ( J, IT; E, ) + 
A=l c /\C 

(III.4) 

The level density formula p(E~;S~,rG) estimates the number of states at 

N excitation energies above the energy EC of the highest discrete state 

known. The level density term has been omitted in the calculations dis

cussed here. Because discrete-level information is included for 51cr 

states up to an excitation energy of 2256 keV, the omission of the level 

density term is not significant. 

In all cases, discrete level information for residual nuclei in 

charged particle channels was included for energies high enough that 

transmission functions for populating higher states will be negligibly 

small. For the neutron channel, discrete level information was included 
I 

for most states which could be populated at the highest bombarding ener

gies. For example, discrete level information for the 51cr nucleus pro-

d d · h 51v( ) 51c . i . 1 d d i . uce in t e p,n r reaction s inc u e up to an exc tation 

energy of 2256 keV. The threshold for this state occurs at a proton 

bombarding energy of 3.86 MeV, and the effects of higher 
51

cr levels are 

expected to be unimportant even at the highest bombarding energy 
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(4.47 MeV). 

The major difference in approach between the two global models 

with which we are concerned lies in the method of calculating the par-

ticle transmission functions from the optical model. The HAUSER*4 

program of Mann (1976) starts from an optical potential, the forrn of 

which is deterrnined from optical model analyses of broad ranges of 

elastic scattering data. The general form of the potential is 

V(r) 

where 

Uf(r,R ,a.) +i W f(r,R ,a) +i W g(r,R ,a), -u u v v v s-' s s 

f(r,R,a) 
1 

1 + exp [ ( r-R) /a] 
~ 1- when r = R 2 

(III.S) 

(III. 6) 

is the Woods-Saxon form factor with radius R and surface diffuseness 

parameter a, and 

g(r,R,a) 
d 

= 4a dr f(r,R,a) = 

~ 1 when r = R 

r-R 
4 exp(-) 

a 
r-R 2 [l+ exp(-)] 

a 

(III. 7) 

is the derivative Woods-Saxon forrn factor representing surface absorp-

tion. The coefficients of, and the radius and diffuseness parameters 

for the various terms in the neutron optical potential are those found 

in the global optical model analyses of elastic scattering differential 

cross sections and total reaction cross sections carried out by Wilmore 

and Hodgson (1964). For protons, the optical model parameters of 

Bechetti and Greenlees (1969) were used. The a-particle optical model 

parameters are those adopted by Mann (1975a) based on the work of McFadden 

and Satchler (1966). The neutron, proton and a-particle optical model 
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parameters are shown in Table 23. 

The transmission functions are calculated from the scattering 

solutions to the radial Schrodinger equations of the appropriate orbital 

angular momentum,with the centrifugal and Coulomb potentials added to 

the optical potential, either from the complex phase shifts, 0£, 

(III.8) 

for Ti> 10-4, or by integrating the square of the wave function weighted 

by the imaginary part of the potential 

00 

T~ = f iwl2[Wvf(r,Rv,av) 

0 

-4 
for Ti< 10 (Mann 1975b). 

+ W g(r,R ,a)] r 2 dr 
s s s 

(III. 9) 

The KGHFP model, on the other hand, is based on calculating trans-

mission functions from the equivalent square well representation of the 

optical potential (Vogt 1962 and 1968, Michaud, Scherk, and Vogt 1970a, 

and Michaud and Fowler 1970b), which has the advantage that the transmis-

sion functions are given by analytic expressions. This is a very impor-

tant feature in a global model for which computing economy is necessary 

in order that it be feasible to carry out the large number of cross sec-

tion calculations necessary. Michaud, Scherk, and Vogt (1970) formulated 

a prescription by which an "equivalent" square well potential of the form 

V(r) 

{

V + iW 
0 0 

0 

r < R 

(III . 10) 

r > R 

can be constructed for any diffuse-edged Woods-Saxon potential. The 

transmission functions of the square well are identical to those of the 
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diffuse well with respect to the absorption, barrier penetration and 

their resonant properties. The difference is that, because of the sharp 

interface at r=R in the square well, waves are reflected much more 

strongly than by a diffuse well. It has been found, however, that the 

greater reflectivity of square wells is almost energy-independent, and can 

be corrected for by an energy-independent reflection factor, f. When 

the square well transmission function is multiplied by f, the result is 

equal to the diffuse well transmission functions. In an equivalent square 

well potential with a diffuseness parameter a = 0.5 fm, the reflection 

factor is f = 2.7 for nucleons and f = 4.8 for alpha particles (Michaud 

1970b). 

The square well transmission functions are given by (Moldauer 1969) 

Ti = 1 - exp ( - Tl) , 

where 

Pi is the barrier penetrability, and si is the strength function 

2 w 
1. l Yip o 

TI (E -E)2+W2 
p ip 0 

' 

(III.11) 

(III.12) 

(III .13) 

which is a sum of contributions from single particle states (Michaud 

2 1970a) (also termed size resonances) at energy Eip and reduced width Yi 
p 

The si may be evaluated analytically using the properties of spherical 

Bessel functions without the extensive computation necessary for numerical 

solution of the Schrodinger equation . 

For the KGHFP model, the calculations were further simplified, for 

computing economy, by replacing t he square well strength functions by 



-42-

the black nucleus strength functions. The black nucleus functions have 

no dependence on energy or nuclear mass , and average over the size 

resonances . The choice of radius and depth of the equivalent square well 

are unaffected by the use of black nucleus strength functions, and the re-

flection factors are also unaffected (Michaud 1970a). 

The well depth, v
0

, and the radius, R0 , for the Woods-Saxon well 

to which the constructed square well is made equivalent, are a well-depth 

of 50 MeV for nucleons and 60 MeV for a-particles, and a radius of l.25Al/ 3 

fm for nucleons and l.09A113+ 1.6 fm for a-particles, where A is the target 

mass . The radius of the equivalent square well, R1 , equals R0 +0.l fm for 

nucleons and R +0.7 fm for a-particles. The depth of the equivalent 
0 

square well is V (R /R1) 2 • 
0 0 

For both Hauser-Feshbach models, they-ray transmission functions 

are calculated by employing a giant dipole form for the El strength 

function, and a single-particle estimate for the Ml transitions, following 

the prescription of Holmes et al. (1976a). 

(iii) Width Fluctuation Corrections 

With the aid of computer experiments, considerable progress has 

been made recently in confirming that, for a random matrix model of the 

S-matrix, the energy-averaged compound nucleus cross sections can be 

accurately calculated from the Hauser-Feshbach expression if it is modified 

to include the so-called width fluctuation corrections (Tepe! 1974, 

Moldauer 1975, and Hoffmann 1975a and 197Sb). These correct primarily 

for the effects of channel-channel correlations. The corrected cross sec-

tion takes the form 
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<<J > = aHF W 
ab ab ab 

(III.14) 

c 

HF 
where a ab is the usual Hauser-Feshbach cross section formula; and W ab is 

the width fluctuation correction factor for channels a and b , having the 

form (Moldauer 1976) 

(III .15) 

The f Ac are the widths of compound states A for the channels c, the brackets 

represent energy averages over the enclosed quantities, and the brackets 

with subscript A are averages over the compound states. Moldauer (1975) 

has given a prescription for calculating Wab based on averaging over the 

expected statistical distributions of the widths. Tepel ~ al. (1974) 

have found an approximation for Wab which is much easier to use. They 

argued that the main effect of the width fluctuation correction is an en-

hancement of the elastic scattering which occurs because the amplitudes 

for incident and outgoing channels are then identical and hence fully cor-

related. They assume that the Bohr independence hypothesis is valid for 

inelastic channels, for which the cross section then resembles the normal 

Hauser-Feshbach expression, while for true elastic scattering in which 

all quantum numbers for the incident and outgoing channels are the same, 

the cross section is multiplied by the enhancement factor W (not to be 
a 

confused with Wab). Thus 

[ 1 + o b (W - 1) ] • a a 
(III .16) 

c 
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The width-fluctuation-corrected transmission functions, V , are related 
a 

to the usual optical model transmission functions, T , by the unitarity 
a 

requirement, 

T = <a > 
a a 

(III.17) 

These equations may be solved for the V in terms of the T • One finds 
a a 

V = T [ 1 + V o: V ) - l (W - 1) ] - l , 
a a a c a (III.18) 

c 

which has a unique solution for the V 's. If W = 1, V = T , and the 
a a a a 

normal Hauser-Feshbach expression results. Equation 

solved by iteration, or approximated by substituting 

Va(L Ve), to obtain an expression for Va in terms of 
c 

transmission functions, 

V = T [l+ T <f: T )-l (W -1)]-l 
a a a c a 

c 

(III .18) can be 

'i' -1 
T (l T ) for 

a c 
c 

the optical model 

(III.19) 

In numerical computer experiments W was found to be fitted by the expres
a 

sion (Tepel 1974) 

w = 1 + 2 c1 + IT) -l • 
a a 

(III. 20) 

The width-fluctuation-corrected cross sections are obtained by substitut-

ing these width-fluctuation-corrected transmission functions into equa-

tion (III .16). 

The width fluctuation corrections have a significant effect on the 

magnitude of the competition cusps. In order that flux be conserved, the 
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cross sections for inelastic channels are decreased to compensate for 

the enhancement in the elastic channel. The effect is greater for 

dominant channels (see eq. III.18), ranging from no effect when 

T « l T up 
a c 

to a factor of two to three depletion as T IL T approaches 
a c 

c c 
unity. Below the neutron threshold, where the proton and gamma ray 

channels are dominant, the calculation with width fluctuation corrections 

(curve S in Fig. 39) is lower than that without (curve A in Fig. 39) by 

as much as 30%. Above the neutron threshold, the neutron channel quickly 

becomes dominant, and the width fluctuation correction has the greatest 

effect on V and a small effect on V and Vy. The magnitude of the drop 
n p 

51 52 in the V(p,y) Cr cross section above the threshold is approximately 

proportional to (V +V +V )/(V +V):::: V /(V +V) (see eq. III.16) and 
n p Y p y n p y 

thus is smaller for the calculation with width fluctuation corrections. 

At higher energies, as more neutron channels open up, the width fluctua-

tion corrections become less important. 

Thus the inclusion of the width fluctuation corrections improves 

the fit of the calculations to the data significantly, and is therefore 

necessary for the accurate treatment of competition effects. Similar 

results have been observed in other proton-induced reactions in which 

competition effects are important (Mann 1975c, Switkowski 1978a and 

1978b, Zyskind 1978 and 1979c). The width fluctuation correction has the 

greatest effect on the neutron transmission functions because the neutron 

channel is dominant, but, just because of this dominance, the (p,n) cross 

section is insensitive to the neutron transmission functions and thus to 

the effects of the width fluctuation corrections. 

Moldauer (1976) has recently suggested that the Tepel approxima-
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tion may be in error by as much as 10% for reactions in which both 

incident and exit channels have much smaller transmission functions than 

one or more dominant channels. In more recent work (Hoffmann 1975a and 

1975b), it has been found that the Tepel approximation can be made more 

accurate by using an improved enhancement factor which has a weak 

dependence on l Td in addition to its dependence 
c 

on T , and by iterating 
a 

equation (III . 18) once. The KGHFP has been modified recently to carry 

out the first iteration of equation (111.18). The resulting 51v(p,Y) 52cr 

cross sections do not differ from those obtained by applying equation 

(III.19) by more than 7% anywhere, and for most energies the difference 

is less than 1%. 

(iv) Size Resonances 

The black nucleus strength functions used in the equivalent 

square well models (Woosley 1975, Zinunerman 1977, and Holmes 1976a) are 

independent of nuclear mass, A, and channel energy, E. However, size 

resonances, with peaks at values of A for which single particle states 

occur at zero energy (Hodgson 1971),give rise to a strong dependence of 

the strength functions on A and E. Because the widths of the size reson-

ances are about 10 MeV and the strength functions are most important at 

low energies where the transmission function is proportional to T~ (see 

eq. III.11 and III.12), the effect of the size resonances can be incor~ 

porated by using the values of the strength functions at low energy. 

Measured low energy neutron strength functions have been compiled for a 

large number of targets by Musgrove (1973). The ratio of the measured 

strength functions tabulated by Musgrove tu the black nucleus values can 
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-4 be determined by di vi ding the tabulate d values by 2 . 4 x 10 

The conversion factor is so much smaller than one because the com-

pilation gives <f/D>£ evaluated at 1 eV; this i s twice the penetrability 

evaluated at 1 eV times the true strength functions s , 
£ 

/r\ 
\nl;, = 2P(l eV) s£ • (III . 21) 

For cases where the strength functions have not been measured, they may be 

interpolated from the cases which have been measured. The strength func-

51 tions for the Cr+n system interpolated from those in Musgrove's table 

are 1.85 times the black nucleus strength functions for s-waves, and 0 . 09 

times the black nucleus value for p-waves. This ratio is given for the 

other reactions studied in Table 24. The s-wave value is used for all even 

partial waves and the p-wave value for all odd partial waves. It should 

be noted that the ratio r of the neutron strength function to the black 

nucleus value is not a direct input to the KGHFP. Instead, this information 

is inserted into the calculation by adjusting the neutron reflection factor 

f • The ratios r may be deduced from values of f , where these are 
n n 

reported, by dividing f by 2. 7. Thus the values of f employed are given 
n n 

4 by 0. 9 x 10 times the strength function reported by Musgrove (1973). 

The effect of employing realistic neutron strength functions on the 

treatment of the competition can be seen by comparing curves S and C in 

Figure 39. The drop in cross section at the (p,n) threshold is about a 

factor of two greater for curve C, which was calculated from the black 

nucleus strength functions, than for curve S because the p-wave transmission 

functions calculated from the realistic strength functions are about a 
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factor of 10 less than those calculated from the black nucleus strength 

functions. In this case, the competitition from p-wave neutrons is 

greatly reduced as compared with the predictions of the black nucleus 

strength function. As was the case for the width fluctuation correc

tions, the 51v(p,n) 51cr cross sections are much less sensitive to the 

h f i h h 5 lv ( ) 5 2 C . b neutron strengt unct ons t an t e p,y r cross sections e cause 

the neutron channel is dominant. 

Much less is known about the proton strength functions. Figure 

40 shows the effect of varying the proton strength functions. The ef-

fects are not great below the neutron threshold where the contrary 

· variations of the odd-i and even-i strength functions tend to cancel. 

Above the neutron threshold the effects are more pronounced because of 

the competition. Because 51cr is about 20 to 25 mass units from the 

maximum at A ~ 75 in the proton s-wave strength function (Schiffer 1958 

and Elwyn 1966) at A ~ 75, the appropriate curve is probably either curve 

S or F. Thus for the case of 51v+p black nucleus strength functions for 

the protons are quite adequate; Figure 40 does show, however, that, 

especially where competitition effects are important, the difference 

between using black nucleus and realistic strength functions can be quite 

large. It may prove possible, with further analysis, to calculate more 

reliable proton strength functions from the available (very limited) 

experimental data on the locations of the size resonances, and by employ-

ing an optical model calculation to detennine the variation of the 

strength functions with mass number. 

Because of the closer size resonance spacing for the heavi er 

alpha particle and the wider r esonances resulting from the stronger 
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absorption, the size resonances overlap for a-particle induced reactions 

and the black nucleus strength functions should be a good approximation. 

For the HAUSER*4 code, the correct strength functions result auto-

matically from the optical model calculation of the transmission functions, 

if the optical model parameters are correct. 

(v) Isospin Mixing 

The basic global Hauser-Feshbach models described in subsections 

(i) and (ii) do not include isospin effects. There have been several 

< treatments of partial isospin mixing between ground state isospin (T ) 

> .states and analog (T ) states in nuclear reactions occurring at sufficiently 

high excitation energy so that both overlap (e.g., Grimes 1972, Hamey 1977, 

and other references in Lane 1978). 13y comparing these studies with one 

< > another and with the case where neither T or T states overlap, Lane (1978) 

has found a prescription which is applicable to the intermediate regime as 

well. The resulting cross section expression for the assumption of equal 

strength functions for both isospin channels is 

< > 
= 0 ab+ a ab = 

In 'this expression, 

calculated from the 

+ (1 - µ) (III .22) 

T is the usual isospin-independent transmission function 
c 

< > 
optical model; B and B are the squares of the Clebsch-

c c 

Gordan coefficients representing the appropriate isospin couplings and listed 

in Table 25; and µ is termed the isospin mixing parameter. The isospin 

mixing parameter satisfies the condition 0 ..S. µ ..S. 1, and is given by 
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(III . 23) 

where r! is the mixing width of a typical T> state into the surrounding 

T< states, and f~ is the sum of the partial widths of the T> state for 

decay into particle and gamma-ray channels before being mixed into the 

< < > T states. Note that for every channel, c, B + f3 = 1, and for 
c c 

> < 
µ = 1, a ab vanishes and a ab reduces to the usual Hauser-Feshbach expres-

sion, equation (III.l). 

Values ofµ ranging from 0.2 to 0. 7, typically near 0.4, have been 

found at higher excitation energy from the value of the ratio 

a a /a cr (Harney 1977 and Lux 1977). If isospin mixing is not com-pp' aa' pa ap 
> 

plete, the presence of T states could have profound effects on the compe-

titian between (p,y) and (p,n) reactions. The incoming proton can popu-

> < 
late both T and T states, and states of both isospins may decay by y--ray 

emission (see Table 25 and eq . III.22). 
> < 

But B = 0 and only the T states 
n 

may emit neutrons. 

> 

< 
So cr is decreased by competition from the neutrons 

PY 
and cr is not. For values of µ less than unity, the competition cusp is 

PY 
then less deep than if isospin is completely mixed (µ = 1), and the depth 

of the drop after the cusp provides a measure of the degree of isospin 

mixing, as illustrated by the KGHFP calculations for several values of lJ 

shown in Figure 41. 

Because of the low analogue threshold (E = 0. 763 MeV) and the 
p 

relatively high density of analogue states (> 10/MeV) (Teranishi 1966), 

the effects on the competition of taking µ < 1 should be very marked for 

51 52 . the V(p ,y) Cr reaction. Comparison of the calculated curves with the 
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experimental data (see Fig. 41) suggests that isospin is essentially 

completely mixed(µ= 1). Similar conclusions can be drawn for other 

proton-induced reactions for which competition effects are important 

(Mann 1975c, Switkowski 1978a and 1978b, and Zyskind 1978 and 1979c). 

. 64 65 Findings that µ = 0.4 for the reactions Ni(p,y) Cu (Fowler 1976) and 

51v(p,y) 52cr (Zyskind 1977) resulted from comparison of the experimental 

data with calculations performed before width fluctuation corrections 

and realistic neutron strength functions had been incorporated in the 

KGHFP. 

Th 37Cl( )41K 62N"( )66z d 64N.( )68z . e a,y , i a,y n an i a,y n reactions were 

studied to resolve this problem of the relative importance of isospin 

mixin& on the one hand, and width fluctuation corrections and realistic 

neutron strength functions, on the other. > 
In a-induced reactions, T 

states are not populated because T = 0 for 4He, and it follows that 

> a = 0 (see Table 25 and eq. III.22) and the value of µ has little effect 
ay 

on the shape of the excitation function. Thus the size of the drop in the 

cross sections at neutron thresholds for a-induced reactions can only be 

significantly affected by the treatment of width fluctuation corrections 

and the neutron strength functions. As for the (p,y) reactions, the drop 

in cross section above the neutron threshold is generally predicted by 

the earlier calculations (Woosley 1975) to be a factor of three greater 

than observed experimentally. The calculations including width fluctuation 

corrections and realistic neutron strength functions are in much better 

agreement with the data than those made without these corrections. This 

indicates that it is necessary that the models include width fluctuation 

corrections and realistic neutron strength functions. With this 
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established, comparison of the calculations with experimental (p,y) 

data indicates that isospin mixing is complete. 

Our finding that µ = 1 is consistent with high resolution measure-

ments of isobaric analogue resonances in intennediate mass nuclei. The 

mixing widths, r;, deduced from these studies are typically of order 

10 keV or greater (Bilpuch 1976 and Mekjian 1973), while the decay widths, 

t 
f >' are typically not more than about 1 keV. 

The lower values of µ found from measurements of the ratio 

a a /G G are valid for much higher excitation energies (Harney 1977 pp' aa' pa ap 

and Lux 1977). The particle decay widths for the analogue states are 

much greater at such high excitation energies, since many channel energies 

t 
are well above the Coulomb and angular momentum barriers, and r> may 

i-
become comparable tor>. 

< 
If external mixing is neglected, Gab withµ= 0 should be used below 

the analogue threshold, Gab with µ = 1 should be used for energies for 

which the analogue states are dense enough to be treated statistically, 

and a smooth transition from one prescription to the other should be made 

for intermediate energies. However, in cases where competition cusps are 

expected at low bombarding energies, i.e., cases with significant neutron 

< 
excess, the ground state isospin, T , is usually greater than two. As a 

> < < 
result 8 < 8 , and the difference between Gab and Gab is small. For 

KGHFP calculations reported here, unless otherwise stated,Gab with µ = 1 

was . used, except for the 
48

ca+ p reactions for which G :b with µ = 0 was 

used. 
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c. Summary and Conclusions 

The preceding comparison of theory and experiment shows that studies 

of the competition effects at neutron thresholds, such as those reported 

in this thesis, are a powerful technique for testing global Hauser-Feshbach 

models. The competition effects were studied under a variety of circum-

37 
stances: e.g . , for a light target ( Cl), for a doubly magic and extremely 

neutron-rich target c48
ca), for a compound nucleus with a high density of 

52 51 analogue states near the neutron threshold ( Cr produced by V+p~ and 

for both proton and a -particle projectiles. Several conclusions can be 

drawn from these studies: isospin mixing should be assumed to be essen-

tially complete in the excitation region near the lower neutron thresholds; 

width fluctuation corrections should be included; and the KGHFP, which is 

based on an equivalent square well representation of the optical model with 

black nucleus strength functions, must be corrected with more realistic 

neutron strength functions such as those interpolated from th e compilation 

of Musgrove (1973). Results of calculations carried out with such mode ls 

are shown in Figures 21-27, 31-36, and 38. These calculations in general 

give very good representations of the experimental data. In particular, 

the predictions of the magnitude of the drop in cross s ections resulting 

from competition effects are quite accurate and a re much better than those 

of the earlier calculations of Woosley (1975). The comparison with experi-

ment indicates that cross sections predicted by the newer global Haus e r-

Feshbach models are appropriate for calculating astrophysical reaction 

rates for use in nucleosynthesis calculations. This is illustrated by the 

48 49 48 48 . 
Ca(p,y) Sc and Ca(p,n) Sc r e actions discussed in Appendix n, for 
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which the thermonuclear rates calculated from the KGHFP cross sections 

are in much better agreement with those calculated from the experimental 

cross sections than are the theoretical rates which were used in earlier 

studies of nucleosynthesis (Howard 1972). Thermonuclear reaction rates 

calculated from the earlier cross section calculations of Woosley ~ al. 

(1975) are in press (Woosley 1979). These cross section calculations 

have generally been found to be in error by a factor of three or more for 

exit channels competing with neutron emission. Errors in the thermo-

nuclear reaction rates needed for astrophysical calculations will often 

not be as serious because of contributions to the rates from the region 

of energies below the neutron threshold. The magnitude of the drop in 

SL 52 51 51 . the --V(p,y) Cr cross sections above the V(p,n) Cr is correctly pre-

dieted by the current KGHFP calculations, but is predicted by the calcula-

tions of Woosley et al. (1975) to be more than a factor of three larger 

than experimentally observed. Nevertheless, the thermonuclear reaction 

rates calculated from these two sets of cross section calculations agree 

to within 20% for temperatures below 5 x 109°K. For extremely neutron rich 

species with low neutron thresholds, the disagreement will be more severe. 

Several other cases, where the models are less successful, deserve 

to be singled out because the discrepancy with experiment may throw light 

on possible remaining problems in the theories . The worst performance of 

the theories is that of the KGHFP in the case of the three 68zn+p reactions 

studied . Below the (p,n) threshold, the (p,y) and (p,a) cross sections, 

and above the threshold the (p,n) cross sections (Figures 23, 38, and 33, 

respectively) calculated by the KGHFP are too low by factors ranging from 
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1.5 to 3. This is perhaps because 
68

zn+p is near the proton size reson-

ance at A = 70, and the neglect of the size resonances by the black nucleus 

strength functions of the KGHFP may result in a transmission function which 

is smaller than it should properly be. The competition effects are also ure-

dieted to be somewhat smaller than they are actually observed to be. This 

may result from the difficulty in choosing correct values for the neutron 

strength functions. Strength functions are listed in the compilation 

(Musgrove 1973) only for those cases for which experimental studies have 

been reported. But, for the (p,n) reactions we are interested in, the 

residual nuclei are radioactive; consequently the neutron strength func-

tions have not been measured, and it is necessary to interpolate from 

those cases for which experimental studies have been reported . This is 

often difficult because of the sparseness of the strength function data and 

the fluctuations to which they are subject. This may also be the problem 

with the prediction of the size of the drops in cross section after th e 

. . . 62N . ( ) 662 d 3 7Cl ( ) 41K competition cusps in i a,y n an a,y . For the latter r eac-

tion, in calculations performed with r = 0.1 for s- and p-wave neutrons 

(corresponding to S(O) = S(l) = 0.25 x 10-4 for the neutron strength func-

tions as given by Musgrove), the fractional decrease is in agreement with 

the experimental data. Other sets of strength functions can also be found 

which will produce agreement. Although the strength functions which are 

interpolated from the compiled strength function data do not agree with 

the 37cl(a,y) 41iz data, those which do agree with the 37cl(a,y ) 4~c data 

cannot be said to be inconsistent with the strength function data because 

of the impossibility of unambiguously interpolating the existing strength 

40 function data. In this connection,measurements of the K+n strength 
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functions would be of great interest. 

Finally, a word of warning must be added to the above considera

tions. A global model must be expected to be in error occasionally 

in predicting cross sections because it attempts to smooth over the fluc

tuations which occur in individual nuclei, especially for lighter nuclei 

where the statistical assumptions underlying the Hauser-Feshbach formula 

may be much less rigorously satisfied than for heavier species. It is 

only possible to be confident of conclusions which are based on a wide 

range of data. Such a situation is presented by the large and consistent 

discrepancy between the earlier Hauser-Feshbach calculations and the 

experimentally observed drops in cross sections resulting from competi

tion; the greatly improved performance of the current models which have 

been altered to include width fluctuation corrections and, for the KGHFP, 

realistic neutron strength functions, clearly demonstrates the importance 

of including these effects in theoretical nuclear reaction models. 

All in all, the performance of current global Hauser-Feshbach cal

culations represents a considerable advance over earlier theoretical 

calculations of reaction rates, as shown by the excellent agreement o f 

the calculations with the data presented in this thesis. 
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APPENDIX A 

54 55 A Cusp in the Cr(p,y) Mn Reaction 

(Published in Nuclear Physics A301 (1978) 179) 
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Abstract: Absolute cross sections for the reactions ' 4 Cr(p. ;·)''M n and q(' r(p. n)qMn arc presented for 
effective hombarding cncrg.ics I:·,, from O.X.IO to .\ .(i06 MeV. A suhstantial cusp is ohscrved 
in the '*Cr(p. ;·)''Mn excitation function . The d;1ta arc i.:ompared with the predil'lions of global 
Hauser-feshbach models in order to evaluate their applicahility to nudensynthcsis calculations . 

E 
NUCLEAR REACTIONS qCr(p. ;·). qC'r(p. n). E = 0.83 3.61 MeV: measured a(E) : 

Hauser-Feshbach calculation . Enriched target. Ge( Li) <111d BF_, long counter. 

I. Introduction 

During explosive nucleosynthesis in supernovae, nuclei up to and beyond Fe are 
synthesized on a time scale too short for many of the nuclear reactions involved to 
attain statistical equilibrium ; consequently the resulting elemental and isotopic 
abundances are determined by;cross sections for over 500 reactions of importance 1 

) . 

Because of the impossibility of measuring all of these, some of which involve short-
1 

lived target nuclei or target nuclei in excited states, global Hauser-Feshbach codes 
have been developed by Woosley et al. 2

) and Mann 3
) to calculate the relevant cross 

sections. Such codes will also be useful in the prediction of radiation-damage effects 
in thermonuclear reactor design studies 4

) . 

The energy averaged Wigner cusps 5 
-

7
) u observed in some (p, ')')excitation func

tions on medium-mass nuclei provide an important test of the predictions of these 
codes. The cusps appear at the thresholds for neutron production where competition 
from neutron decay of the compound nucleus causes the excitation functions for 
y-ray emission to drop sharply, giving them a cusp-like appearance. The ability to 
predict the size of this drop is crucial for the application of Hauser-Feshbach 
models to explosive nucleosynthesis. Not only does the magnitude of the cusp affect 
the absolute cross section of the reaction concerned, but it also provides a sensitive 

t Supported in part by the National Science Foundation [PHY76-83685). 
tt Fannie and John Hertz Foundation Fellow. 

ttt Permanent address : California State University. Fullerton. California 92634. 
1 On leave from Nuclear Physics Department. Australian National University, Canberra, Australia. 

11 Meyerhof s) introduced the terminology "energy averaged Wigner cusps" in the reference cited . 
A. M. Lane has suggested privately that "level averaged " might be more appropriate. In what follows we 
use the single word "cusps". 

179 
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test of the model's treatment of competition among the various channels and of 
other effects such as isospin mixing and level-width fluctuations . 

The present paper describes a measurement of the excitation function of the 
reaction 54Cr(p, 1•) 55 Mn in the region of the threshold for 54Cr(p, n) 54 Mn : this 
reaction is expected to display a substantial cusp 2

). 

2. Experimental procedures 

Absolute cross sections for the reactions 54Cr(p. )' )55 Mn and 54Cr(p. n) 54 Mn 
were measured in 50 keY steps for heam energies, E1,. from 0.9 lo '!i .7 MeV. A proton 
beam from the ONR-CIT tandem Yan de Graaff accelerator was used to homhard 
a target of metallic Cr (enriched to 95.4 ",;, in 54Cr) t mounted with its surface al an 
angle of 51° to the beam direction . 

The target was prepared hy heating a mixture of spectroscopically pure C and 
Cr20 3 in vacuum in a bafned Ta hoat tt: the Cr 20 .1 was reduced and the Cr then 
evaporated onto a 254 Jim thick W-backing. The target thickness was determined hy 
weighing and by proton backscattering to he 1180 11g · cm - 2

, which corresponds 
to a beam energy loss of 130 keV at the (p, n) threshold for the target at 51°. Since the 
level density in 55 M n at the excitation energies concerned is of the order of 2 kev - 1

, 

this provides a statistical average over many resonances. The backscattering spectra 
showed that the target contained less than 3 /.,by weight of oxygen . The target angle 
was determined by comparing the measured yields for three different y-rays with their 
yields obtained with the target surface perpendicular to the heam direction. The target 
was mounted in an all-metal vacuum chamber pumped by an ion pump and isolated 
from the accelerator vacuum system hy an in-line liquid-nitrogen cold trap 8

). 

The beam deposition ofC was negligible. Secondary electron emission was suppressed 
by applying +300 V to the target, which was insulated from the chamber. 

Gamma rays were detected using a 73 cm 3 Ge(Li) detector located at an angle 
of 55° to the beam direction, with its front face 2 cm from the target. The detector 
efficiency for y-ray energies from 0.847 to 11.542 MeV was determined using the 
2.046 and 1.800 MeY 27 Al(p, y)28Si resonances 9

· 
10

), a 56Co source 9
), and an 

absolutely calibrated 22 Na source placed at the reaction site. To check the accuracy 
of tee y-ray cross-section measurements, the absolute strength of the 2.046 MeV 
resonance in 27 Al(p, y)28Si was measured and found to be 22 ± 4 eY, in good agree
ment with other reported values 9

). 

Neutrons were detected with a BF 3 long counter located at a distance of 20 cm 
from the target at an angle of 30° to the beam direction . The counter efficiency was 
determined by comparing the number of neutrons counted from the reaction 
48Ca(p, n)48Sc and the absolute intensity of983 keY y-rays (detected with a 100 cm 3 

Ge(Li) detector) arising from the 48Sc activity produced . 

1 Obtained from Separated Isotopes Division, Oak Ridge National Laboratory. 
tt An S0-20 Silicon Monoxide Source ohtainc<l from R. D. Mathis Co . of Long Beach. California . 
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Ttd11.1. I Ix I 
"Mn g;1111ma rays L'rnploycd in data anaJy, is 

E, ") .!" ") (ja1nma-ra y c1H:rgy "l (kcV) 

excitation runction cross section 
- - - -- -- ·-·-- -· -------·-- --- ------

() J'.'.(i () 12<> 
··---

0 
126 1 

l 

984 ('! X5X 
1290 (j 

} } 1292 (',1 1290 11<><> 
1293 () '.O' ) 

1529 l J 5'.;<) 

1885 (). ] ) JXX5 
2199 11 I 219'1 l 

2215 () 1 2215 • l 

2253 (j. ! ) 225.\ 
2269 (j n 226') 
2312 <'i'l 2.112 
2367 l 2367 224 1 
2399 <l ¥1 
2429 l' 2429 
2565 l 2565 
2582 2589 2463 ") 
2727 7 2727 l 

2753 ( l. i) 2753 2627 
2823 
2825 (l. ~) 2825 
2874 2874 
2952 2952 
2975 2975 
2990 <i. ll' 
3004 3004 
3195 3195 
335 1 .1351 
3424 3298 
3432 .14.12 
3528 3528 
3702 3702 
3860 3860 
3998 o.n 3998 
4293 4293 
4373 4373 

capture variab le variable 
resonance 

The firs t two columns identify by excitation energy. £,. and spin and parity . .r (when known). all 
confirmed states in 55 Mn with exci tation energies less than 3 MeY. and higher states, the decays of which 
give rise to y-rays employed in the data ana lysis. The third a nd fourth columns give l'-ray energies for 
decay to the ground state and 126 keV fi rst excited state. respectively. for the thirteen l'·rays used to de
termine the excitation function. The fifth and sixth columns apply to other y-rays used to determine the 
total cross sections as described in the text. Where no entry appears ei ther no l'-ray was observed or it 
was not used in the ana lysis . 

') Ref. 11 ). 

b) Although their energies are inconsistent wi th those in ref. 11 ). these two l'-rays were identified as 
aris ing from 55 Mn decay because of the 126 kcV energy difference . 
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Dead-time corrections were negligihlc for the neutron system. For the 1·-rays. 
they ranged from a few·: .. hclow the neutron threshold to a maximum ofahout 20",. 

at the highest bomharding energies. 

3. Data analysis 

3.1. GAMMA RAYS 

The excitation functions for thirteen individual ;·-rays from the residual nucleus 
55 Mn were obtained using the full energy peak areas extracted from the r-ray spectra 
by linear background subtraction . These ;·-rays arc idcntilied in tahlc I under the 
heading "excitation function"'. 

Absolute cross sections were obtained for production of each r-ray by assuming 
that the angular distributions arc of the form A0 +A 2 P 2(cosll). The two most 

prolilic ;·-rays were the 1529 and 2565 keV lines. the excitation functions of which 
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Fig. I. Excitation function for production or 1529 kcV ;·-rays in the reac·tion qCrtp. ;·l''Mn . Frror hars 
shown are statistical only. The curve shows the results l'r a llauser-l'eshhad1 calculation performed 
using Mann's Code-'). The arrows lahclled IAR indicate proton energies for isoharic-analoguc n:sonances 

which have heen previously ohscrvcd '"). 
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>------<TARGET THICKNESS 

• • IAR 

54Cr ( p, y) 55 Mn 

cy'2565keV 

10- 5 ~~--;-';~~--'-~--::-'::-~~.__~-=-'-=-~-'-~___.,,., 
l.O 2.0 3.0 4.0 

EP (LAB) (MeV) 

I X.l 

Fig. 2. Ex<.:itation function J'or produ<.:tion of 2511.'i h·V ;·-rays in the reaction "Cr(p. ;·)''Mn. hrnr ha rs 
shown arc statisti<.:al on ly . The curve shows the results of a Hauscr-l .. cshhad1 <.:;11<.:ulation pcrJ'mmed 
using Mann's <.:ode-') . The arrows la helled IA R indicate proton energ.ics for isoharic-analop1e resonances 

which have hcen previously observed 20
) . 

are shown in figs. I and 2. respectively . Statistical errors arc indicated wherever they 
are larger than the size of the data points . The reproducibility or the measurements 

was checked at many energies and found to be within statistics. It is estimated that 
systematic errors in the cross sections amount to about 20''. 0 : this is the quadratic 
sum of uncertainties in relative detector efficiency (5 ''.·11 ), absolute efficiency due 
primarily to geometrical effects (I 0 ".,). charge collection (2 ·~ .. ). target thickness 
(10 :%',). angular-distribution effects (I 0' '. 0 ) and target composition (3 '\ ). 

To obtain the 54Cr(p. }')55 Mn cross section. we summed the cross sections for 
population of the twelve states, the decays of which give rise to the thirteen analyzed 
)'-rays. The cross sections for population or states with more than one decay mode 
were corrected, using published branching ratios 11 

). lor the decay modes not 
explicitly included in the above analysis. As the bombarding energy increased. 
it became more difficult to extract peak areas reliably because the spectra became 
more complex and the signal-to-noise ratio for the 55 Mn )'-ray lines deteriorated. 
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Consequently. for Er ~ 3.2 McV. onl y the cross sections for rorulating the seven 
states of energies 1529. 1885. 2253 . 2269, 2565. 2727 and 2975 kcV were summed . 
This sum was then multiplied hy a raclor of l . 14 ± <Hll lo normalize lo the sum of 
twelve cross sections. This factor was determined by taking the average or the ratios 
of the two sums for each of the spectra for proton energies from 2.646toJ152 McV : 

the small standard deviation reflects the fact that the ratio remained relatively con
stant over this range ; this is not surprising. since many decay modes arc included in 
each sum and averages are taken over many resonances. 

The cross section determination described ahovc considers only decays which 
pass through the twelve states for which r -dccays arc shown in tahlc I under the 
heading "excitation function" . Other decays may he treated in two groups: ( i) decays 
proceeding via 1•-transitions from the compound nucleus directly to the ground and 
first excited states. and (ii) other decays not passing through the twelve slates . For 
group (i) decays only the primary )'-ra ys could he observed (the 126 kcV deca y or 
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Fig. 3. Excitation function for all primary ;·- rays emitted in the reaction q('r(p. ;· ) ~~ Mn . l'rror hars 
shown are statistical only . The curves show the result s of Hauser-l'cshhach cakulat ions performed 
using the codes of Ma nn ·')and Fowler"' al. ( Fl'ZW) ' " ). The arrows lahdlcd IAR indicate proton energies 

for isobaric-analogue resonances which ha ve hccn previously observed ' ''). 
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the first excited state is swamped by Coulomb excitation and low energy tails from 
other y-rays) . Several spectra were ohtained over the proton energy range from 1.4 to 
2.8 MeV with sufficiently good statistics to permit the observation of primary 
transitions. From these we found that it was necessary to increase the cross section 
for the twelve states by ( 10±4) /;', to allow for group (i) decays . 

The relative intensity of group (ii) transitions was determined hy analyzing long 
runs and sums of runs. The major )'-rays ohserved in this manner are shown in ta hie I 
in the columns headed "cross section" . We increase the sum of twelve cross sections 
by (18±4)% to allow for group (ii) transitions. Thus, the overall normalization 
factor applied to the cross section in order to allow for transitions of groups (i) and 
(ii) is equal to 1.28 ± 0.06. Throughout this analysis care was taken to count each 
cascade once and only once. The total 54Cr(p, y) 55 M n cross section is plotted in 
fig . 3. It is estimated that the absolute accuracy of the total cross-section determ ina
tion is about 25 %. 

The effective proton energies Er> shown in figs. 1- 3 are target centered energies 
for EP ~ 2.8 MeY. For EP < 2.8 MeY the cross section changes rapidly; therefore 
the shift of the effective energy from the target centered energy due to thick target 
effects was evaluated using the method described by Mak el al. 12

). 

3.2. NEUTRONS 

The 54Cr(p, n) 54Mn excitation function is displayed in fig. 4. Absolute cross 
sections were determined by assuming that the neutron angular distributions are 
isotropic. Background corrections were estimated by extrapolating yields observed 
just below the threshold. These corrections amounted to 40 /.', at 2.225 MeV, 9 /., 
at 2.253 MeV, 4 /;, at 2.293 MeY, and rapidly decreased in importance thereafter. 

For the first two runs above the (p, n) threshold, E,h, the amount by which the 
beam energy, Eb, exceeded E,h was less than the energy loss in the target, !JE. Conse
quently, the target thickness used in computing the (p, n) cross sections for these runs 
was the measured target thickness multiplied by (Eb- E,h) /!JE. The errors indicated 
for these two energies include the uncertainty in (Eh - E,h)/ !J E as well as the statistical 
errors. For all other points the statistical errors are smaller than the data points. 

A thick-target correction similar to that for the y-ray data was applied to the 

bombarding energies for EP ~ 2.444 MeV. For Er> > 2.444 MeV target-centered 
energies were used. 

We estimate that the uncertainty in the absolute cross sections is approximately 
20 %. the sources of error being similar to those described for the y-ray data. 

4. Discussion 

The results of Hauser-Feshbach calculations performed using Mann's code 
Hauser 4 [ref. 3

)) with a global optical-model parameter set are plotted in figs I 4. 
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Fig. 4. Excitation function for the reaction 54Cr(p, n) 54Mn. The error bars shown are discussed in the text. 
The curves show the results of Hauser-Feshbach calculations performed using the codes of Mann -')and 

of Fowler et al. (FPZW) '"). 

The neutron and proton transmission functions were calculated using optical-model 
parameters from Wilmore and Hodgson 13

) and from Bechetti and Greenlees 14
), 

respectively. They-ray transmission functions were calculated using a giant-dipole 
resonance form for the EI strength function and a single-particle estimate for the MI 
strength function 15

). Only dipole transitions were considered. The cross sections 
for production of 1529 and 2565 keV y-rays were obtained using giant-dipole
resonance estimates (for El) and single-particle estimates (for MI) to calculate the 
ratio of transitions populating the ground state and the excited state in question 16

) . 

Width fluctuation corrections were included using the Tepel approximation 17
). 

The results of Hauser-Feshbach calculations performed by Fowler et al. 18
) are 

plotted in figs. 3 and 4. An equivalent square-well representation of a Woods-Saxon 
potential was used to calculate the transmission functions as described in connection 
with earlier calculations in ref. 2

) . The present calculations differ from those of 
ref. 2

) in two respects. Firstly, width fluctuation corrections are included using the 
Tepe! approximation 17

) . Secondly, the calculations of ref. 2
) used the average value 

of 2.7 for the equivalent square-well neutron reflection factor ./: whereas the calcula-
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tions of ref. 18
) allow for the effects of shape resonances by setting/= 5 for s-wave 

neutrons andf = 0.25 for p-wave neutrons, consistent with the low-energy neutron 
strength functions compiled by Musgrove 19

) . 

Four peaks are prominent in the experimental y-ray excitation functions. These 
are at EP ~ 2.0, 2.2, 2.6 and 3.1 MeV. The first three correspond fairly well to 
resonances which have been previously identified by Moses et al. 20

) as isobaric 
analogues of the ground, 242 and 565 kcY states of 55Cr. The resonance at Er = 
3.1 MeY has the correct energy to be the analogue of the 1135 kcY state 1 1 

) . Both 
calculations considered in this paper ignore explicit isospin effects; they assume 
complete isospin mixing and equal strength functions in the T < and T > channels. 
Consequently, to compare the data with the calculations one should average out the 
excess cross section of the isobaric analogue resonances. This smoothing is un
important for applications in which one must average the cross section over a broad 
Maxwell-Boltzmann distribution . It may be shown quantitatively 21

) that the 
strength of the 2.6 MeV resonance in the neutron data (fig. 4) compared with its 
strength in the y-ray data (fig. 3) indicates that the isospin mixing is essentially 
complete. Qualitatively, this may be seen from the fact that only T < states of the 
compound nucleus 55 Mn may emit neutrons to the low-lying states of 54Mn; hence, 
the observation of a strong resonance in the 54Cr(p, n) 54Mn excitation function 
corresponding to a T> compound nucleus state indicates substantial mixing of T < 
states. 

Both sets of calculations reproduce quite well the general features of the excitation 
functions, including the magnitude and shape of the drop at the cusp. It is 
important, however, that the calculations should also correctly predict absolute 
cross sections which are needed in astrophysical calculations and other applications. 

Absolute cross sections calculated using Mann's code 3
) are in reasonable agree

ment with the data . The calculation for the total (p, y) cross section (fig. 3) is high by 
about 50 % at the peak of the cusp, while the cross sections for populating the 1529 
and 2565 keV states (figs. I and 2) are underestimated by about 40 % and I 0 ',%',, 
respectively . This inconsistency may be due, at least in pan. to uncertainties in the 
level scheme of ·55Mn. The calculated (p, n) cross section is about a factor of two 
higher than the data. 

The calculations by Fowler et al. 18
) predict both the (p, n) and the total (p, y) cross 

sections very accurately. No calculations for the 1529 and 2565 keV states using 
the Fowler et al. code are available. 

On the whole, it may be said that current Hauser-Feshbach calculations are in 
encouraging agreement with the results presented in this paper. It seems likely that 
these calculations, or refinements thereof, will prove adequate for predicting reaction 
cross secLions of significance for explosive nucleosynthesis . It is clear that further 
data are required to permit evaluation of the theory for a wide variety of reactions 
and to indicate where it may be improved; in this connection, the measurement of 
absolute cross sections is essential. 
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Abstract : Absolute cross sections have been measured for the reaction '"Ca(p, y)4 "Sc for 0.579 
MeV ~ Ep. lab ~ 2.670 MeV and for the reaction 48Ca(p, n)48Sc for 0.956 MeV ~ Ep. la h ~ 2.670 
MeV . Substantial competition effects in the cross section for 4 "Ca(p, y)"''Sc were observed at the 
thresholds for neutron emission to the 623 keV (3+). 1143 keV (2') and 1402 keV (2 - ) excited 
states of 48Sc. Thermonuclear reaction rates were calculated from the measured cross sections for 
0.1 ~ T9 ~ 10.0. The new rates differ considerably from those used in earlier calculations of the 
production of the rare, neutron-rich intermediate mass nuclidcs during explosive carbon burning. 
In particular, the new rates may change the predicted abundances for 4 "Ca. • ••.~"Ti and ~ 0v sub
stantially. The good agreement between current global Hauscr-Fcshbach models and the 
experimental data indicates that Hauser-Feshbach calculations can provide sufficiently reliable 
rates for astrophysical calculations in cases where experimental data are non-existent. 

NUCLEAR REACTIONS 48Ca(p, y), 4 "Ca(p. n), E = 0.58- 2.67 MeV; measured 11(£); 

E deduced thermonuclear reaction rates as a function of temperature. Hauser-Feshbach 
calculations. Enriched target. Ge( Li) and BF 3 long counter. 

1. Introduction 

Explosive nucleosynthesis calculations explain the production, from the ashes 
left by earlier hydrostatic burning stages, of most of the intermediate mass nuclei with 
A ~ 62 (ref. 1 

)). However, the abundances of the relatively rare, neutron-rich species 
such as 36S, 4 °K, 40 Ar, 43

• 
46

• 
48Ca, 45 Sc, 4 7 

· 
49

· 
50Ti and 50V resulting frnm these 

calculations are much too low. Howard et al.2) have proposed that these nuclei may 
be produced during explosive carbon burning by reactions of the free neutrons and 
protons with a small admixture of so-called seed nuclei assumed to be present at 

I 
the time of the star's formation. In these calculations, all of these neutron-rich nuclei, 
as well as several heavier neutron-rich species arising from iron seed, were co-produced 

1 Supported in part by the National Science Foundation [PHY76-83685]. 
11 Fannie and John Hertz Foundation Fellow. September 1973- December 1977. 

hi On leave from Department of Nuclear Physics, Australian National University, Canberra, 
Australia. 

1 Permanent address: Department of Physics, California State University, Fullerton , California 92634. 

430 
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with 23 Na and 24Mg in solar system abundance ratios to within a factor of 3 in most 
cases, and to within a factor of 8 in all cases. This level of agreement is encouraging in 
view of (i) the inexact treatment of the explosion, which was based on a parametrized 
adiabatic expansion of a single zone on the hydrodynamic time scale, and (ii) the severe 
uncertainties in the relevant reaction rates. 

A more accurate treatment of the explosion should become possible as new results 
become available from supernova codes which can evolve stars from the pre-super
nova stages through the supernova explosion (sec, e.g .. Weaver et al .3 )). The uncer
tainties in the nuclear reaction rates will then be the major obstacle to an improved 
understanding of the seed nucleosynthesis process. 

The 48Ca(p, i')49Sc and 48Ca(p, n)48 Sc reactions are important in this context for 
two reasons. First, their rates are important in determining the abundances of 48Ca, 
49 · 50Ti and 50V (refs. 2· 4)). These nuclei arc of special interest in light of the recently 
discovered anomalous 48Ca isotopic abundances in meteoritic inclusions 5

) which 
also show other anomalies of nuclear origin. possibly related to supernova nuclco
synthesis. Second, these two reactions comprise an important test of relevant aspects 
of the recently developed global Hauser-Feshbach models, which must be used to 
calculate many of the needed reaction rates. The seed nucleosynthesis process re

sembles a mini r-process, and involves many reactions on /J-unstable, neutron-rich 
targets. The most neutron-rich stable nuclide in the relevant mass range is 48Ca. 
Because of the large neutron excesses of many of the nuclei involved in the seed nucleo
synthesis, the neutron channels will be open at low energy and accurate treatment of 
their competititon with other channels is crucial. Substantial competition effects arc 
expected in the proton-induced reactions on 48Ca [ref. ") referred to as WFHZ]. 
Furthermore, the level density in 49Sc is ex peeled to be low ( .!S 0.07 levcls/ keV) 7 

), 

and the application of models based on statistical concepts to an essentially doubly
magic target nucleus tests the models in rather extreme circumstances. 

In previous studies of the 48Ca(p, i' )49Sc (refs. 7· 8)) and 48Ca(p, n)48Sc (ref. '1)) 

reactions, the bombarding energy ranges were not sufficient to determine the reaction 
rates at temperatures of astrophysical interest (T;;::: 2 x 109 K), and absolute cross 
sections were not obtained at all in the case of the 48Ca(p, y)49Sc reaction. In the pre
sent work we have measured absolute cross sections for the 48Ca(p, y)49Sc reaction 
for laboratory bombarding energies from 0.579 MeV to 2.670 McV, and for the 
48Ca(p, n)48 Sc reaction from 0.956 McV to 2.670 MeV (ref. 10 )). Thermonuclear 

reaction rates have been deduced from these data for both reactions, for the tempera
ture range 0 .1 ~ T9 ~ 10.0. The experimental cross sections arc compared with the 
theoretical predictions of the Kellogg Global Hauscr-Feshbach program 
(KGHFP) "· 1 1 )t and with the predictions of F. M . Mann 's program HJ\USER *4 
(ref. 13

)). 

' The ver,ion of the progra111 u' ed here . r1.:!'n rcd 10 as tlic Kdlogg Cilohal I lau,c r- l:eshh;i,· h l'ro ~ r a 11 • 

(KGHFP1 wa' proJu<:eJ by B. /\ . / im111en11 ;i11 111 collahora1ion with W. /\ . I ""ic:'. .i. ,\ . ll ll lllh'" .. 

J. Powelson and S. F. Woosley. 
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It has come to our attention that a similar study has been carried out recently at 
the University of Melbourne by Kennett et al. 14

). 

2. Experimental procedure 

Absolute cross sections for the reactions 48Ca(p, y)49Sc and 48Ca(p, n)48Sc were 
measured over the energy ranges 0.579 < Ep. lab < 2.670 MeV and 0.956 < Er. lab 

< 2.670 MeV, respectively, in steps of 30, 25 and 20 keV. A proton beam from the 
ONR-CIT tandem Van de GraafT accelerator was used to bombard a Ca target (en
riched to 97.78 % in 48Ca t). The target was prepared by heating a mixture ofTa filings 
and CaC03 in vacuum in a baffied Ta boat tt. The CaC03 first dissociated into volatile 
CO and residual CaO; the CaO was then reduced by the Ta filings and metallic Ca 
was evaporated onto a 254 /Lill thick tungsten backing. The target thickness was 
determined to be 185 µg/cm 2 of 48Ca by measuring the yield of 4.0 MeV a-particles 
elastically scattered at 160° from the calcium layer. At this angle the scattering was 

determined to be essentially Rutherford for energies less than 5.0 MeV. The target 
thickness was also measured at various times by weighing, and by observing the 
position of the scattering edge for a-particles scattered from the tungsten backing of 
our target relative to the position of the scattering edge for a-particles scattered from 
bare tungsten. These latter measurements include contributions from whatever oxy
gen and carbon is on the target as well as the calcium, and indicate that, in spite of 
storing and transporting the targets under argon, the calcium became oxidized and 
eventually turned to CaC0 3 . The various thickness measurements indicated that it 
is a very good approximation to assume that the composition of the target was CaO 
during the experiment. Uncertainty in this assumption about the target composition 
introduces no uncertainty in the measured cross sections, and only a very small 
uncertainty in the effective bombarding energies. The target durability was excellent, 
as determined by the reproducibility of the data. 

Gamma rays were detected with a 73 cm.1 Ge(Li) detector which was calibrated 
with standard radioactive sources and the 2 7 Al(p, 11)

28Si reaction. The details of the 
target assembly, and they-ray. detector and its calibration were as described in anoth
er paper 15

), with the exceptions that in the present experiment the target was mounted 
with its surface normal to the beam direction and the face of the Ge( Li) detector was 
shielded by 3.2 mm of lead. 

Neutrons were detected with a BF.1 "long counter" 25 cm from the target, at an 
angle of90° with respect to the beam direction. The counter efficiency was determined 
by comparing the number of neutrons counted from the reactions 48Ca(p, n)48Sc, 
5 1V(p, n)51 Cr and 68Zn(p, n)68Ga with the absolute intensity of the 983 keV, 321 keV 
and 1077 keV y-rays, arising from the 48Sc, 51 Cr and 08Ga activities, respectively. 

1 Obtained from Separated Isotopes Division . Oak Ridge National Laboratory . 
11 An S0-20 Silicon Monoxide Source obtained J'rom R. D. Mathis Co . of Long Beach. California . 
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All of these determinations of the neutron detector efTiciency agreed well with one 
another. 

Dead-time corrections were negligible for the neutron system. For they-rays, they 
ranged from less than I % for the runs below I .950 MeV up to a maximum of 8 /.,at 
the highest energies. The measurements were not carried to still higher energies 
because of the rapidly increasing counting rates for the sum peaks at 2020, 2294 and 
2348 keV, arising from the intense 983, 1037 and 131IkeY 48Ti lines emitted in the 
48 Sc decay, which interfered with the area determinations for the 2229 keV and 2372 
keY lines used in the cross section determinations. 

3. Data analysis and experimental results 

3.1. GAMM A RAYS 

The excitation functions for the 2229, 2372 and 3085 keV y-rays arising from the 
decay of the first three excited states of 49Sc (see fig. 1) 16

) were obtained from the full 
energy peak areas extracted from the }1-ray spectra with a linear background sub
traction. Absolute cross sections were obtained for the production of each y-ray by 
assuming that the angular distributions are of the form w(lJ) = a0 + a2P 2(cos 0). To 
obtain the 48Ca(p, y)49Sc total cross section, the cross sections for production of these 
three y-rays were added. Then by examining sums of the spectra for individual runs to 
obtain improved statistics, cross-over transitions from higher states (see fig. I) too 
weak to be seen in the spectra for the individual runs were investigated. From the 
average intensity of these y-rays relative to that of the 2229 keV Jine, it was determined 
that the cross sections should be increased by 14 '.i;, to include these cross-over tran
sitions. From long runs at EP = 1.075, 1.475, 1.845 and 1.985 MeV, the contribution 
of y0 , the y-transition from the capture energy to the ground state, was determined 
to be less than I~<,, except at the analogue resonance where it was about 5 '.i;,; y0 

transitions were therefore not included in the analysis. T he resulting cross sections 
are shown in fig. 2. 

It is estimated that systematic uncertainties in the cross sections do not exceed 
22 %; this is the sum in quadrature of uncertainties in relative detector efficiency 
(5 %), absolute efficiency arising primarily from geometrical effects (10 %), charge 
collection (2 /.,), target thickness ( 15 /;,), angular distribution effects (I 0 %), and the 
correction for cross-over transitions (5 '%,). 

The effective laboratory proton energies, EP, shown in fig. 2 are target-centered 
energies for EP ~ 0.881 MeY. For Er< 0.881 MeV the cross section is a steep func
tion of energy; therefore, the shift of the effective energy from the target-centered 
energy was evaluated using thee-folding technique of Mak et al. 17

). The error in the 
effective energies introduced by uncertainties in the target composition is less than 
3 keV for all energies. 

For comparison with the Hauser-Feshbach calculations the data were smoothed 
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Fig. I. The 49Sc level scheme, showing the major known )•-decays. including all known cross-over 
transitions up to /:', = 5.090 McV [ref. "')]. 

over 100 to 120 keV intervals, cor responding usually to four or five data points. These 
partially smoothed 48Ca(p, y)4 '-JSc cross sections are shown in fig . 3. The energy 
assigned to each cross section is the center of the averaging interval for Er > I MeV; 
for lower energies it was obtained using the e-folding technique 1 7

). 

3.2. NEUTRONS 

The measured 48Ca(p, n)4
.
8 Sc excita tion function is shown in fig . 4. Absolute cross 

sections were determined assuming isotropic angular distributions. All proton ener
gies s'.10wn are target-centered. Below a bombarding energy of about I MeV contri
butions from contaminants, which produced a rather flat excitation function , became 
a very severe problem . The runs for 0.575 < F,, < 0.907 McV were used lo determine 
an encrg.v independent hack gro und correc t ion . T his hackgroullll correct io1; ml ;« l-
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Fig. 2. Absolute cross sections for the react ion ""Ca(p, y)"'Sc. The error hars shown are s tatistical 
only. Where the error hars are not changing rapidly as a fun ction of energy, they arc shown for <>nly a few 
typical points. For 0.95 McV ~ Er ~ 1.95 McV, the error hars are smaller than data points except where 
explicit ly shown. The theoretical curves arc described in the tex t. The arrow marked IA R indicates the 

posi tion of the previously idcntilied ""Ca iso baric analogue resonance 8
) . 

duces considerable uncertainty in the cross sections fo r energies below I. I M eY . /\t 
EP =I.I MeY the background comprises 40'.~;, of the counting rate; a t 1.183 MeV it 
comprises only 9 /., and decreases rapidly in importance above this energy. The 
48Ca(p, n)48 Sc data were smoothed in a manner sim ilar to the 48Ca(p, )' )49Sc data 
(fig. 5). Effective energies were obtained for Er ::;:;; 1.426 MeY using the e-folding 
technique 1 7

). 

The systematic uncertainty in the absolute cross sections is approximately 20 ~~ ,, 

the sources of error being similar to those described for the 11- ray data, except for the 
lowe1>t energy points which suffer from addi tional uncertainties introduced by the 
contaminant background subtraction. We note that the cross sections reported in 
ref. 9

) are lower by a factor of approximately two than those measured in this work, for 
the energy range where the two data sets overlap. 



436 

10° 

10·1 

D 
E 

z 
::> 

~ 10-2 
w 
(f) 

(f) 
(f) 

0 
Ct: 
u 

10·3 

-75-

J. L. ZYSKIND et al. 

smoothing !AR 

interval + 
>--< 

4eca ( p, 'Yl 49 Sc 

Smoothed Abso lute 
Cross Section 

- HAUSER*4 

--- KGHFP 

5•5• 4• y 7• 2· 2-
no n1 n2 n3 n4n5 n6 

2 
E~ob (MeV) 

3 

----

Fig. 3. The 48Ca(p, y)48Sc data smoothed by averaging as described over four or five consecutive data 
points. The error bars are statistical only and arc displayed wherever they arc larger than the data points. 

The theoretical curves are described in the text. 

4. Discussion 

4.1. COMPARISON OF EXPERIMENTAL CROSS SECTIONS AND GLOBAL HAUSER
FESHBACH CALCULATIONS 

The 48Ca + p system has a relatively low density of resonances because of the 
doubly magic 48Ca core. Our target, which is 37 keV thick for I MeV protons, 
spans an average of only about 7 compound states in this energy range 7

); conse
quently, our measured excitation functions show considerable fluctuations which 
are evident even after smoothing the data. In the 48Ca(p, y)49Sc reaction the rise of 
the cross section, which is essentially determined by the Coulomb barrier, is abruptly 
halted at about 1.05 MeV, after which the average level of the cross section appears 
to remain constant or decrease slightly. The strong resonance in both the (p, y) and 
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Fig. 4. Absolute cross sections for the reaction •HCa(p, n)48Sc. The error bars are statistical only. The 
theoretical curves are described in the text. 

(p, n) data at EP ~ 1.96 MeV is attributed to the isobaric analogue of the 49Ca ground 
state 8

). 

The results of calculations performed using the Kellogg Global Hauser-Feshbach 
program (KGHFP)t and the program of Mann (HAUSER*4) 13

) are shown in figs. 
2-5. In HA USER *4, neutron and proton transmission functions are calculated by 
using the global optical-model parameter sets of Wilmore and Hodgson 18

), and 
Becchetti and Greenlees 19

), respectively. The y-ray transmission functions are cal
culated using a giant dipole form for the El strength function and a single-particle 
estimate for the MI strength function 11 

) . Width fluctuation corrections are included 
using the Tepe! approximation 20

). 

The KGHFP employs the so-called equivalent square well potential (equivalent 
to a Woods-Saxon potential) and black nucleus strength functions to calculate the 

t See footnote at end of sect. I. 
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Fig. 5. The 48Ca{p, n)48Sc data smoothed hy averaging over four or five consecutive data poin ts. The 
error bars arc statist ical on ly. The theoretical curves arc described in the text. 

transmission functions, as did the earl ier calculations of WFHZ<>). The )'-ray trans
mission functions used in the KGHFP arc similar to those for HAUSER*4. The 
KGHFP calculations differ from those of WFHZ in several respects. Width fluctua
tion corrections are now included using the Tepe! approx imation 20

). In the neutron 
channel the reflection factor of 2.7 is modified to f = 3.0 for even-I-wave neutrons 
and f = 0.10 for odd-I-wave neutrons, to include the effects of size resonances which 
are not included in the black nucleus strength functions. The choice of these values 
forfis based on the low energy neutron strength functions compiled by Musgrove 21 

). 

Because we are effectively below the analogue thresho ld (there is only one analogue 
resonance in the region of interest) we have set the isospin mixing parameterµ to zero 
and used only theT< contribution to the cross section. The effects of these modifi 
cations are discussed at greater length in ref. 22

). 

The Hauser-Feshbach calculations assume an average over many resonances 
and should be compared with the smoothed data. The KGHFP calculations of the 



-78-

48Ca(p, J') .. 'Sc, 48Ca(p, n)""Sc 439 

48Ca(p, y)49Sc cross sections are approximately a factor of two higher than the ex
perimental data, but accurately reproduce the shape ofthe excitation function except 
for the isobaric analogue resonance, which is outside the fram ework of the model. 
The HAUSER*4 calculations a lso reproduce the general features of the excitation 
function although they may not reproduce the shape of the cross section quite so well. 
The absolute cross sections predicted by HAUSER *4 are about a factor of three 
high below EP = I MeV before competition effects are important. 

The shape of the 48Ca(p, n)48 Sc excitation function is reproduced fairly well by 
both calculations (see fig. 5). The absolute cross sections of the KGH FP calculations 
are in excellent agreement with the experimental data, while the HAUSER *4 cal
culations are about a factor of three too high. The good agreement of the KGHFP 
calculation with the (p, n) data indicates that the KGHFP proton transmission func
tions are quite acceptable. For the HA USER *4 calculation, the discrepancy between 
theory and experiment is similar for the (p, n) and the low energy (p, y) cross sections 
(below I.I MeV, before competititon effects become important) suggesting that the 
calculated proton transmission function is too large. This may reOect the insensitivity 
of the higher energy data analyzed by Becchetti and Greenlees 19

) to ingoing
channel penetration effects; the low energy proton transmission functions needed 
here will be strongly sensitive to these effects. 

The data and current calculations do not show the deep competition cusp at about 
900 keV predicted in earlier calculations <>) to arise from a state reported at 388 keV 
in 48 Sc. The present data, as well as other experimental data indicate that no such 
state exists 2 3

· 
24

) . 

However, competition effects do play an important role which can be seen most 
clearly by reference to the Hauser-Feshbach formula for the reaction A(a, b)B of a 
projectile a incident on target A to form a compound nucleus which decays into band 
the residual product B, 

nx; '\ T,(J, rr.)Tb(J , n) 
a.,b(E. ) = - ·· -- . - L. (21 + l) · · - · -- . 

· (2s.+1)(2s"+l).1.. L~(J,n) 

In this expression, x. is the c.m. red uced wavelength in the incident channel a; sa and 
sA are the projectile and target spins, respectively; c denotes the pair c + C and the 
sum runs over all open channels (including a and b); T)J, n), Th(J , n) and ~(J, n) are 
transmission functions for decay of compound states of spin J and parity rr into the 
channels a, band c, respect ively. These transmission functions are obtained from the 
optical model transmission functions, '(,( /,, (,, s,,), where la is the relative orbital angu
lar momentum in channel a, s. is the projectile spin vector andj.

1 
= l. + s., by summing 

over I. and j ": 

T,,(J, n) = L T(J .. J,, s.). (2) 
1,.. j., 
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The sum in eq. (2) runs over all combinations which can couple with sA to make a 
compound state of spin J and parity n. Competition effects will be pronounced in a 
reaction A(a, b)B near the threshold for A(a, d)D if ~(J, n) increases rapidly and do
minates L;,Tc< J, n) for compound states of spin J and parity n which make a major 
contribution to a.b . At EP = 1.5 MeV, where neutron decay to several 48Sc states is 
already energetically allowed, the proton transmission functions for s-, p-, d- and 
f-waves (see fig. 6) are in the ratio 1.00 : 0.33 : 0.05 : 0.003, respectively. For J ~ 1 the 
y-ray transmission functions do not vary strongly with compound spin and parity 
(see fig. 6). Therefore, referring to eq. (I) and taking into account the statistical weights, 
we see that the major contributions to the 48Ca(p, y)49Sc cross section are expected 
for reactions proceeding through t + compound states formed by s-wave protons, 
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Fig. 6. Transmission functions calculated by the code HAUSER •4 . For the particle channels, the labels 
indicate the partial wave orbital angular momentum. and the energies are center-of-mass channel energies. 
The transmission functions for y-decay of positive parity compound states-of spin J ~ ~ are also shown , 
and are given for£,= £+9 MeV, to cover the relevant range of excitation energies (Q = 9.62 MeV). 

The transmission functions for the negative parity states behave similarly . 
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and 1- and f- states formed by p-waves, together with significant though smaller 
contributions from } + and 1 + states formed by d-waves. 

For s-wave neutrons, which have no angular momentum barrier, the neutron 
transmission functions rise sufficiently rapidly (see fig. 6) above newly open thresholds 
to cause competition cusps. Ford-waves, this is not the case, although several hundred 
keV above a threshold the competition from both p- and d-wave neutron decay can 
seriously deplete the y-ray decay. 

Neither the data nor the calculations show competition effects at the n0 , n 1 and n 2 

thresholds (see fig. 3) for decay to the 6 + ground, 131 keV (5 +)and 252 keV (4 +) 48 Sc 
states, respectively. The compound states of lowest spin for which s-wave neutron 
emission to these three 48Sc states is allowed are those with r = lf + , J + and ~ + , 

respectively. For p-wave neutron emission, 1-, ;.- and 1- compound states, respec
tively, are required. As shown above, such compound states do not play a significant 
part in the 48Ca(p, y )49Sc reaction at low proton energies because of their small proton 
transmission functions. 

The 623 keV (3 +)third excited state of 48Sc, however, may be populated by s-wave 
neutron decay of 1 + compound states and p-wave neutron decay off- states. The 
resulting competition effects are apparent in the abrupt halt of the cross section rise 
at this threshold, EP = 1.16 MeV, both in the experimental data and in the theo
retical calculations. The calculations show further competition effects at the thres
holds for the 1143 keV (2+) and 1402 keV (r) 48 Sc states. These occur because the 
2 + 48Sc state may be formed by the s-wave decay off+ and 1 + compound states, and 
the 2- state by s-wave decay off- and 1- compound states. Although the detailed 
structure of the data is obscured by cross section fluctuations and by the analog 
resonance, the effects of the thresholds for the 2 + and 2 - 48Sc states are shown by the 
excellent agreement of the calculations with the general trend of the experimenta l 
excitation function. 

An accurate knowledge of the excited states in the (p, n) residual nucleus can be 
crucial in the treatment of competition effects. For example, the inclusion of a non
existent 2 + state at 388 ke V causes the 48Ca(p, n) cross section to level out at a proton 
energy 250 keV lower than observed, and at a cross section which is only 25 % of its 
eventual value. Similarly, a drop of a factor of ten in cross section is predicted above 
the threshold of the 2 +, fifth excited state, if a standard level density formula is used 
in the calculation instead of actual discrete level information for E, > 1.402 MeV in 
48Sc, because the ordinary level density formulae imply the existence of low spin states 
which do not actually exist in this excitation region in 4 8Sc. 

4.2. ASTROPHYSICAL REACTION RATES 

For use in astrophysical nucleosynthesis calculations, the cross sections must be 
averaged over the M axwell-Boltzmann energy distributions corresponding to the 
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appropriate temperatures to obtain the reaction rates as a function of temperature : 

(8/ )l f''' ( a v) = · · - n - a(E)E exp ( - E/kT)d E. (3) 
M l(kT) i o 

Eis the c.m. energy, M is the reduced mass in the incident channel, k is Boltzmann's 
constant and Tis the temperature 12

) . Table I gives the reaction rates deduced from 
the experimental cross section measurements hy numerical integration. Where avail
able, experimental cross sections were used in the integrand. The 48Ca(p, y)49Sc cross 
sections were extrapolated for E < 0.579 MeV and E > 2.670 MeV by using the 
KGHFP calculation normalized to the experimental data. The 48Ca(p, n)48Sc cross 
sections for E < 1.013 MeV and E > 2.670 MeV were also extrapolated using the 
KG HFP calculation; no normalization was necessary for these cross sections, since 
the calculated and measured cross sections agreed so well. The contribution to the 
48Ca(p, y)49Sc reaction rate from the energy range for which we have experimental 
cross sections is 8 % at T9 = 0.3, 84 % at T9 = 0.7, 95 % at T9 = 1.0, ~ 99 % for 1.5 ~ 
T9 ~ 3.5, 95 % at T9 = 5.0, and 67 % at T9 = I 0.0. ( T9 is the temperature in degrees 
Kelvin divided by 109

.) The contribution to the 48Ca(p, n)48Sc reaction rate from the 
energy range 1.011 < EP < 2.670 MeV for which experimental cross sections were 
available, is 7 % at T9 = 0.5, 68 % at 7;1 = 0.9, 96 /., at T9 = 1.5, 93 /., at T9 = 2.5, 
66 % at T9 = 4.0 and 13 % at T9 = 10.0. 

The "stellar reaction rates" in table I include the effects of the thermal population 
of excited target states 6

). They were determined by multiplying the "laboratory reac
tion rates" we have deduced by the ratio of the "stellar" and "laboratory" reaction 
rates given by WFHZ 0

) . Because of the high excitation energy (3.83 MeV) of the first 

excited state of 48Ca, these corrections have little effect on the reaction rates except 
at very high temperature. 

Also shown in table I are the "stellar reaction rates" deduced from the KGHFP 
calculations, and the rates employed by Howard et al. 2 ) at T9 = 2.0 and 2.15. 

The temperature dependence of the reaction rates deduced from the KG HFP 
calculations is very similar to the temperature dependence of the reaction rates deduced 
from the experimental data . The KGH FP rates are a factor of two high for 48Ca(p, 
y)49Sc, and are in excellent agreement with the data for 48Ca(p, n)48Sc. Thus, it can be 
concluded that the competition between the two reactions is predicted to within a 
factor of two by the present global Hauser-Feshbach model. 

The value employed by Howard et al. 2
) for the 48Ca(p, y)49Sc reaction rate is a 

factor of six too high, perhaps because they omitted the 48Ca(p, n)48Sc reaction, for 
which the rate is a factor of six higher than the 48Ca(p, y)49Sc rate. While their cal
culation of the rate of destruction of 48Ca in the la te proton-rich phase of explosive 
carbon burning may be roughly correct, the main product will be 48Sc rather than 
49Sc. This may have a significant effect on the production of the nuclear species 
49Ti, 50Ti and 50V, much of which occurred via the reaction 48Ca(p, y)49Sc in their 
calculations. 
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TAllL.1' I 

Thermonuclear reaction rates") ror 48Ca(p. y)4 "Sc and 4 8 Ca(p. n) 4 "Sc 

'"Ca(p, y)4 "Sc ••ca(p. n) 4 "Sc 

T., b) 
exp. c) exp.') KGHFP '1) Howard exp.' ) exp. ' ) K(iHFI' ") 
lab r) stellar ") stellar") eta/. " ) lah '> stellar") stellar") 

0.10 2.91E-14 2.91E-14 5.54E - 14 3.40E-- 29 3.40E - 29 3.40E -· 30 
0.15 1.06E-10 l.06E - 10 l.99E- IO UOE - 20 3.80E - 20 3.80E - 20 
0.20 l.85E-08 l.85E-08 3.43E-08 4.39E - 15 4.39E- 15 4.WE - 15 
0.30 l.20E-05 l.20E-05 2. 18E- 05 l.90E- 09 I .90E - 09 l .90 E - 09 
0.40 697E-04 6.79E-04 l.22E - 03 l .85E- 06 I .85E- 06 l .86E - 06 
0.50 l. 19E-02 I.I 9E-02 2.08E-02 1.44E- 04 1.44[ - 04 1.43E - 04 
0.60 9.68E-02 9.68 E -02 l .74E - Ol 3.16E-03 3.16E - 03 3.08E-- 03 
0.70 4 .96E~OI 4.96E- OI 9.05 E- OI 3.41 E-02 3.41 E- 02 3.26E - 02 
0.80 1.84E + 00 l .84E+OO 3.39E+oo 2.34E-OI 2.35E-OI 2.2 1 E - 01 
0.90 5.44E+OO 5.44E+OO 9.98E+ OO l .17E+OO 1.17E+OO l.09 E + 00 
1.00 l.34E+O I l.34E + 01 2.45E+OI 4. 58E +OO 4.58E+ OO 4.261' + 00 
1.50 2.48E+02 2.48E+02 4.42E +02 4.5 1 E +02 4.5 1E+02 405E+ 02 
2.00 l.16E+03 l. 16E+03 2.09E+03 6.6E + 03 6.41E+03 6.41E+03 5.59E + 03 
2.15 l.61E+03 l.61E+03 2.90E + 03 l .OE+ 04 l .16E+ 04 1. 16E + 04 1.01 E+04 
2.50 2.98E+03 2.98E+03 5.47E+03 3.65E + 04 3.65E + 04 3.2.\ E + 04 
3.00 5.60E+03 5.60E+03 l.04 E+ 04 1.27E + 05 l .27E+ 05 1.161 '.+ 05 
3.50 8.78E+03 8.78E+03 I .66E+04 3.27E + 05 3.2 7E +05 3.0XE + 05 
4.00 l.23E+04 1.23E+04 2.34E+04 6.95E+05 6.95E + 05 6.72 E + 05 
4.50 l.60E + 04 1.60E+04 3.04E+04 l .29E+06 1.29E +06 1.271: + 06 
5.00 l.98E + 04 1.97E+04 3.75E + 04 2.18E + 06 2. 18E+06 2. 171-'+06 
6.00 2.73E +04 2.68E+04 5.05E + 04 5.05E+06 5.04E+06 5.06F + 06 
7.00 3.48 E+ 04 3.23E+04 5.98E + 04 9.61 E+ 06 9.48 E + 0<1 9.57E+ 06 
8.00 4.21 E+04 3.38E+04 6. 18E+04 1.60E+ 07 I .5.IE+07 l.5 5E + 07 
9.00 4.96E+04 3.1 IE+04 5.61E+04 2.43 [ + 07 2.19E+07 2.22 1·: + 07 

10.00 5.71E+04 2.60E+04 4.64E+04 3.42E + 08 2.XI E + 07 2.85E + 07 

')Thermonuclear reaction rates. NA( rn1) where NA is Avogadro's number and ( 11 1>) is delined in eq. (3). 
Values are given in units of cm 3 • mole - 1 

• sec · 1
• 

b) Temperature divided by 109 K. 
cl Deduced from the experimental da ta of this work and extrapolations as dcscrihcd in the text. 
") Deduced by numer ical integration of cross sec tions calculated with the Kellogg Global Hauser-Fcshhach 

Program. 
<) Rates used in ref. 2

) . This paper gives no rates for the 4 8Ca(p, n)48Sc reaction. 
r) Based on the cross sections measured in the laboratory with the target in its ground state. 
') Reaction rates appropriate fo r the stellar situati<Hl deduced fr om the " lab reaction rates" as dcscrihcd in 

the text. 

The success of the new calculations in predicting the cross sections and treating 
the competition effects indicates that they are capable of providing more reliable 
rates for the reactions participating in the seed nucleosynthesis process than were 
availaJle at the time of the paper by Howard et al. 2). From the present study and other 
recent studies 15

• 
22

), it seems reasonable to assume that reaction rates can now be 
calculated to within a factor of 2 in this mass range, even for neutron-rich nuclear 
species. It is sti ll preferable, of course, to deduce the reaction rates from experimental 
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data where this is possible, as has been done in the present work for the reactions 
48Ca(p, y)49Sc and 48Ca(p, n)48Sc. 

Because of the improved confidence with which reaction rates can now be calcu
lated, and also because of the recent discovery of the 48Ca isotopic anomalies in the 
Allende meteorite, it is to be hoped that new calculations will be made of the seed 
nucleosynthesis that may accompany explosive carbon burning. 

It is a pleasure to acknowledge many helpful discussions with Dr. D. G. Sargood 
and his valuable participation in the calibration of the BF3 "long counter" which was 
used in the present work for neutron detection. 
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Table 1 

For each reaction studied the energy range covered and Q values 

are given. Also given are the lowest energy thresholds for neutron 

production for each projectile-plus-target pair. 
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Table 1 

REACTIONS STUDIED 

E (a) Q (a) 
Energy Range th 

Reaction (MeV Lab) (MeV Lab) (MeV) 

54 55 Cr(p,y) Mn o. 83 - 3.61 8.068 

54Cr(p,n)54Mn 2. 23 - 3.61 2.199 -2 .159 

51V(p,y)52Cr o. 93 - 4.47 10.505 

51V(p,n)51Cr 1. 58 - 4.47 1.564 -1.534 

48 49 Ca(p,y) Sc o. 58 - 2.67 9.627 

48 48 Ca(p,n) Sc 0. 96 - 2.67 0.511 -0.501 

68 69 Zn(p,y) Ga 1. 64 - 4 .9 7 6.604 

68zn(p,n)68Ga 3. 77 - 5.03 3. 758 3. 704 

68 65 Zn(p ,a.) Cu 3.36 - 5.48 2.119 

37Cl(a,y)41x 2.90 - 5.23 6.223 

37c1(a,n) 4°K 4. 292 3.87 3 

62Ni(a~y) 66 zn 5.07 - 8.64 4.578 

62N.( )65 2 1. a,, n n 6.95 - 8.76 6 .901 -6.482 

64N.( )682 1. a.,y n 4 . 50 - 7.45 5. 333 

64N" ( ) 6 7 z i a.,n n 5.29 - 7.42 5.169 ~4. 865 

(a) A, H. Wapstra and K. Bos, Atomic Data and Nuclear Data Tables 18 (1976) 

306. 
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Table 2 

Information concerning targets is given. The thickness is that which 

the target presented to the beam in the orientation in which it was 

mounted. The target angle is noted when the target surface was not . 

normal to the beam. In the column headed Method, the t e chnique by 

which the target thickness was determined is given: weighing (weigh), 

shift of the backscattering e dge (BSS) or relative yields from Ruther

ford scattering from the target layer and backing (BSR). For the 

backscattering measurements the type of beam (p or a) and energy are 

indicated. See Section IIC for details. 
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Table 2 

Isotopic Thick-
Target Enrichment ness 

Reaction Comments Material (%) (µgm/ cm2) Method 

54Cr(p ,y)55Mn} 
1180t BSS Cr metal 95.4 

54ar(p,n)54Mn 3 MeV p 

51V(p,y}52Cr } 
nat. 1200 Weigh 

51V(p,n)51Cr (cross section 
V metal (99.74%) (BSR 3. 7 

check) (190) MeV a) 

48Ca(p 'Y) 49Sc} Ca metal BSR 
48 48 -+ Ca 0 97.78 185 4 MeV a Ca(p,n) Sc 

68 69 } Zn(p,y) Ga 
675tt BSS 

68 68 Zn metal 96. 95 3 MeV Zn(p,n) Ga p 

68 65 transmission 
Zn metal 96.95 122 

BSR 
Zn(p,a.) Cu target 3. 36 MeV p 

37Cl(a.,Y)41iz PbC1
2 96. 5 280 tt Weigh 

62Ni(a,y)66Zn} BSS 
62N.( )652 

Ni metal 97. 94 280 4 MeV a 
1 a.,n n 

64Ni(a,y)68Zn} BSS 
64N" ( ) 6 7 z 

Ni metal 98.02 315 4 MeV a 
1 a,n n 

t for target at 51° 
tt f or target at 45° 
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Table 3 

The distance from the target to the face of the Ge(Li) can is given. 

The face of the crystal is less than 0.5 cm from the wall of the can. 

The column headed Lead gives the thickness of Pb shielding placed 

over the Ge(Li) face to attenuate low energy y-rays from Coulomb exci

tation of the backing. The angle between the beam direction and a line 

drawn from the target through the detector axis is given in the last 

column. See Section IID. 
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Table 3 

Ge(Li) DETECTOR GEOMETRIES 

Distance Lead 
Reaction Comments (cm) (cm) Angle 

54Cr(p,y)55Mn 2.2 0 55° 

51V(p,y)52Cr 9.2 0.32 125° 

51V(p,y)52Cr cross section check 2.8 0 55° 

48 49 Ca(p, y) Sc 2 . 5 0. 32 55 ° 

68 69 Zn(p,y) Ga 2.8 0.16 55 ° 

37Cl(a,y)41K 4. 5 o. 32 55° 

62w ( ) 662 i a,y n 3.3 0 55° 

64N. ( ) 682 i a,y n 3.3 0 55 ° 
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Table 4 

Information is given concerning the sources used in the y-ray calibra

tion. Half-lives and absolute branching ratios are specified only where 

absolutely calibrated sources were used. The column headed Daughter 

gives the daughter nucleus in which the transition occurs which gives 

rise to the y-ray in question. See Section IID. 
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Table 4 

GAMMA-RAY CALIBRATION LINES 

E y's per Relative Half-
Source Daughter (klv) decay intensity life Reference 

22Na 22Ne 1275 0.9994 2.602 yr Endt (1973) 

56Co 56Fe 847 1.0 Kennedy (1977) 
1038 0.137±0.006 
1238 0.662±0.010 
1772 0.159±0.003 
2035 0.078±0.001 
2599 0.173±0.004 
3202 0. 032±0. 001 
3254 0.082±0.004 
3452 0.0100±0.0004 

27Al(p,y) 28Si 
1779 1. 004±0. 021 Kennedy (1977) 

(2.046 MeV res.) 
2839 0. 606±0. 013 
4613 0.0084±0.006 
5110 0.333±0.014 
6669 0.300±0.010 
8940 0.505±0.016 

27 Al(p,y) 28Si 1779 1.00 Meyer (1975) 
(1. 800 MeV res) 11542 0 .98 

133Ba 133Cs 276 0.073 10. 5 yr Henry (1974) 
302 0 .186 PP· 514,534 
356 0.623 
382 0.088 

226Ra 214Bi 242 0.0759±0.00()9 Toth (1977) 
214Bi 295 0.195±0.003 
214B. 352 0.377±0.004 214 1. 

214Po 609 0.469 

21l0 1120 0.153±0.003 

21l0 1238 0.0602±0.0006 
Po 1764 0.162±0.003 

182Ta 182w 179 0.090±0.003 Schmorak (1975) 
198 0.044±0.002 (see esp. p.586) 
222 0. 216±0. 006 
229 0 .104±0. 003 
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Table 4 (continued) 

Source Daughter Ey y's per Relative Half-
(keV) decay intensity life Reference 

264 0.104±0.003 
1121 1.00 
1189 0.470±0.005 
1221 0.783±0.101 
1231 0.331±0.004 

207Bi 207Pb 570 1.00 Schmorak (1977) 
1064 0.766±0.010 (see esp. p.523) 
1770 0.070±0.002 
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T~le 5 

The first two columns identify by excitation energy, E , and spin and 
x 

parity, JTI (when known), all confirmed states in 55
Mn with excitation 

energies less than 3 MeV, and higher states, the decays of which give 

rise to y-rays employed in the data analysis. The third and fourth 

columns give y-ray energies for decay to the ground state and 126-keV 

first excited state, respectively, for the 13 y-rays used to determine 

the excitation function. The fifth and sixth columns apply to other 

Y-rays used to determine the total cross sections as described in the 

text. Where no entry appears either no y-ray was observed or the 

y-ray was not used in the analysis. See Section IID. 
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Table 5 

(a) 
Gannna-Ray Energy(a) (keV) 

E JTI (a) Excitation Function Cross Section x 
(keV) 0 126 0 126 

0 5/2 

126 7/2 

984 (9/2-) 858 

1290 (1/2-) 

}1290 }166 1292 (11/2-) 

1293 (5/2 - 9/2) (-) 
-1529 3/2 1529 

1885 (5/2' 7 /2) 1885 

2199 7/2(-) 2199 

2215 (5/2-' 7/2-) 2215 

2253 (1/2' 3/2) 2253 

2269 (1/2 - 5/2) 2269 

2312 (13/2) 2312 

2367 5/2 2367 2241 

2399 (5/2-9/2) 

2429 1/2+ 2429 
-2565 3/2 2565 

2582 2589 2463(b) 

2727 7/2 2727 

2753 (5/2, 7/2) 2753 2627 

2823 

2825 (5/2' 9 /2) 2825 

2874 2874 

2952 2952 

2975 2975 

2990 (3/2, 5/2)+ 

3004 3004 

3195 3195 

3351 3351 
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Table 5 (continued) 

Ganuna-Ray Energy(a) (keV) 

E (a) 
x 

(keV) 

3424 

3432 

3528 

3702 

3860 

3998 (1/2, 3/2) 

4293 

4373 

Capture 
resonance 

Excitation Function 

0 126 

(a) 
D. C. Kocher, Nucl. Data Sheets 18 (1976) 463. 

Cross Section 

0 126 

3298 

3432 

3528 

3702 

3860 

3998 

4293 

4373 

Variable Variable 

(b)Although their energies are inconsistent with those in (Kocher 1976), 
55 these two y-rays were identified as arising from Mn decay 

by the 126 keV energy difference. 
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Table 6 

For each reaction the second column (Energy range) gives the range of 

bombarding energies over which excitation functions were extracted for 

they-rays listed in the third column (y-rays summed). These y-rays were 

used to determine the "preliminary" cross sections, as described in 

Chapter II, Section B. For energy ranges for which peak areas could not 

be extracted for some of they-rays, the sum for the smaller set of y-rays 

is normalized to that using the larger number of y-rays with the factor 

given. The last three columns (Corrections) give the corrections to the 

"preliminary" cross sections for group (i) transitions (primaries), group 

(ii) transitions (secondaries), and the sum of the two (total). See 

Chapter II, Section E for a complete description of these cross section 

determinations. 
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Table 6 

GAMMA-RAY ANALYSIS 
Corrections 

Energy y-rays weak 
Range summed primaries secondaries total 

Reaction (MeV) (Ey in keV) Normalization % % % 

54Cr(p,y)55Mn .::. 3 . 2 858 10 18 28 
1529 
1885 
2199 
2241 
2253 
2269 
2367 
2565 
2727 
2825 
2975 
3004 

> 3.2 1529 1.14±0 . 01 
1885 
2253 
2269 
2565 
2727 
2975 

51V(p , y)52Cr all 1434 O( ~ 1%) 

48 49 Ca(p, y) Sc all 2229 1% 14 14 
2372 
3085 

68 69 
Zn(p,y) Ga < 4.0 318 8-1 8 16-9 

574 
872 

1027 
1107 
1335 
1487 
1526 
1573 
1723 
1972 
2002 
2022 
2044 
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Corrections 

Energy y-rays weak 
Range sununed primaries secondaries total 

Reaction (MeV) (Ey in keV) Normalization % % % 

4.1-4.85 872 2.214±0.0004 
1107 
1335 
1487 
1723 
1972 
2002 
2022 
2044 

4.91-4.97 872 4. 763±0.191 
1723 
1972 
2002 
2022 

37Cl(a,y)41iz 980 5 21 26 
1294 
1560 
1677 
1698 

62Ni(a,y) 66zn 1039 rv4 3-3.8 7-8 

64N" C ) 65z i a,y n 1077 2.5 9.4 12 
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Table 7 

51 52 Cross sections measured for the reaction V(p, y ) Cr. The first 

and second colunms give the effective energies in the laboratory and 

center-of-mass systems, respectively. The fourth column gives the 

uncertainties arising only from the statistics of counting. The 

ratios of the cross sections calculated by Woosley et al. (1975) 

[from which were calculated the thermonuclear rates which are to be 

published (Woosley 1979)] to those measured are given in the fifth 

column for selected energies. See Section IIE for further details. 
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Table 7 

Cross Sections for 51V(p,y)52Cr 

Elab Ecm a 60 0 oAP-422 
eff eff PY PY 

(MeV) (MeV) (mb) (mb) a 
PY 

0.925 0 . 907 1.07 x 10-2 
7.9 x 10-4 

0 . 977 0.958 1.14 x 10-2 8.1 x 10-4 

1.029 1.009 1.61 x 10-2 7.1 x 10-4 
1. 5 

1.080 1.059 2 .41 x 10-2 1.1 x 10-3 

1.132 1.110 3.90 x 10-2 1.4 x 10-3 

1.182 1.159 6.21 x 10-2 1. 8 x 10-3 

1. 232 1.208 7.35 x 10-2 1.9 x 10-3 

1.284 1. 259 9.41 x 10-2 2.2 x 10-3 

1. 334 1. 308 1. 28 x 10-l 2.5 x 10-3 

1. 386 1. 359 1.68 x 10-l 2.9 x 10-3 

1.436 1. 408 1. 84 x 10-1 3.0 x 10-3 

1.488 1.459 2.52 x 10-1 3.5 x 10-3 

1.537 1. 507 2.88 x 10-1 3. 8 '< 10-3 1. 8 

1.583 1.553 2.43 x 10-1 3.5 x 10-3 (threshold) 

1.631 1.600 1. 47 x 10-1 2. 7 x 10-3 

1.686 1.65.4 1.12 x 10-1 2. 4 x 10- 3 

1. 739 1. 706 8. 91 x 10-2 2. 2 x 10-3 

1. 789 1. 755 1.07 x 10-1 2. 3 x 10-3 

1.841 1.806 1.07 x 10-1 1. 8 x 10-3 

1. 892 1.856 1. 23 x 10-1 5.9 x 10-3 

1.943 1.906 1.04 x 10-l 4.0 x 10-3 

1.995 1.957 1. 20 x 10-1 6 .1 x 10-3 

2 . 045 2.006 1.47 x 10-1 7.1 x 10-3 0.35 

2.096 2.056 1.64 x 10-1 1.1 x 10-2 

2.147 2 . 106 1. 51 x 10-1 7 . 0 x 10-3 

2.197 2 .155 1. 61 x 10-1 7.3 x 10-3 

2.248 2.205 1. 35 x 10- 1 6.2 x 10-3 
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Table 7 (continued) 

Elab Ecm 0 !':.a GOAP-422 eff eff PY PY 
(MeV) (MeV) (rnb) (mb) 0 

PY 

2.299 2.255 2.05 x 10-1 1.08 x 10-2 

2.350 2.305 1. 70 x 10-1 7.5 x 10-3 

2.400 2. 354 1.27 x 10-1 5.8 x 10-3 

2. 451 2 .404 1.54 x 10-1 3.5 x 10-3 

2.502 2.454 2.38 x 10-1 1. 2 x · 10-2 

10-l ? 
2.552 2.503 2.04 x 1.03 x 10- 0.5 

2.603 2.553 2.09 x 10-1 1.15 x 10-2 

2.654 2.603 2.33 x 10-1 1. 5 x 10-2 

2. 704 2.652 1. 89 x 10-l 9.3 x 10-3 

2.755 2.702 2 .19 x 10-l 1.08 x 10-2 

2.799 2.744 2.20 x 10-1 
4.8 x 10-3 

2.848 2. 793 2.60 x 10-1 5.1 x 10-3 

2.900 2 . 844 2.25 x 10-l s.o x 10-3 

2.950 2 .893 2.67 x 10-l 5 . 7 x 10-3 

3.001 2.943 2.44 x 10-1 5.7 x 10-3 

3.052 2.993 2.27 x 10-1 6.5 x 10-3 
0.8 

3.102 3.042 2.33 x 10-1 7. 0 x 10-3 

3.153 3.092 1. 85 x 10-1 7.5 x 10-3 

3.204 3.142 2.08 x 10-1 7. 7 x 10-3 

3.255 3.192 1. 95 x 10-l 9.2 x 10-3 

3. 305 3.241 2. 39 x 10-l 1.09 x 10-2 

3.355 3.290 2.09 x 10-l 1.06 x 10-2 

3.404 3. 339 1. 62 x 10-l 1.03 x 10-2 

3.456 3.390 1. 75 x 10-1 1. 16 x 10-2 

3 . 513 3.445 1. 85 x 10-1 1. 7 x 10-2 

3.563 3.494 2 . 06 x 10-1 2.1 x 10-2 1.4 

3.612 3.543 2.20 x 10-1 
:LS x 10-2 

x 10-1 -? 
3.662 3.592 2.86 2.9 x 10 -

3. 713 3. 642 2 .08 x 10-1 3.0 x 10-2 
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Table 7 (continued) 

Elab Ecm 0 f..0 eff eff PY PY 0 oAP-422 (MeV) (MeV) (rob) (mb) 0 
PY 

3.763 3.691 2.46 x 10-1 2. 7 x 10-2 

3.814 3.741 2.31 x 10-1 3.3 x 10-2 

3.864 3. 790 2.05 x 10-1 2.7 x 10-2 

3. 914 3.839 2.34 x 10-1 3.1 x 10-2 

3.964 3.888 2.45 x 10-1 3.5 x 10-2 
1. 5 

4.015 3. 938 2.74 x 10-1 3.1 x 10-2 

4.065 3.987 2.29 x 10-1 3.2 x 10-2 

4.116 4.037 2.53 x 10-1 3.5 x 10-2 

4.166 4.086 2.34 x 10-1 3.5 x 10-2 

4.216 4.135 2.33 x 10-1 3.J x 10-2 

4.266 4.184 3.19 x 10-1 3.6 x 10-2 

4.316 4.233 2.60 x 10-1 3.4 x 10-2 

4. 367 4.283 2.57 x 10-1 4.0 x 10-2 

4.417 4.332 3.06 x 10-1 4.0 x 10-2 

4.467 4.381 3.29 x 10-1 3.7 x 10-2 
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Table 8 

. 54 55 Cross sections measured for the reaction Cr(p,y) Mn. The first and 

second columns give the effective energies in the laboratory and cente r-

of-mass systems, respectively. The fourth column gives the unce rtain-

ties arising only from the statistics of counting. The ratios of the 

cross sections calculated by Woosley~ al. (1975) [from which were cal-

culated the thermonuclear rates which are to be publish ed (Woosley 1979)] 

to those measured . are given in the fifth column for selected energies. 

See Section IIE for further details. 
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Table 8 

Cross Sections for 54Cr(p, y )55Mn 

Elab Ecm a IJ.a 
0

oAP-422 
eff eff PY PY 

(MeV) (MeV) (mb) (mb) a 
PY 

o. 796 o. 782 1.41 x 10-3 2.4 x 10-4 

0.849 0.834 4.21 x 10-3 6 . 8 x 10-4 

0.901 0 . 885 7 . 01 x 10-3 5.6 x 10-4 

0.954 0. <f'37 1.08 x 10-2 6 . 8 x 10-4 

1.007 0 .989 2. 30 x 10-2 
1.4 x 10-3 0 . 9 

1.059 1.040 2 . 78 x 10-2 
1. 2 x 10-3 

1.111 1.091 2.99 x 10-2 2.2 x 10- 3 

1.163 1.142 5.93 x 10-2 2.1 x 10-3 

1.215 1.193 8.57 x 10-2 4.9 x 10-3 

1. 267 1. 244 1. 22 x 10-1 5.8 x 10-3 

1. 318 1.294 1. 52 x 10-1 6.3 x 10-3 

1. 370 1. 345 1.46 x 10-1 7.0 x 10-3 

1.422 1.396 2.07 x 10-1 7.9 x 10-3 

1. 473 1.446 2.12 x 10-1 8.1 x 10-3 

1.525 1. 497 2. 77 x 10-1 9.0 x 10-3 1.1 

1.576 1.547 3.53 x 10-1 1.0 x 10-2 

1. 628 1. 598 4.20 x 10-1 1.1 x 10-2 

1.679 1.648 5.57 x 10-1 1. 3 x 10-2 

1.730 1. 699 6.44 x 10-1 1.4 x 10-2 

1. 781 1. 749 6.66 x 10-1 1. 5 x 10-2 

1. 832 1. 799 7. 68 x 10-1 1.6 x 10-2 

1. 883 1. 849 8.18 x 10-1 1.6 x 10- 2 

1.934 1. 899 1.06 8.2 x 10-3 

1.985 1.949 1. 27 2.0 x 10-2 

2.036 1 . 999 1.20 2.0 x 10-2 0 . 8 

2 . 087 2.049 1.02 1. 8 x 10-2 

2.138 2.099 1.01 1.8 x 10-2 
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Table 8 (continued) 

Elab Ecm a 6a 0 oAP-422 eff eff PY PY 
(MeV) (MeV) (mb) (mb) a 

PY 

2. 189 2.149 1.01 1. 8 x 10-2 

2 . 240 2.199 8.55 x 10-l 1. 7 x 10-2 (threshold) 

2.290 2.248 6.07 x 10-1 1.4 x 10-2 

2.341 2 .298 4.10 x 10-l 1.2 x 10-2 

2.392 2.349 3.68 x 10-l 1.1 x 10-2 

2 . 443 2. 399 2.84 x 10-1 1.1 x 10-2 

2 .494 2.449 2 . 74 x 10-1 1.1 x 10-2 

2 . 544 2 .498 3.09 x 10-1 8. 2 x 10-3 0.08 

2.595 2.548 3 . 66 x 10-l 1.0 x 10-2 

2.646 2. 598 3.10 x 10-1 8.9 x 10-3 

2. 696 2.647 2.37 x 10-l 7.6 x 10-3 

2. 747 2. 697 1. 83 x 10-1 7.3 x 10-3 

2. 798 2.747 1. 83 x 10-l 7.6 x 10-3 

2. 848 2. 796 1. 84 x 10-l 7.6 x 10-3 

2. 899 2. 846 1.91 x 10-1 7. 8 x 10-3 

2 .950 2.896 2.17 x 10-1 8.0 x 10-3 

3.000 2.945 2.06 
-1 x 10 .. 7.8 x 10-3 

3.051 2 •. 996 2.33 x 10-1 8.5 x 10-3 0.14 

3. 102 3.046 2.56 x 10-1 
9.4 x 10-3 

3.152 3.095 2.24 x 10-l 8 . 9 x 10-3 

3.203 3.145 2.12 x 10-l 8.5 x 10-3 

3.253 3.194 2.28 x 10-l 8.7 x 10-3 

3.304 3.244 2.67 x 10-1 8.9 x 10-3 

3. 354 3 . 293 2.66 x 10-1 l.04X 10-2 

3. 405 3.343 2. 69 x 10-l 1.4 x 10-2 

3.455 3.392 3 . 31 x 10-l 1. 6 x 10-2 

3.506 3.442 3. 09 x 10-1 1.9 x 10-2 

3.556 3. 491 2.48 x 10-l 1. 7 x 10-2 0.19 

3.606 3.540 2 . 39 x 10-l 2.0 x 10-2 
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Table 9 

. 68 69 Cross sections measured for the reaction Zn(p,y) Ga. The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertain-

ties arising only from the statistics of counting. The ratios of the 

cross sections calculated by Woosley~ al. (1975) [from which were cal-

culated the thermonuclear rates soon to be published (Woosley 1979)] to 

those measured are given in the fifth column for selected energies. See 

Section IIE for further details. 
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Table 9 

Cross Sections for 68 68 
Zn(p,y) Ga 

Elab Ecm a !:::.a 
0oAP 422 eff eff PY PY 

(MeV) (MeV) (mb) a 
(mb) PY 

1.669 1. 645 1.06 x 10-1 5.8 x 10-3 

1. 700 1. 675 1. 30 x 10-1 
6.6 x 10-3 

1.0 

1. 730 1. 705 1.60 x 10-1 7.1 x 10-3 

1. 760 1. 734 2.34 x 10-l 8.0 x 10-3 

1.790 1. 764 2. 36 x 10-l 8.3 x 10-3 

1. 820 1. 79L1 2.36 x 10-1 8.1 x 10-3 

1. 851 1. 824 2.41 x 10-1 8.4 x 10-3 

1.881 1.854 3.23 x 10-l 9 . 2 x 10-3 

1.931 1. 903 3.59 x 10-1 9.8 x 10-3 

1.981 1.952 3.83 x 10-1 
1.0 x 10-2 

2.032 2.003 5.13 x 10-l 1. 2 x io-2 0.9 

2.082 2.052 6.13 x 10-l 1. 3 x 10-2 

2.132 2.101 7. 79 x 10-l 1.4 x 10-2 

2.182 2.150 8.05 x 10-l 1. 5 x 10-2 

2.233 2.201 9.58 x 10-l 1. 6 x 10-2 

2.283 2.250 l. ll x 10° 1. 8 x 10-2 

2.333 2.299 1. 38 x 10° 2 . 0 x 10-2 

2. 358 2.324 1.47 x 10° 2.1 x 10-2 

2.383 2 . 348 1.38 x 100 2.0 'if. 10-2 

2. 408 2.373 1. 47 x 10° 2.0 x 10-2 

2 . 434 2 . 399 1. 60 x 10° 2.1 x 10-2 

2.459 2.423 1.66 x 10° 2. 2 x 10-2 

2.484 2.448 1. 78 x 10° 2.3 x 10-2 

2.509 2.473 1.93 x 10° 2.3 x 10-2 

2.534 2. 49 7 2.05 x 10° 2 . 4 x 10-2 1.0 

2.559 2 . 522 2.07 x 10° 2 . 5 x 10-2 

2.584 2.547 2.25 x 10° 2.6 x 10-2 
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Table 9 (continued) 

Elab Ecm a 6.a a OAP 422 eff eff PY PY 
(MeV) (MeV) (mb) (mb) a 

PY 

2.609 2.571 2. 32 x 10° 2.6 x 10-2 

2.634 2.596 2.40 x 10° 2.7 x 10-2 

2.659 2.620 2.45 x 10° 2.7 x 10-2 

2.684 2.645 2.58 x 10° 2.8 x 10-2 

2. 710 2. 671 2. 72 x 10° 2. 8 x 10-2 

2. 735 2.695 2.90 x 100 3.0 x io-2 

2. 760 2. 720 2.88 x 100 2.9 x 10-2 

2. 785 2.745 2.87 x 100 1. 5 x 10-2 

2.810 2. 769 3.08 x 10° 3.1 x 10-2 

2.835 2. 794 3.20 x 100 < 1% 

2. 860 2. 819 3.38 x 10° II 

2. 885 2.843 3.68 x 100 II 

2.910 2. 868 3.45 x 10° II 

2.960 2.917 3.70 x 10° " 
2 .986 2.943 4.24 x 10° " 

3.011 2.967 4.61 x 10° " 
3.036 2.992 4.22 x 10° " 
3.061 3.017 4.41 x 100 " 1.1 

3.086 3.041 4. 36 x 10° II 

3.111 3.066 4.41 x 10° " 
3.136 3.091 4.68 x 10° " 
3.161 3.115 4.80 x 10° II 

3.l86 3.140 5.00 x 10° II 

3.211 3.164 5.12 x 10° " 
3. 236 3.189 5.65 x 10° " 
3.261 3.214 5. 79 x 10° II 

3.286 3.238 5.61 x 10° " 
3.311 3.263 5.64 x 10° " 
3.336 3.288 5.55 x 10° II 
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Table 9 (continued) 

Elab Ecm 
(J !::.a 0

oAP 422 eff eff PY PY 
(MeV) (MeV) (mb) (mb) 

(J 

PY 

3.361 3.312 5.76 x 10° < 1% 

3.387 3.338 6.00 x io0 II 

3. 412 3.363 6.47 x io0 II 

3.437 3.387 6.48 x io0 II 

3.462 3. 412 6 . 90 x io0 II 

3.487 3.436 6.83 x 10° " 
3.512 3.461 7 .10 x io0 II 

3. 537 3.486 7.25 x 10° II 

3.562 3.510 6.99 x 10° II 1.1 

3.587 3.535 7.17 x 10° " 
3.612 3.560 7.75 x io0 II 

3.637 3.584 8.10 x io0 II 

3.662 3.609 7.37 x 10° II 

3.687 3.732 8.59 x 10° II 

3. 712 3.658 9.20 x 10° " 
3.737 3.683 8.58 x io0 II 

3.762 3. 707 7.66 x io0 " (threshold) 

3.787 3.732 7.42 x io0 II 

3.813 3.758 7.30 x io0 II 

3.838 3.782 7.53 x io0 II 

3.863 3. 807 6.42 x io0 II 

3.888 3.832 6.66 x 10° II 

3.913 3. 856 6.41 x io0 II 

3.938 3.881 5.57 x 10° II 

3.963 3.906 5.06 x io0 II 

3.988 3. 930 4.68 x io0 II 

4.008 3.950 4.62 x io0 7. 3 x 10-2 

4.028 3. 970 4.50 x 10° 7. 5 x 10-2 

4.048 3. 989 4.70 x io0 8.0 x 10-2 

I • 
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Table 9 (continued) 
Elab Ecm CJ t:.CJ CJOAP 422 eff eff PY PY 
(MeV) (MeV) (mb) (mb) CJ 

PY 

4.068 4.009 5.16 x 10° 9.1 x 10-2 0.4 

4.088 4.029 5.38 x 10° 9.0 x 10- 2 

4.108 4.048 5.15 x 10° 8.5 x 10-2 

4.128 4. 068 3.82 x io0 7.6 x 10-2 

4.148 4.088 2.84 x io0 
6 . 7 x 10-2 

4.168 4.108 2.36 x io0 6.2 x 10-2 

4.188 4.127 2.17 x 10° 6 . 1 x 10-2 

4.208 4.147 1.83 x 10° 6.2 x 10-2 

4. 228 4.167 1. 86 x io0 
6 . 4 x 10-2 

4.248 4.186 1.91 x io0 7.0 x 10-2 

4.268 4.206 2.10 x io0 
6.9 x 10-2 

4.288 4.226 1. 82 x io0 6. 2 -X 10-2 

4. 308 4.246 1. 78 x io0 
6.4 x 10-2 

4. 328 4.265 1.95 x 10° 6.4 x 10-2 

4.348 4. 285 1. 68 x 100 6 . 4 x 10-2 

4.369 4.306 1.43 x io0 
6.4 x 10-2 

4. 389 4.325 1.66 x io0 6. 7 x 10-2 

4.409 4.345 1.52 x 10° 6.8 x 10-2 

4.429 4.365 1. 48 x io0 6.8 x 10-2 

4.449 4. 385 1. 31 x 100 7.0 x 10-2 

4.469 4.404 1. 47 x 100 7.3 x 10-2 

4.489 4.424 1. 47 x 10° 7.5 x 10-2 

4.509 4 . 444 1.53 x 10° 7. 5 x 10-2 

4.529 4.463 1. 38 x 100 1. 3 x 10-2 

4.549 4. 483 1. 30 x io0 1. 3 x 10-2 

4.569 4.503 1. 055 X 100 1. 2 x 10-l 0 . 5 

4. 589 4.522 1.26 x 10° 1.2 x 10-1 

4.609 4.542 1. 22 x io0 1.1 x 10-l 

4.629 4.562 1.43 x io0 
1. 2 x 10-l 

4.649 4.582 1.41 x 100 1. 2 x 10-l 
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Table 9 (continued) 

Elab Ecm a 60 
0

oAP 422 eff eff PY PY a (MeV) (MeV) (mb) (mb) PY 

4.669 4.601 1. 53 x 100 1.2 x 10-1 

4. 729 4.660 1. 37 x 10° 1.5 x 10-1 

4. 789 4. 720 1. 50 x 10° 1. 2 x 10-1 

4.849 4. 779 1. 30 x 100 1. 3 x 10-1 

4.909 4.838 1. 52 x 10° 1.9 x 10-1 

4.969 4. 897 1. 38 x 100 1. 8 x 10-1 
0.3 
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Table 10 

48 49 
Cross sections measured for the reaction Ca(py) Sc. The first and 

second colunms give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertain-

ties arising only from the statistics of counting. The ratios of the 

cross sections calculated by Woosley et al. (1975) [from which were 

calculated the thermonuclear rates soon to be published (Woosley 1979)] 

to those measured are given in the fifth column for selected energies. 

See Section IIE and Appendix B for further details, and see Appendix B 

for a calculation of thermonuclear reaction rates from the measured 

cross sections. 
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Table 10 

Elab Ecm a 60 0
oAP 

)~ 

eff eff PY PY 422 
(MeV) (MeV) (mb) (mb) a 

PY 

0.579 0.569 4.1 x 10-4 
1. 6 x 10-4 

0.609 o. 597 9.5 x 10 
-4 

1. 2 x 10-4 

0.639 0.626 1. 43 x 10 
-3 

2.0 x 10 
-4 

0.670 0.656 1.90 x 10 
-3 

2.2 x 10-4 

o. 700 0.686 l.26xl0 
-3 

1. 8 x 10-4 

0.731 o. 716 3. 86 x 10-3 3.1 x 10-4 

o. 755 0.740 3. 51x10-3 3.1 x 10-4 

0.781 0.765 3. 59 x 10-3 
3.2 x 10-4 

o. 806 o. 790 1. 76 x 10-2 
6.7 x 10-4 

0.831 0.814 l.56XlQ-2 6.8 x 10-4 

o. 857 o. 840 3. 88 x 10-3 
3.1 x 10-4 

0.881 0.863 9.03Xl0-3 
7.5 x 10-4 

0.906 0.888 1. 73 x 10-2 
9.0 x 10-4 

0.931 0.912 3.46 x 10-2 
1.4 x 10-3 

0.956 0.937 6.13Xl0-2 
1. 7 x 10-3 

0.982 0.962 5 .01x10-2 
1. 6 x 10-3 

1.007 0.986 4. 64 x 10- 2 
1. 6 x 10-3 

1.032 1.011 1.00 x 10-1 2.4 x 10-3 

1.057 1.035 6. 77 x 10-l 2.0 x 10-3 

1.082 1.060 4.20 x 10-2 
1. 6 x 10-3 

1.108 1.085 7 .58 x 10-2 
2.0 x 10-3 

1.133 1.110 1.013 x 10-1 2.4 x 10-3 

1.158 1.134 7.04x10-2 
2.0 x 10-3 

1.183 1.159 8. 26 x 10-2 2.1 x 10-3 

1.209 1.184 1.18 x 10-1 
2.5 x 10-3 

1.234 1.209 8. 02 x 10-2 1. 8 x 10-3 

1.259 1. 233 1. 75 x 10- 2 1. 4 x 10-3 

1.284 1.258 1.19 x 10-1 
3.1 x 10-3 
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Table 10 (continued) 

Elab Ecm 0 60 
0

oAP 422 * eff eff PY PY 
(MeV) (MeV) (mb) (mb) a 

PY 

1. 309 1. 282 4. 94 x 10-2 
2.0 x 10-3 

1. 335 1. 308 9.55 x 10-2 
2.9 x 10-3 

1.360 1. 332 8.38 x 10-2 2.7 x 10-3 

1. 385 1.357 7.32 x 10-2 
2.4 x 10-3 

1.410 1. 381 6.32 x 10-2 
2.4 x 10-3 

1.435 1. 406 7.57 x 10-2 
2.5 x 10-3 

1.460 1.430 8.06 x 10-2 
2.5 x 10-3 

1.486 1.456 1.40 x 10-1 
3.3 x 10-3 

1.516 1.485 1.10 x 10-1 
2.9 x 10-3 

1.536 1.505 9.38 x 10-2 
2.8 x 10-3 

1. 566 1.534 1.40 x 10-2 
3.4 x 10-3 

1.586 1. 554 6.16 x 10-2 
2.3 x 10-3 

1.611 1. 578 7.10 x 10-2 
2.4 x 10-3 

1.637 1.604 1.08 x 10-l 3.0 x 10-3 

1. 682 1.648 1. 33 x 10-1 
3.3 x 10-3 

1. 707 1.672 7.95 x 10-2 
2.7 x 10-3 

1. 732 1. 697 9.61 x 10-2 
2.8 x 10-3 

1. 757 1. 721 1. 26 x 10-l 3.4 x 10-3 

1. 782 1. 746 8.18 x 10-2 
2.7 x 10-3 

1. 807 1. 770 3.36 x 10-2 
2.4 x 10-3 

1. 833 1. 796 8.44 x 10-2 
3.6 x 10-3 

1. 858 1.820 1. 22 x 10-1 
4.2 x 10-3 

1.883 1. 845 4.24 x 10-2 
3.7 x 10-3 

1.908 1.869 2.02 x 10-1 
7.5 x 10-3 

1.933 1. 894 1.25 x 10-1 
5.8 x 10-3 

1.948 1.908 1. 53 x 10-l 7.3 x 10-3 

1.973 1.933 4.86 x 10-l 1. 2 x 10-3 

1.988 1.947 2. 98 x 10-1 8.3 x 10-3 

2.008 1.967 5.63 x 10-2 3.3 x 10-3 
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Table 10 (continued) 
lab Ecm 0 60 Ee ff eff PY PY 

0 oAP 422,rc 
(MeV) (MeV) (mb) (mb) 0 

PY 

2.028 1.987 4 . 71 x 10-2 
2 . 7 x 10-3 

2.048 2.006 4. 72 x 10-2 3.7 x 10-3 

2.069 2.027 l.046 X 10-l 5.2 x 10-3 

2.089 2.046 1. 74 x 10-1 6.2 x 10-3 

2.109 2.066 4.40 x 10-2 3.8 x 10-3 

2.129 2.086 7. 79 x 10-2 5.4 x 10-3 

2.149 2.105 1.13 x 10-l 5.2 x 10-3 

2.169 2.125 6.11 x 10-2 4.3 x 10-3 

2.189 2.144 7.68 x 10-2 4.5 x 10-3 

2.209 2.164 8.18 x 10-2 4.9 x 10-3 

2.229 2 .184 5.12 x 10-2 4.2 x 10-3 

2.249 2.203 4 . 14 x 10-2 3. 5 x 10- 3 

2.269 2.223 3.52 x 10-2 3.3 x 10-3 

2.289 2.242 5.95 x 10-2 4.2 x 10-3 

2 . 309 2.262 4.31 x 10-2 
4.0 x 10-3 

2.329 2.281 9 .11 x 10-2 4.8 x 10-3 

2 .349 2.301 7. 68 x 10-2 4. 7 x 10-3 

2.370 2 . 322 5.04 x 10-2 4.2 x 10- 3 

2.390 2.341 7.95 x 10-2 5.2 x 10-3 

2.410 2.361 7.01 x 10-2 5.3 x 10-3 

2. 430 2. 380 4.70 x 10-2 4.5 x 10-3 

2.450 2.400 4.11 x 10-2 4.3 x 10-3 

2.470 2.420 5 . 76 x 10-2 4.9 x 10-3 

2 .490 2.439 4.95 x 10-2 4.4 x 10-3 

2.510 2.459 8.50 x 10-2 6.0 x 10-3 

2.530 2.478 9.05 x 10-2 6.0 x 10-3 

2. 550 2 .498 4. 95 x 10-2 4. 7 x 10-3 

2.570 2.518 4.41 x 10-2 4.8 x 10-3 

2.590 2.537 5.64 x 10-2 3. 5 x 10-3 

2.610 2.557 8.66 x 10-2 4. 6 x 10-3 



Elab 
eff 

(MeV) 

2.630 

2.650 

2. 6 70 

Ecm 
eff 

(MeV) 

2.576 

2.596 

2.616 
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Table 10 (continued) 

0 
PY 
(mb) 

1.18 x 10-1 

1.46 x 10-l 

5.39 x 10-2 

60 
PY 

(mb) 

6.2 x 10-3 

4.8 x 10-3 

3.9 x 10-3 

0
oAP 422* 

0 
PY 

*No values are given. Because of the inclusion of a nonexistent 2+ 

state at E = 388 keV in 48sc, the calculated cross sections 
x 

are 

severely in error in almost the whole energy range studied. 
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Table 11 

Cross sections measured for the reaction 37cl(a,y) 41iz. The first and 

second columns give the effective energies in the laboratory and center

of-mass systems, respectively. The fourth column gives the uncertain

ties arising only from the statistics of counting. The ratios of the 

cross sections calculated by Woosley et al. (1975) [from which were cal

culated the thermonuclear rates soon to be published (Woosley 1979)] to 

those measured are given in the fifth column for selected energies. See 

Section IIE for further details. 
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Table 11 

Cross . 37 41 Sections for Cl( a ,y) K 

El ab cm 
60 o OAP 422 Ee ff 0 eff ay ay 

(MeV) (MeV) (mb) (mb) oay 

2.942 2.655 4.78 x 10-3 2.8 x 10-3 

3.043 2. 746 9.59 x 10-3 3.9 x 10-3 

3.144 2.837 1.63 x 10-2 4 . 3 x 10-3 

3. 244 2.928 2.17 x 10-2 6.2 x 10-3 

3.345 3 .019 2. 82 x 10-2 6.2 x 10-3 1.0 

3.446 3.110 4.28 x 10-2 5 . 3 x 10-3 

3.547 3. 210 4.89 x 10-2 5.8 x 10-3 

3.647 3.291 7. 81 x 10-2 4.6 x 10-3 

3.748 3.382 7.94 x 10-2 7.1 x 10-3 

3. 849 3.473 9. 73 x 10-2 8.8 x 10-3 1.1 

3. 949 3.564 1.16 x 10-l 1.1 x 10-2 

4.050 3.655 1. 43 x 10-l 1.1 x 10-2 

4.100 3. 700 1.43 x 10-1 1.1 x 10-2 

4.150 3.745 1. 58 x 10-1 1.2 x 10-2 

4.200 3. 790 2.11 x 10-l 1.1 x 10-2 

4. 250 3.835 2. 30 x 10-l 6.9 x 10-3 

4. 301 3.881 1.94 x 10-l l.03X 10-2 (threshold) 

4. 351 3.927 1.25 x 10-l 9 . 3 x 10-3 

4.401 3. 972 8. 67 x 10-2 7.3 x 10-3 

4. 451 4.017 9.02 x 10-2 4.3 x 10-3 0.2 

4.501 4.062 7.49 x 10-2 5. 1 x 10-3 

4.552 4.108 8.16 x 10-2 4. 4 x 10-3 

4.602 4.153 6.69 x 10-2 3 . 0 x 10-3 

4.652 4.198 5. 86 x 10-2 5.6 x 10-3 

4.702 4. 243 7.37 x 10-2 5. 7 x 10-3 

4.752 4.288 7. 02 x 10-2 4.8 x 10-3 

4. 803 4.334 7.83 x 10-2 5.9 x 10- 3 
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Table 11 (continued) 

Elab cm 
60 Eeff (J 0 oAP 422 ef f ay ay 

(MeV) (MeV) (mb) (mb) (J 

cry 

4. 853 4. 380 7.27 x 10-2 6.5 x 10-3 

4.903 4.425 7.92 x 10-2 8.4 x 10-3 

4.953 4. 470 8.68 x 10-2 8.4 x 10-3 

5.003 4.515 8.41 x 10-2 7.6 x 10-3 0.2 

5.053 4.560 1.03 x 10-1 1.07X 10-2 

5.104 4. 606 1.06 x 10-1 1.1 x 10- 2 

5.154 4. 651 7.86 x 10-1 1.1 x 10-2 

5.204 4. 696 9.06 x 10-1 1. 3 x 10-2 

5.254 4. 741 8.88 x 10-1 1. 3 x 10-2 
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Table 12 

62 . 66 Cross sections measured for the reaction Ni(a,y) Zn. The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertain-

ties arising only from the statistics of counting. The ratios of the 

cross sections calculated by Woosley~ al. (1975) [from which were 

calculated the thermonuclear rates soon to be published (Woosley 1979)] 

to those measured are given in the fifth column for selected energies. 

See Section IIE for further details. 
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Table 12 

Cross Sections for 62Ni(a,y) 66zn 

Elab Ecm a 1':.a 0 oAP 422 eff eff ay ay 
(MeV) (MeV) (mb) (mb) .a ay 

5.070 4.763 4.7 x 10-3 1.0 x 10-3 

5.145 4.833 7.9 x 10-3 1. 2 x 10-3 

5.221 4.905 1.07 x 10-2 
1. 4 x 10- 3 

5.296 4. 975 1. 39 x 10-2 1. 5 x 10-3 

5.344 5.020 2.02 x 10-2 1. 7 x 10-3 0.7 

5.371 5.045 1.55 x 10-2 
1.9 x 10- 3 

5. 497 5.164 2.66 x 10-2 2.1 x 10-3 

5.572 5.234 2.90 x 10-2 
2.2 x 10-3 

5. 64 7 5.305 4.33 x 10-2 2.5 x 10-3 

5. 723 5.376 6.37 x 10-2 2. 8 x 10-3 

5. 798 5.447 7.23 x 10-2 3.0 x 10-3 

5.874 5.518 8. 72 x 10-2 3.0 x 10-3 0.7 

5.949 5.588 1. 078x 10-1 3.2 x 10-3 

5 , 973 5.611 1.17 x 10-l 3.3 x 10-3 

6.049 5 .682 1. 37 x 10-1 3.2 x 10-3 

6.124 5. 753 1.67 x 10-1 3 . 9 x 10-3 

6.200 5.824 1.96 x 10-1 5.1 x 10-3 

6 .280 5 .899 2.46 x 10-1 5.5 x 10-3 

6 .350 5.965 2.91 x 10-1 6.2 x 10-3 

6.426 6.037 3.50 x 10-1 6.4 x 10-3 0.6 

6.503 6.109 3.80 x 10-1 6.5 x 10-3 

6.576 6.177 4.25 x 10-1 7. 2 x 10-3 

6.651 6.248 4. 85 x 10-1 7.4 x 10-3 

6. 726 6.318 5.34 x 10-1 8.0 x 10-3 

6.802 6. 390 5 .69 x 10-1 4.4 x 10-3 

6 . 877 6.460 6.10 x 10-1 4.9 x 10-3 
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Table 12 (continued) 

Elab Ecm (J 60 0oAP 422 eff eff ay ay 
(MeV) (MeV) (mb) (mb) a ay 

6.951 6.530 4.07 x 10-1 7.4 x 10-3 0.2 (threshold) 

7.026 6.600 2.93 x 10-l 6.8 x 10-3 

7.101 6.671 2.57 x 10-1 6.7 x 10-3 

7.177 6.744 2.13 x 10-1 9.4 x 10-3 

7.252 6. 812 2.21 x 10-l 9.5 x 10-3 

7.325 6.884 2.60 x 10-l 9.9 x 10-3 

7. 404 6.955 2.31 x 10-1 1.4 x 10-2 

7. 479 7.026 2.13 x 10-l 1.0 x 10-2 0.4 

7.554 7.096 2.67 x 10-l 3.8 x 10-3 

7.630 7.168 2.87 x 10-1 1.1 x 10-2 

7. 705 7.238 3.06 x 10-1 1.1 x 10-2 

7. 735 7.266 2. 89 x 10-l 8.8 x 10-3 

7.780 7. 308 2.90 x 10-1 1. 2 x 10-2 

7.795 7.323 2.59 x 10-1 8.7 x 10-3 

7.855 7. 379 2.78 x 10-l 1.1 x 10-2 

7.915 7.435 2. 85 x 10-1 9.5 x 10-3 

7.976 7.493 2.47 x 10-1 9.5 x 10-3 0.5 

8.036 7.549 2.57 x 10-l 8.9 x 10-3 

8.096 7.605 2.43 x 10-l 9.2 x 10-3 

8.156 7.662 2.53 x 10-l 9.8 x 10-3 

8.217 7. 719 2.26 x 10-1 1.1 x 10-2 

8.277 7. 775 2.56 x 10-1 1.0 x 10-2 

8.337 7.832 2.46 x 10-1 9.3 x 10-3 

8. 397 7.888 2.45 x 10-1 1.1 x 10-2 

8.457 7.944 2.30 x 10-1 1.0 x 10-2 

8.517 8.001 2.94 x 10-l 1. 4 x 10-3 0.3 

8.578 8.058 2.98 x 10-l 1.6 x 10-2 

8.638 8.114 2.09 x 10-1 2.6 x 10-3 

----·--·------~-;::·===-:...:::;~·= · ·=:-=.=== 
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Table 13 

C . d f h . 64N. ( ) 68 ross section measure or t e reaction 1 a,y Zn . The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertain-

ties arising only from the statistics of counting. The ratios of the 

cross sections calculated by Woosley et al. (1975) (from which were cal-

culated the thermonuclear rates soon to be published (Woosley 1979) ] to 

those measured are given in the fifth column for selected ene r gies. See 

Section IIE for further details. 
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Table 13 

Cross Sections for 64N ' ( )682 i a , y n 

Elab Ecm a t:.a 0 oAP 42 2 eff eff ay ay 
(MeV) (MeV) (mb) (mb) a ay 

4.498 4.233 6.38 x 10-4 2 . 9 x 10-4 

4.598 4.328 9.52 x 10-q 3.4 x 10-4 

4.699 4.423 1. 21 x 10-3 
3.5 x 10-4 

4.799 4.517 3.05 x 10-3 4.5 x 10-4 0. 6 

4. 899 4.611 3.65 x 10-3 6.3 x 10-4 

5.001 4. 707 7.40 x 10-3 8.2 x 10-4 

5.096 4.796 8.33 x 10-3 5.7 x 10-4 

5.150 4.847 8.51 x 10-3 8. 7 x 10-4 

5 . 200 4.894 7.01 x 10-3 9.6 x 10-4 (threshold) 

5 .298 4.986 4. 92 x 10-3 8. 7 x 10-4 0.16 

5.401 5. 083 1.83 x 10-3 5.6 x 10-4 

5.501 5.177 2.14 x 10-3 3.6 x 10-4 

5.602 5.272 2.73 x 10-3 4.7 x 10-4 

5.702 5.367 3.67 x 10-3 8. 7 x 10-4 

5.803 5.462 2.07 x 10-3 6.5 x 10-4 0.3 

5.903 5.556 1. 57 x 10-3 6 . 4 x 10-4 

6.004 5.651 3.04 x 10-3 1. 4 x 10-3 

6.104 5. 745 3.39 x 10-3 8.6 x 10-4 

6.204 5. 839 2. 36 x 10-3 8.4 x 10-4 

6.305 5. 934 3.05 x 10-3 1.02X 10-3 0.25 

6 . 607 6 . 218 5. 20 x 10-3 1. 7 x 10-3 

6.949 6 . 540 1.27 x 10-2 2.1 x 10-3 0.11 

7. 149 6. 728 1. 86 x 10-2 3. 5 x 10-3 

:--...:-.=-:=-----==.:. 
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,Table 14 

Long Counter Efficiency 

d 
(cm) Reaction 

E Ad y 
By tl/2 sec-l Ref. 

(keV) 

19.3 1. 69 _4 
48 48 Ca(p,n) Sc 984 LOO 43.7 hr 4.41_6 t 

19.3 1. 60 _4 51V(p,n)51Cr 320 0.098 27.7 d 2.90_7 * 
26.8 1.16 _4 

48 48 Ca(p,n) Sc 

26.8 1.12_4 
68 68 Zn(p,n) Ga 1077 0.033 68. 3 min 

37.3 5.68_5 
48 48 Ca(p,n) Sc 

85. 8 1. 25_5 
48 48 Ca(p,n) Sc 

19. 3 1.18_4 Am-Be source 

26.8 7.78_5 " 

37.3 4.88_5 " 

-----

t Beene (1978) 

* Auble (1978) 

** Lewis (1975) 

Measurements of long counter efficiency, E:, as a function of distance, d, 

by the activation technique (see Section IIF). The energy, E , of the y-ray 
y 

detected from the residual activity, the number of y-rays produced per decay, 

By, the half-life, t 1; 2 , and decay rate, Ad' of the residual activity 

are also given. 



Reaction 

54Cr(p,n)54Mn 

48 48 
Ca(p,n) Sc 

68 68 
Zn(p,n) Ga 

62N. ( )652 i a,n n 

64N. ( )672 i a,n n 

* 
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Table 15 

Long Counter Geometries 

distance* 
(cm) 

92.8 

26.4 

23.4 

31.0 

55.6 

29.3 

15.5 

angle** 

90° 

90° 

30° 

80° 

29° 

90° 

90° 

Comments 

Cross section check 

Distance is measured from target to surface of the long counter paraffin. 

** Angle between the beam direction and a line drawn from the target through 

the long counter axis. 
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Table 16 

. 51 51 Cross sections measured for the reaction V(p ,n) Cr . The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives th e uncertain

ties arising from the statistics of counting and, for the E~~~ = 1.583 

MeV point, from the determination of the target thickness the beam 

traverses before energy loss reduces its energy below the threshold, 

1.564 MeV. The ratios of the cross sections calculated by Woosley et~· 

(1975) [from which were calculated the thermonuclear rates which are soon 

to be published (Woosley 1979)] to those measured are given in the fifth 

column for selected energies. See Section IIG for further details. 
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Table 16 

Cross . 51 51 Sections for V(p,n) Cr 

Elab Ecm a 60 
0

oAP 422 eff eff pn pn 
(MeV) (MeV) (mb) (mb) 0 pn 

1.583 1.553 1.62 x 10-l 1. 8 x 10-2 

1.611 1.580 5.60 x 10-l 3.4 x 10-2 

1.642 1. 610 7. 30 x 10-1 3.4 x 10-2 1. 8 

1.691 1.658 9.00 x 10-1 4.3 x 10-2 

1. 743 1. 709 1.42 x 100 5.4 x 10-2 

1. 793 1.759 1.81 x io0 6.1 x 10-2 

1. 844 1.809 2.17 x 10° 4.9 x 10-2 

1. 895 1. 859 2.37 x 10° < 5% 

1.946 1.909 2.98 x 100 II 

1.998 1.960 4.07 x 10° II 

2.048 2.009 4. 78 x 10° II 1. 7 

2.099 2.059 5.04 x 10° II 

2.148 2.107 8.02 x 100 II 

2.248 2.205 9.47 x 10° II 

2.299 2.255 1.65 x 101 II 

2.350 2.305 1. 24 x 101 II 

2.400 2.354 1.07 x 101 II 

2.451 2.404 1.13 x 101 II 

2.502 2.454 1. 66 x 101 II 

2.552 2.503 2 .12 x 101 II 1. 4 

2. 603 2.553 2.14 x 101 II 

2.654 2.603 2.13 x 101 II 

2. 704 2.652 2 .11 x 101 II 

2. 755 2.702 2.30 x 101 II 

2. 805 2.751 2.65 x 101 II 

2. 855 2. 800 3.29 x 101 II 

2.907 2. 851 3.10 x 101 II 
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Table 16 (continued) 

Elab Ecm a f':.,a 0 oAP 422 
eff eff pn pn 

(MeV) (MeV) (mb) (mb) a 
pn 

2.957 2.900 3. 96 x 101 < 5% 

3 .008 2.950 3.52 x 101 
" 

3.059 3.000 4 . 27 x 101 " 1. 6 

3.109 3.049 4.52 x 101 
" 

3.159 3.098 5.06 x 101 " 
3. 204 3.142 5.32 x 101 " 
3.261 3.198 6.37 x 101 " 
3.311 3.247 7.22 x 101 " 
3.361 3.296 6.50 x 101 

" 
3. 411 3.345 7.26 x 101 

" 
3.463 3. 396 7.28 x 101 " 
3.513 3.445 8.06 x 101 " 
3.563 3. 494 8.26 x 101 " 1. 4 

3.612 3.543 8. 77 x 101 
" 

3.662 3. 592 9 .68 x 101 II 

3. 713 3.642 9.74 x 101 II 

3.763 3.691 l.046 x 102 " 
3.814 3.741 l.092 x 102 " 
3.864 3. 790 l.057x 102 

" 
3.914 3. 839 1.22 x 102 

" 
3.964 3.888 1. 39 x 102 

" 
4.015 3. 938 1.20 x 102 

" 
4.065 3.987 1. 28 x 102 " 1. 4 

4.116 4.037 1.44 x 102 " 
4.166 4. 086 1.36 x 102 

" 
4.216 4.135 1.52 x 102 " 
4. 266 4.184 1. 57 x 102 

" 
4.316 4.233 1.53 x 102 " 
4. 367 4. 283 1.68 x 102 " 
4.417 4.332 1. 74 x 10

2 
" 

4. 467 4.381 1. 69 x 2 
10 " 

..:= -=--====- .::=---=· ·==·-=~~=--=~:::=:::.=· ·.-:..:= - -;.:-... :=-·.:.=--::: ·: =:=:·=-..=.:.~ : :: -:.. -~;-:::-=-.=.:=.=- ::s= = 
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Table 17 

. 54 54 Cross sections measured for the reaction Cr(p,n) Mn . The first and 

second colunms give the effective energies in the laboratory and center 

of-mass systems, respectively. The fourth colunm gives the uncertain

lab 
ties arising from the statistics of counting and, for the Eeff = 2.225 

lab and Eeff = 2.253 points, from the determination of the target thick-

ness the beam traverses before energy loss reduces its energy below the 

threshold, 2.199 MeV. The ratios of the cross sections calculated by 

Woosley et al. (1975) [from which were calculated the thermonuclear 

rates which are soon to be published (Woosley 1979) ] to those measured 

are given in the fifth colunm for selected energies. See Section IIG 

for further details. 
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Table 17 

Cross Sections for 54Cr(p,n)54Mn 

Elab Ecm a /'J.a 0 oAP 422 eff eff pn pn 
(MeV) (MeV) (mb) (mb) a pn 

2.225 2 .185 2.29 x 10° 2.7 x 10 -1 

2.253 2.212 2. 70 x 10° 2 .0 x 10 -1 

2.293 2.251 3.23 x 10° 6.4 x 10 -2 

2.344 2.301 4 . 79 x 10° < 2% 

2. 394 2. 350 6.29 x 10° II 

2.444 2.400 7.17 x 10° II 

2.494 2.449 l.005X 101 II 

2.544 2.498 1.64 x 101 II 1.4 

2.595 2.548 2.14 x 101 " 
2.646 2.598 2.05 x 101 II 

2. 696 2.647 1.94 x 101 II 

2.747 2. 69 7 2.04 x 101 II 

2. 798 2.747 2. 46 x 101 II 

2.848 2. 796 2.45 x 101 II 

2. 899 2. 846 3.11 x 101 II 

2.950 2. 896 3.37 x 101 II 

3.000 2.945 2 .92 x 101 II 

3.051 2.996 3. 44 x 101 II 1. 7 

3.102 3.046 4 . 60 x 101 II 

3.152 3.095 4.37 x 101 
" 

3.203 3.145 4 . 68 x 101 II 

3.253 3.193 5.23 x 101 
" 

3.304 3.244 5.08 x 101 II 

3.353 3. 292 7.13 x 101 II 

3.405 3.343 6.76 x 101 II 

3.455 3.392 7. 34 x 101 II 
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Table 17 (continued) 

Elab Ecm a t:ia 0 oAP 422 eff eff pn pn 
(MeV) (MeV) (mb) (mb) a pn 

3.506 3.442 9.25 x 101 
< 2% 

3.556 3.491 7.65 x 101 II 1.4 

3.606 3.540 9.18 x 101 
" 

3.657 3. 591 l.039 X 102 II 

3. 707 3.640 9.46 x 101 II 
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Table 18 

. 68 68 Cross sections measured for the reaction Zn(p,n) Ga. The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertain-

ties arising from the statistics of counting. The ratios of the cross 

sections calculated by Woosley~ al. (1975) [from which were calculated 

the thermonuclear rates which are soon to be published (Woosley 1979)] 

to those measured are given in the fifth column for selected energies. 

See Section IIG for further details. 
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Table 18 

Cross Sections for 68 68 Zn(p,n) Ga 

Elab Ecm a !::.a 0
oAP 422 eff eff pn pn 

(MeV) (MeV) (mb) (mb) a pn 

3.766 3. 711 12.1 0.59 

3.783 3. 728 15.2 0.35 

3. 808 3.753 23.7 < 2% 

3.833 3. 777 25.6 II 

3.833 3. 777 22.5 II 

3. 858 3.802 24.0 II 1. 3 

3.883 3. 827 24.7 II 

3.908 3.851 28. 9 II 

3. 933 3.876 36.0 II 

3. 958 3.901 41. 2 " 
3. 983 3. 925 44.3 II 

4.003 3.945 52.4 II 

4.023 3. 965 53. 9 II 

4.043 3. 984 63.6 II 

4.063 4.004 76.9 " 0.8 

4.083 4.024 98.1 II 

4.104 4.045 97. 6 II 

4.124 4.064 84.8 II 

4.144 4.084 76.2 II 

4.164 4.104 69.1 II 

4.184 4.123 78.6 II 

4.204 4.143 83.1 " 
4.224 4.163 88.0 II 

4.244 4.182 94.1 II 

4.264 4.202 104. 2 II 

4.284 4.222 104.0 II 

4.304 4.242 112. " 
4.324 4.261 125. II 

4.344 4.281 135. " 
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Table 18 (continued) 

Elab Ecm a !>.a a OAP 422 eff ef f pn pn 
(MeV) (MeV) (mb) (mb) a pn 

4.364 4. 301 142 < 2% 

4.384 4.320 154 II 

4.404 4.340 155 II 

4.424 4.360 157 II 

4.444 4.380 164 II 

4.464 4.399 173 II 

4.484 4.419 182 II 

4.504 4.439 191 II 

4.524 4.458 202 II 

4.544 4.4 78 189 " 

4.565 4.499 175 II 0.7 

4.585 4.519 176 II 

4.605 4. 538 188 II 

4.625 4. 558 175 II 

4.645 4.578 172 II 

4.665 4. 59 7 188 II 

4. 725 4.657 185 II 

4.785 4. 716 214 II 

4. 845 4. 775 270 II 

4. 905 4.834 242 II 

4.966 4. 894 197 II 

5.026 4. 953 218 " 0.8 
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Table 19 

. 48 48 Cross sections measured for the reaction Ca(p,n) Sc. The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth colunm gives the uncertainties 

arising from the statistics of counting. lab 
Below Eeff ~ 1.1 MeV the back-

ground was significant and introduced considerable uncertainties (see 

Appendix B). See Section IIG for further details and Appendix B for the 

thennonuclear rates calculated from the measured cross sections. 
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Table 19 

Cross 
. 48 48 

Sections for Ca(p,n) Sc 

Elab Ecm a 60 eff eff pn pn 
(MeV) (MeV) (mb) (mb) 

0.956 0.937 1.22 x 10-2 4 x 10-3 

0 .982 0.961 1. 71 x 10-2 4 x 10-3 

1.007 0.986 1. 44 x 10- 2 4 x 10-3 

1.032 l.Oll 2.47 x 10-2 5 x 10-3 

1.057 1.036 9. 76 x 10-4 3 x 10-3 

1.083 1.060 2.52 x 10-2 
5 x 10-3 

1.108 1.085 3.33 x 10-2 5 x 10-3 

1.133 1.110 4.56 x 10-2 6 x 10-3 

1.158 1.134 6 . 85 x 10-2 
6 x 10-3 

1.183 1.159 1.68 x 10-1 1.1 x 10-2 

1.209 1.184 2.46 x 10-1 1.1 x 10- 2 

1. 234 1. 208 1.9!• x 10-1 9 x 10-3 

1.259 1.233 2. 93 x 10-1 1.5 x 10-2 

1.284 1.258 7.15 x 10-1 2.2 x 10-2 

1.309 1.282 1. 76 x 10-1 1. 2 x 10-2 

1. 335 1.307 9. 89 x 10-1 
2.6 x 10-2 

1.360 1. 332 6.73 x 10-1 
< 3% 

1.385 1. 356 8 . 49 x 10-1 
" 

1. 410 1. 381 1.016X 10° " 
1.435 1.406 9.12 x 10-1 " 
1.461 1.430 1.071X 10° " 
1.486 1.455 1.44 x 10° " 
1.516 1. 485 8 . 95 x 10-l " 
1.566 1.534 2. 85 x 10° " 
1.586 1. 554 1. 28 x 10° " 
1.61l 1. 578 1. 56 x 10° " 
1.63 7 1.603 3.61 x 10° " 
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Table 19 (continued) 

Elab Ecm 0 60 eff eff pn pn 
(MeV) (MeV) (mb) (mb) 

1.682 1. 647 6.41 x io0 
< 3% 

1. 707 1. 672 5.33 x 10° II 

1. 732 1.697 3.23 x 10° II 

1. 757 1. 721 8. 74 x io0 II 

1. 782 1. 746 4. 74 x io0 II 

1. 808 1. 770 4.51 x io0 II 

1. 838 1 . 795 8. 67 x 100 II 

1. 858 1. 819 1.56 x 101 II 

1. 883 1.844 7.26 x 10° II 

1.908 1.869 1.98 x 101 II 

1.933 1. 893 9. 81 x 10° II 

1.948 1.908 1.94 x 101 II 

1.973 1.933 8.83 x 101 II 

1.988 1.947 5.57 x 101 II 

2.008 1.967 1. 73 x 101 II 

2.029 1.987 8.52 x 10° II 

2.049 2.006 5 . 89 x 10° II 

2.069 2.026 1. 83 x 101 II 

2 .089 2.046 1.88 x 101 II 

2.109 2.065 9 . 57 x 100 II 

2.129 2. 085 1. 31 x 101 II 

2.149 2.105 1.16 x 101 II 

2.169 2.124 1.22 x 101 
" 

2.189 2.144 1. 59 x 101 II 

2.209 2.163 1.96 x 101 II 

2.229 2.183 2.41 x 101 II 

2.249 2 . 203 1.55 x 101 II 

2 . 269 2.222 7.73 x 10 
0 II 

2. 289 2.241 1. 36 x 101 II 
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Table 19 (continued) 

Elab Ecm a 60 
eff eff pn pn 

(MeV) (MeV) (mb) (mb) 

2. 309 2.261 1. 64 x 101 < 3% 

2. 329 2.281 1.61 x 101 " 
2.348 2.300 2.19 x 101 " 
2. 368 2.320 1. 32 x 101 

" 
2.388 2.339 3. 71 x 101 " 
2.408 2.359 3.69 x 101 " 
2.428 2.378 1.92 x 101 " 
2.448 2. 398 1.99 x 101 " 
2.470 2.419 3.33 x 101 " 
2.490 2.439 2.62 x 101 

" 
2. 510 2.458 5.65 x 101 " 
2 .530 2.478 4.56 x 101 " 
2.550 2.498 2.83 x 101 " 
2.570 2.517 3.00 x 101 " 
2.590 2.537 3.35 x 101 " 
2.610 2.556 6.23 x 101 " 
2.630 2.576 5. 78 x 101 " 
2. 650 2. 596 5.54 x 101 " 
2.670 2.615 4.16 x 101 " 
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Table 20 

62 . 65 Cross sections measured for the reaction Ni(a,n) Zn. The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertainties 

arising from the statistics of counting and, for the E!~~ = 6.954 MeV point, 

from the detennination of the target thickness the beam traverses before 

energy loss reduces its energy below the threshold, 1.564 MeV. The ratios 

of the cross sections calculated by Woosley et al. (1975) [from which 

were calculated the thermonuclear rates which are soon to be published 

(Woosley 1979)] to those measured are given in the fifth column for 

selected energies. See Section IIG for further details. 
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Table 20 

Cross Sections for 62Ni(a,n) 65zn 

Elab Ecm 0 !:io 0
oAP 422 eff eff an an 

(MeV) (MeV) (mb) (mb) 0 an 

6.954 6.533 1.15 x 100 7. 4 x 10-2 

7 .027 6.601 2.25 x 100 9.9 x 10-2 

7 .102 6. 672 3.37 x 100 1. 2 x 10-l 

7.176 6.741 4.00 x 100 2.1 x 10-1 0.6 

7.250 6. 811 5.13 x 100 2.3 x 10-1 

7.326 6.882 6.13 x 100 2.5 x 10-1 

7.400 6.952 7. 44 x 100 2.6 x 10-1 

7.476 7.023 8.17 x 100 2. 7 x 10-1 0.6 

7.552 7.094 9.48 x 100 1. 5 x 10-l 

7.626 7.164 l.085X 101 2.4 x 10-l 

7. 702 7. 235 l.195X 101 
3.1 x 10-1 

7. 777 7. 306 1.51 x 101 3.4 x 10-1 

7.853 7. 377 1. 76 x 101 3.6 x 10-1 

7. 919 7 .439 1. 88 x 101 
< 2% 

8.079 7.589 2.49 x 101 II 0.5 

8.154 7.660 3. 93 x 101 II 

8.229 7.730 3.12 x 101 II 

8. 305 7 .801 3.68 x 101 II 

8. 380 7. 872 4.27 x 101 II 

8.455 7 .943 4.65 x 101 II 

8.515 7.999 4. 85 x 101 II 0 . 5 

8. 576 8.056 5.00 x 101 II 

8.636 8.112 5.65 x 101 II 

8.696 8.169 6.08 x 101 II 

8. 756 8.225 6.53 x 101 II 
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Table 21 

Cross sections measured for the 64Ni(a,n) 65zn reaction. The first and 

second columns give the effective energies in the laboratory and center

of-mass systems, respectively. The fourth column gives the uncertain

ties arising from the statistics of counting. The ratios of the cross 

sections calculated by Woosley et al. (1975) [from which were calculated 

the thermonuclear rates which are soon to be published (Woosley 1979)] 

to those measured are given in the fifth column for selected energies. 

See Section IIG for further details. 
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Table 21 

Cross . 64 67 Sections for Ni(a,n) Zn 

El ab Ecm a 6a 
0

oAP 422 
eff eff an an 

(MeV) (MeV) (mb) (mb) a an 

5.291 4.980 2.51 x 10-2 4.4 x 10-3 

5.350 5.035 3.19 x 10-2 7.8 x 10-3 

5 . 390 5.073 6.19 x 10-2 6.2 x 10-3 

5.490 5.167 7.43 x 10-2 9 .1 x 10-3 

5.590 5.261 5.15 x 10-2 6 . 7 x 10-3 0.7 

5.690 5. 355 6.91 x 10-2 8.1 x 10-3 

5.790 5.449 1. 35 x 10-1 9. 7 x 10-3 

5.890 5 .544 1. 71 x 10-1 l.03X 10-2 0.6 

5.991 5.639 2.07 x 10-1 3 . 4 x 10-2 

6.091 5.733 2.69 x 10-1 
1. 9 x 10-2 

6.191 5. 827 3.56 x 10-1 2.2 x 10-2 

6. 293 5.923 4.43 x 10-1 2.6 x 10-2 0.7 

6.593 6.205 1.13 x 100 4.8 x 10-2 

6.935 6.527 2 .48 x 100 8.1 x 10-2 0.6 

7.136 6. 716 3. 80 x 100 l.15X 10-l 

7.437 7.000 7.25 x 100 l.57X 10-1 o. 7 
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Table 22 

. 68 65 Cross sections measured for the reaction Zn(p,a) Cu. The first and 

second columns give the effective energies in the laboratory and center-

of-mass systems, respectively. The fourth column gives the uncertainties 

arising from the statistics of counting. The ratios of the cross sections 

calculated by Woosley~ al. (1975) [from which were calculated the 

thermonuclear rates which are soon to be published (Woosley 1979)] to 

those measured are given in the fifth column for selected energies. See 

Section IIH for further details . 
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Table 22 

Cross Sections for 68 65 Zn(p ,a) Cu 

Elab Ecm 0 60 0
oAP 422 eff ef f pa pa 

(MeV) (MeV) (mb) (mb) a pa 

3.360 3. 311 1. 58 x 10-1 3 x 10-2 

3.400 3.351 2.10 x 10-l 2 x 10-2 

3.440 3.390 2.87 x 10-l 2 x 10-2 

3.480 3.430 2.81 x 10-l 2 x 10-2 

3.520 3.469 3.27 x 10-1 2 x 10-2 

3.560 3. 508 3.87 x 10-1 2 x 10-2 o. 7 

3.600 3.548 3.87 x 10-l 2 x 10-2 

3.640 3.587 4.97 x 10-l 2 x 10-2 

3.680 3.627 5.73 x 10-l 2 x 10-2 

3. 700 3.646 6.20 x 10-l 2 x 10-2 

3. 720 3.666 6.44 x 10-1 2 x 10-2 

3.760 3. 706 6.32 x 10-1 
2 x 10-2 

(threshold) 

3.800 3.745 6.84 x 10-l 2 x 10-2 0.5 

3.820 3.765 6.44 x 10-l 2 x 10-2 

3.840 3.784 7.25 x 10-l 2 x 10-2 

3.860 3. 804 7 .48 x 10-l 2 x 10-2 

3.880 3.824 8. 72 x 10-l 2 x 10-2 

3.900 3.843 8.07 x 10-l 3 x 10-2 

3.920 3.863 9.07 x 10-1 4 x 10-2 

.3. 940 3.883 9.07 x 10-1 
3 x 10-3 

3.960 3. 903 6.84 x 10-l 3 x 10-2 

3.980 3.922 7 .48 x 10-l 3 x 10-2 

4.000 3. 942 9.66 x 10-1 2 x 10-2 

4.020 3.962 6.96 x 10-1 3 x 10-2 

4.040 3.981 8.30 x 10-l 3 x 10-2 

4.060 4.001 l.076 X 10° 4 x 10-2 o. 7 

4.080 4.021 7.20 x 10-l 2 x 10-2 
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Table 22 (continued) 

Elab Ecm a 60 
0

oAP 422 eff eff pa pa 
(MeV) (MeV) (mb) (mb) a 

pa 

4.100 4.041 1.32 x io0 
5 x 10-2 

4.120 4.060 8.48 x 10-1 3 x 10-2 

4.140 4.080 6.90 x 10-l 3 x 10-2 

4.160 4.100 5. 73 x 10-1 
3 x 10-2 

4.180 4.119 6. 49 x 10-l 3 x 10-2 

4.200 4.139 6.66 x 10-l 3 x 10-2 

4.220 4.159 6.49 x 10-l 3 x 10-2 

4.240 4 .179 6.90 x 10-l 2 x 10-2 

4.260 4.198 6.96 x 10-1 
2 x 10-2 

4. 280 4.218 5.91 x 10-l 3 x 10-2 

4.300 4.238 6.66 x 10-l 2 x 10-2 

4.320 4.257 6.20 x 10-1 
2 x 10-2 

0.2 

4.360 4. 29 7 5. 79 x 10-1 
2 x 10-2 

4.400 4.336 6 . 73 x 10-1 
2 x 10-2 

4.440 4.376 6.49 x 10-1 
2 x 10-2 

4.480 4.415 6.66 x 10-l 2 x 10-2 

4.520 4.454 6. 79 x 10-1 2 x 10-2 

4.560 4.494 6.66 x 10-1 2 x 10-2 0.2 

4.600 4.533 6.55 x 10-l 2 x 10-2 

4.640 4.573 6.20 x 10-1 2 x 10-2 

4.680 4.612 7.08 x 10-l 2 x 10-2 

4. 720 4.652 9.53 x 10-1 2 x 10-2 

4.760 4.691 9.12 x 10-1 
2 x 10-2 

4.800 4.730 9. 89 x 10-l 3 x 10-2 

4.840 4. 770 9.53 x 10-1 2 x 10-2 0.2 

4.920 4 . 849 1.11 x io0 3 x 10-2 

4.960 4.888 1.04 x io0 3 x 10-2 

4. 975 4.903 1.05 x 10° 3 x 10-2 

5.000 4.928 1.00 x 100 3 x 10-2 

;.~.===::::- -~-=--==--==-==-= 
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Table 22 (continued) 

Elab Ecm CJ l-:,CJ CJ OAP 422 
eff eff pa pa 

(MeV) (MeV) (mb) (IiJ.b) CJ 
pa 

5.040 4. 967 1.13 x 100 3 x 10-2 

5.080 5.006 1.04 x 100 3 x 10-2 0.3 

5.120 5.046 1. 36 x 100 4 x 10-2 

5.160 5 .085 1. 62 x 10° 4 x 10-2 

5.200 5.125 1. 43 x 100 3 x 10-2 

5.240 5.164 1.65 x 100 4 x 10-2 

5.280 5.203 1. 58 x 100 4 x 10-2 

5.320 5.243 1.50 x 100 4 x 10-2 

5.360 5 .282 1. 86 x 10° 4 x 10-2 

5.400 5.322 1. 82 x 100 4 x 10-2 

5.440 5.361 1. 70 x 100 4 x 10-2 

5.480 5.401 2.13 x 100 5 x 10-2 
0.2 
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Table 23 

Optical Model Parameters Used in HAUSER*4 Calculations* 

Tenn (Units) neutron proton a-particle 
parameters parameters parameters 

u (MeV) 47.0l-0.267E 54-0.32E + 24 (N-Z) 185 
-0.0018E2 + 0.4 Z/Al/3 2 

.w (MeV) 0 -2. 7+0.22E or 0, 25 v whichever is greater 

w (MeV) 9.52-0.53E 11. 8-0. 25E 0 s 
(N-Z) + 12 A 

R A-1/3 (fm) 1. 322-0. 76A x 1.17 1.40 u 
(1- 0. 005A) 

R A-1/3 (fm) 1. 26 1.40 v 

R A-1/3 (fm) 1.266-0.0037 x 1.26 s 
A( 1 - 0 .005A) 

a (fm) 0.66 o. 75 0.52 
u 

a (fm) 0.58 0.52 v 

a (fm) 0.48 0.58 
s 

* See Chapter III, Subsection B(ii). 
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Table 24 

Ratio of Strength Functions to Black Nucleus Values* 

Reaction even Sl 

54Cr(p,n)54Mn 1. 85 

51V(p,n)51Cr 1. 85 

48 48 Ca(p ,n) Sc 1.11 

68 68 Zn(p,n) Ga 0.67 

37
cl(a,n)

4°K 0.44 

62N" ( ) 652 i. a,n p. 0.70 

64N'( )672 i. a,n n 0.67 

* See Chapter II, subsection B(iv). 

Table 25 

r 
n 

odd Sl 

0.09 

0.09 

0.04 

0.04 

0. 74 

0.04 

0.04 

Isospin Mixing Coupling Coefficients 

Channel 13 < (3 > 

2T + 1 
1 c 

p 2T + 2 2T + c c 

n 1 0 

a 1 0 

T 
1 c y 

T + 1 T + c c 

2 

1 

T is the compound nucleus ground state isospin T = I T3 I c c c 

where T3c 
N-Z 
~2-. In compiling this table it is assumed 

that T3c > O. 
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Figure 1 

Schematic representation of a competition cusp. For simplicity it is 

assumed that only (p,p) (not illustrated), (p,y) and (above threshold) 

(p,n) reactions occur. The total cross section (assumed approximately 

equal to the (p,y) cross section below the neutron threshold) rises 

smoothly with energy as the proton penetrability increases. At Eth' 

the neutron threshold, the (p,n) cross section rapidly rises and 

emission of neutrons quickly becomes favored over that of y-rays. To 

conserve the flux of particles emitted from compound nucleus decay, 

there must be a compensating decrease in the (p,y) cross section be

cause the (p,y) and (p,n) cross sections must continue to add up to 

the total compound nucleus cross section. See pp. 3 and 4 for more 

details. 
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Figure 2 

S4 SS All metal target chamber used in measurements of Cr(p,y) Mn, 

S4 S4 48 49 48 48 62 . 66 
Cr(p,n) Mn, Ca(p,y) Sc, Ca(p,n) Sc, Ni(a,y) Zn, 

62N. ( )65 2 64N. ( )682 d 64N. ( )672 . d i a,n n, i a,y n, an i a,n n cross sections an 

. . 51 S2 Sl Sl the normalization checks of the V(p,y) Cr and V(p,n) Cr cross 

sections. See Section IIA for additional details. 
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Figure 3 

68 65 Configuration of the scattering chamber for the Zn(p,a) Cu meas-

urements. For backscattering measurements of target thickness the 

beam was stopped by the thick target backings, and charge was col-

lected from the target rod which is insulated from the scattering 

chamber. See Sections IIA and IIH for additional details. 
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SCHEMATIC DIAGRAM OF CONFIGURATION 
FOR 68Zn(p,a)65Cu MEASUREMENTS
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Figure 4 

Baffled, enclosed tantalum boat used in the fabrication of targets 

from oxides and carbonates of isotopically enriched metals. The boat 

is an S0-20 Silicon Monoxide Source obtained from R. D. Mathis Co. 

of Long Beach, California. See Section IIB for additional details . 
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Figure 5 

Partial spectra of protons backscattered from a bare tungsten backing 

54 (top) and from a Cr target layer and its tungsten backing (bottom) . 

The portion of the spectrum shown includes the high energy edges cor-

responding to protons scattered from the surfaces of the tungsten back-

ings and (in the bottom spectrum) the peak, representing protons scat-

54 tered from the Cr layer, which straddles the high energy edge as 

indicated. Notice the shift to lower energy of the high energy edge 

54 in the bottom figure caused by energy loss in the Cr layer. The 

protons were detected with a silicon surface barrier detector at 160°. 

The proton bombarding energy was 3 MeV. Channels 1401 to 2300 are 

included so the relative channel numbers labelling the abscissas are 

1400 less than the absolute channel numbers. See Figures 7a and 7b and 

Section IIC for additional details. 
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Partial Backscattering Spectrum for 
Protons on Bore Tungsten Bocking 
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Figure 6 

Spectrum of a-particles backscattered from a vanadium target layer 

deposited on a tungsten backing. The a-particle bombarding energy 

was 3.7 MeV. The scattered particles were detected using a silicon 

surface barrier detector at 8 = 160°. The thickness of the vanadium 

2 
layer was determined to be 190 µgm/cm . The peak resulting from 

a-particles scattered from the vanadium surface layer is superposed 

on the thick target yield curve of particles scattered from the tung-

sten backing, as indicated. See Figure 7c and Section IIC for addi-

tional details. 
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Figure 7 

Schematic representation of backscattering techniques. (a) Backscatter-

ing from a bare backing. A detector placed at an angle of 8 s ='TT - ( 8 A+8E) 

detects particles of energy kEA scattered from the surface of the backing, 

where EA is the bombarding energy and k is the scattering factor. The 

high energy edge of the thick target yield curve arising from particles 

scattered at different depths in the backing is located at kEA. 

(b) Backscattering from the surface of the backing of a target of thick-

ness Tt. The energy EE of the high energy edge of the thick target 

yield curve for scattering from the backing is given by 

c 

k(EA - f 
A 

E 

dE dx) 
dx 

= kE - J dE dx C dx 
c 

E 

f dE dx 
dx 

c 

The measured difference between EE and kEA provides a measure of the target 

thickness (see Section IIC). 

(c) Backscattering from a layer of thickness 6TB at the surface of the tar

get backing. The thickness of the backing surface layer, 6TB, is chosen 

so that the difference in detected energy between particles scattered from 

its surface and its back is dE/dn, the energy per channel in the spectrum. 

The height of the step at the high energy edge of the thick target yield 

curve corresponds to the area of the peak which would result from back-

scattering from a layer of backing material of thickness 6TB. See Section 

IIC for details. 
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Figure 8 

Absolute efficiency curve for low energy y-rays for the 100 cc Ge(Li) 

detector. The source was located 10 cm from the detector. This con-

51 . 51 51 figuration was used to detect the 320 keV Cry-rays in the V(p,n) Cr 

activation measurements of the BF
3 

long counter efficiency (see Section 

IIF). The low energy Ge(Li) efficiency curve for the configuration used 

· h 68z ( ) 69c . . 1 h f E in t e n p,r a measurement was sim1 ar, except t at or r = 574 keV 

the efficiency was 4% below the power law efficiency extrapolated from 

higher r-ray energies, and for E = 319 keV it was 16% below the power 
'Y 

law. The efficiency curve began to bend over at low energies because 

of the greater thickness of absorber in this configuration. Gamma-ray 

detection is discussed in Section IID. 
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Figure 9 

Ge(Li) detector efficiencies determined for the 73 cc Ge(Li) detector 

in the geometry used for the measurement of high energy, primary 

y-rays produced in the 54cr(p,y) 55Mn reaction. The detector face 

was 3.3 cm from the reaction site. Gamma-ray detection is discussed 

in Section IID and the analysis of the y-ray data is discussed in 

Section IIE. 
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Figure 10 

Ge(Li) detector spectrum for y-rays resulting from 1.9 MeV proton 

2 
bombardment of the 1200 µgm/cm vanadium target. Prominent peaks are 

identified by their energy (in MeV) and the nuclide from which they 

arise. Gamma-ray detection is discussed in Section IID. 
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Figure 11 

Ge(Li) detector spectrum for y-rays resulting from 3. 75 MeV proton 

bombardment of the 1200 µgm/cm
2 

vanadium target. Prominent peaks are 

identified by their energy (in MeV) and by the nuclide from which 

they arise. Gamma-ray detection is discussed in Section IID. 
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Figure 12 

Partial level scheme for 55
Mn showing known y-rays from de cays of 

states with E < 3004 keV. See Section IIE and Tables 5 and 6 for x-
54 55 further details concerning the analysis of the Cr(p,y) Mn data. 
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Figure 13 

Partial level scheme for 52cr showing known y-rays from decays of 

states with E .S.3900 keV. See Section IIE and Table 6 for further 
x 

51 52 
details concerning the analysis of the V(p,y) Cr data. 
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Figure 14 

Partial level scheme for 
69

Ga showing known y -rays from de cays of 

states with E < 2044 keV. See Section IIE and Table 6 f o r further x-
68 69 

details concerning the analysis of the Zn(p,y) Ga data. 
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Figure 15 

Partial level scheme for 49 sc showing known y-rays from decays of 

states with E < 5080 keV. See Section IIE and Table 6 for further 
x 

48 49 
details concerning the analysis of the Ca(p,y) Sc data. 
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Figure 16 

41 
Partial level scheme for K showing known y-rays from decays of states 

with E < 2770 keV. The five transitions used in the determination of x-
. 37 41 

the "preliminary cross sections" for the Cl(a,y) K reaction are de-

noted by bold arrows. See Section IIG and Table 6 for further details 

37 41 
concerning the analysis of the Cl(a,y) K data. 
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Figure 17 

P · 1 1 1 h f 
66z h · k f d f artia eve sc eme or n s owing nown y-rays rom ecays o 

states with E < 3000 keV. See Section IIG and Table 6 for further x-
62 . 66 

details concerning the analysis of the Ni(a,y) Zn data. 
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Figure 18 

P · 1 1 1 h f 
68z h · k f d f artia eve sc eme or n s owing nown y-rays rom ecays o 

states with E < 3000 keV. See Section IIG and Table 6 for further x-
64 . 68 

details concerning the analysis of the Ni(a,y) Zn data. 
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Figure 19 

Excitation function for production of 1529 keV y-rays in the reaction 

54 55 Cr(p,y) Mn. Error bars shown are statistical only. The curve 

shows the results of a Hauser-Feshbach calculation performed using 

Mann's code HAUSER*4 (Mann 1976), with y-ray transmission functions 

for the population of the 1529 keV state calculated by the code TISO 

(Appendix A). The arrows labelled IAR indicate proton energies for 

isobaric analogue resonances which have been previously identified 

(Moses 197lb). See Section IIG for further details. 
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Figure 20 

Excitation function for production of 2565 keV y-rays in the reaction 

54 55 Cr(p,y) Mn. Error bars are statistical only. The curve shows the 

results of a Hauser-Feshbach calculation performed using Mann's code 

HAUSER*4 (Mann 1976) with y-ray transmission functions for the popula-

tion of the 2565 keV state calculated using the code TISO (see 

Appendix A). The arrows indicate proton energies for isobaric analogue 

resonances which have been previously observed (Moses 197lb). See 

Section IIG for further details. 
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Fi gure 21 

Excitation function for all primary y-rays emitted iri the r eaction 

S4 SS 
Cr(p, y) Mn. Error bars shown are s ta tis ti cal only. The curves s how 

the results of Hauser-Feshbach calcula tions performed using the HAUSER,•c4 

code of Mann, labelled "Mann," and the KGHFP, l abe lled "FPZW." 

(See Section IIIB for a discussion of the calculations.) Comple te 

isospin mixing is assumed and width fluctuation corrections are included 

using the Tepel approximation (Tepel 1974). The ne utron strength func-

tions used in the KGHFP calculations are given in Table 24. The arrows 

labelled IAR indicate proton energies for isobaric analogue r esonances 

which have been previously identified. See Section IIE for further 

details. 
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Figure 22 

Absolute cross sections for the 
51

V(p,y)
52

cr reaction. Error bars 

represent statistical errors only. The theoretical curves show the 

results of Hauser-Feshbach calculations using the KGHFP and Mann's 

program, HAUSER)<c4 (see Sect ion IIIJ3). Complete isospin mixing is 

assumed and width fluctuation corrections are included using the Tepel 

approximation (Tepel 1974). The neutron strength functions used in the 

KGHFP calculations are given in Table 24. The theoretical calculations 

have been smoothed over an energy interval corresponding to the beam 

energy loss in the target as described on p. 34. Thresholds for 

51
v(p,n)

51
cr are indicated by arrows, and the spins and parities of 

51 the Cr states populated are given. See Section IIE for further de-

tails concerning the data analysis. 
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Figure 23 

Absolute cross sections for 68zn(p,y) 69 Ga . Error bars, r epresenting 

statistical errors only, are shown where they are large r than the data 

points. Previously identifi ed isobaric analogue resonances and neutron 

thresholds are indicated by a rrows. Th e data a r e compare d to res ults 

of global Hauser-Feshbach calculations performed using the KGHFP 

(Zimmerman 1977) and HAUSER>'~4 (Mann 1976). Comple t e isosp i n mixing 

and width fluctuation corrections are incorporated in th e calculat ions . 

The neutron strength functions used in the KGHFP calculations are given 

. T bl 24 Th . d . . f h 68c d · in a e . e spins an parities or t e a sta t es assume in 

the calculations are indicated at the appropriate thresholds (only the 

first ten states are included in the KGHFP calculations). Many of 

these spins and parities are not known and are purely guess es. Thus 

there is considerable uncertainty in the calculation of the competit i on 

effects. See Section IIE for discussion of the da t a analys i s, Sect i on 

IIIB for discussion of the calculations, and Section IIIC for discussion 

of the results. 
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Figure 24 

. 48 49 
Absolute cross sections for th e reaction Ca(p,y) Sc. Th e error bars 

shown are statistical only. Where the error bars are not changing 

rapidly as a function of energy, they are shown for only a few typical 

points. For 0.95 MeV < E < 1.95 MeV, the error bars are smaller than - p 

the data points except where explicitly shown. The position of the 

previously identified isobaric analogue resonance is indicated. The 

energies of neutron thresholds and the spins and parities of the 
48

sc 

states populated are also indicated. Results of calculations performed 

with the KGHFP (Zinunerman 1977) and HAUSER*4 program (Mann 1976) are 

shown. Complete isospin mixing has been assumed and width fluctuations 

are included using the Tepel approximation (Tepel 1974). The neutron 

strength functions used in the KGHFP calculations are given in Table 

24. See Section IIE for discussion of the data analysis, and Section 

IIIB for discussion of the calculations. 
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Figure 25 

37 41 Absolute cross sections for the Cl(a,y) K reaction; error bars are 

statistical only. In global Hauser-Feshbach calculations perfonned with 

the KGHFP (Zimmerman 1977) and the HAUSER*4 program (Mann 1976), full 

isospin mixing has been assumed for all calculations. Where indicated, 

width fluctuation corrections have been included using the Tepel ap-

proximation (Tepel 1974). The neutron strength functions used in the 

KGHFP calculations are given in Table 24. The theoretical calculations 

have been smoothed over an energy interval corresponding to the beam 

energy loss in the target as described on p. 34. The data analysis is 

discussed in Section IIE, and the calculations in Section IIIB. 
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Figure 26 

62 . 66 Absolute cross sections for the Ni(a,y) Zn reaction; error bars are 

statistical only. In global Hauser-Feshbach calculations performed with 

the KGHFP (Zimmerman 1977) and the HAUSER>'d~ program (Mann 1976), full 

isospin mixing has been assumed for all calculations. Where indicated, 

width fluctuation corrections have been included using the Tepel ap-

proximation (Tepel 1974). The neutron strength functions used in the 

KGHFP calculations are given in Table 24. The theoretical calculations 

have been smoothed over an energy interval corresponding to the beam 

energy loss in the target as described on p. 34. The data analysis is 

discussed in Section IIE, and the calculations in Section IIIB. 
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Figure 27 

64 68 
Absolute cross sections for the Ni(a,y) Zn reaction; error bars are 

statistical only. In global Hauser-Feshbach calculations performed 

with the KGHFP (Zimmerman 1977) and the HAUSER;'<4 program (Mann 1976), 

full isospin mixing has been assumed for all calculations. Where 

indicated, width fluctuation corrections have been included. 
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F:i.gure 28 

Shielded BF 
3 

"long counter" used to count neutrons. 

counter" is discussed in Section IIF. 

The "long 
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Figure 29 

Sequence of operations in the measurements of the "long counter" 

efficiency described in Section IIF. 
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Figure 30 

48 48 BF "long counter" efficiencies measured using the Ca(p ,n) Sc and 
3 

68 68 . 
Zn(p,n) Ga reactions as described in Section IIF to test the flatness 

of the BF 
3 

"long counter" efficiency. The energy, E cm - ETH, is the 

center-of-mass energy in the proton channe l at which the measurement was 

carried out, minus the center-of-mass thresholds for the 

48 48 + 68 68 . 48 48 
Ca(p,n

3
) Sc*(3 ) and Zn(p,n0) Ga reactions for the Ca(p,n) Sc 

68 68 . and Zn(p,n) Ga measurements, respectively. 
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Figure 31 

51 51 Absolute cross sections for the V(p,n) Cr reaction. The experimen-

tal data are given in Table 26. The results of global Hauser-Feshbach 

calculations performed using the KGHFP (Zimmerman 1977) and the 

HAUSER*4 code (Mann 1976) are shown. Complete isospin mixing has been 

assumed and width fluctuation corrections are included in the Tepel 

approximation (Tepel 1974). The neutron strength functions used in 

the KGHFP calculation are given in Table 24. The data analysis is dis-

cussed in Section IIG and the calculations in Section IIIB. 
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Figure 32 

54 54 Absolute cross sections for the Cr(p,n) Mn reaction. The experi-

mental data are given in Table 17. The resuJ U; nf global Hauser-

Feshbach calculations performed using the KGHFP (Zimmerman 1977) and 

the HAUSER*4 code (Mann 19 76) are shown. Complete isospin mixing has 

been assumed and width fluctuation corre ctions are included in the 

Tepel approximation (Tepel 1974). The neutron strength func tions use<l 

in the KGHFP calculation are given in Table 24. The data analysis is 

discussed in Section IIG and the calculations in Section IIIB. 
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Figure 33 

68 68 Absolute cross sections for the Zn(p,n) Ga reaction. The experimental 

data are given in Table 18. The results of global Hauser-Feshbach calcu-

lations performed using the KGHFP (Zimmerman 1977) and the HAUSER*4 code 

(Mann 1976) are shown. Complete isospin mixing has been assumed and 

width fluctuation corrections are included in the Tepel approximation 

(Tepel 1974). The neutron strength functions used in the KGHFP calcula-

tion are given in Table 24. The data analysis is discussed in Section 

IIG and the calculations in Section IIIB. 
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Figure 34 

48 48 Absolute cross sections for the Ca(p,n) Sc reaction. The experimental 

data are given in Table 19. The results of global Hauser-Feshbach cal-

culations performed using the KGHFP (Zimmerman 1977) and the HAUSER*4 

code (Mann 1976) are shown. Complete isospin mixing has been assumed 

and width fluctuation corrections are included in the Tepel approximation 

(Tepel 1974). The neutron strength functions used in the KGHFP calcu-

lation are given in Table 24. The data analysis is discussed in Section 

IIG and the calculations in Section IIIB. 
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Figure 35 

. 62 65 Absolute cross sections for the Ni(a,n) Zn reaction. The experimental 

data are given in Table 20. The results of global Hauser-Feshbach 

calculations performed using the KGHFP (Zimmerman 1977) and the HAUSER*4 

code (Mann 1976) are shown. Complete isospin mixing has been assumed and 

width fluctuation corrections are included in the Tepel approximation 

(Tepel 1974). The neutron strength functions used in the KGHFP calcula-

tion are given in Table 24. The data analysis is discussed in Section 

IIG and the calculations in Section IIIB. 
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Figure 36 

Absolute cross sections for the 
64

Ni(a,n)
68

zn reaction. The experimental 

data are given in Table 21. The results of global Hauser-Feshhach 

calculations performed using the KGHFP (Zimmerman 1977) and the HAUSER»<Lf 

code (Mann 1976) are shown. Complete isospin mixing has been assumed 

and width fluctuation corrections are included in the Tepel approxima

tion (Tepel 1974). The neutron strength functions used in the KGHFP 

calculations are given in Table 24. The data analysis is discuss e d in 

Section IIG and the calculations in Section IIIB. 
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Figure 37 

68 65 Zn(p,a) Cu spectrum for a proton bombarding energy of 3.92 MeV. 

The particles were detected with a silicon surface barrier detector at 

160°. Protons elastically scattered from carbon, oxygen, and zinc, 

68 65 and a-particles produced in the Zn(p,a
0

) Cu reaction were detected, 

and the corresponding peaks are identified in the figure. See Sections 

IIA and IIH for further details. 
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Figure 38 

. 68 65 Cross sections for the reaction Zn(p,a) Cu. The experimental data 

are compared to results of global Hauser-Feshbach calculations performed 

using the KGHFP (Zimmerman 1977) and the HAUSER,'<4 code (Mann 1976). 

Complete isospin mixing and width fluctuation corrections are incor-

porated in the calculations. The neutron strength functions used in the 

KGHFP calculations are given in Table 24. The spins and parities are 

not known and are purely guesses. Thus there is considerable uncertainty 

in the calculation of the competition effects. See Sections IIA and IIH 

for discussion of experimental details and Section IIIC for discussion 

of the results. 
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Figure 39 

The effects of width fluctuation corrections and realistic neutron 

51 52 strength functions on KGHFP calculations for the reaction V(p,y) Cr. 

The inclusion of width fluctuation corrections (WFC, YES, curves S and 

C) decreases the neutron transmission functions to correct for the 

strong channel-channel correlations in the dominant neutron channel. 

The realistic p-wave neutron strength functions (r
1 

= 0.09) are much 

smaller than the black nucleus strength functions (r
1 

= 1.0) and result 

in lower p-wave neutron transmission functions. Doubling the s-wave 

strength function (r
0 

= 1.85) has very little effect at energies more 

than a few keV above threshold because the s-wave neutron transmission 

functions dominate those for other channel~ even for small channel ener-

gie~ by much more than a factor of two (see Figure 6 in Appendix B). 

Thus, both width fluctuation corrections and realistic strength functions 

51 52 decrease the size of the drop in the V(p,y) Cr cross sections above 

the (p,n) threshold. The curves are smoothed as in Figure 22 . The 

experimental data are the same as in Figure 22. Width fluctuat i on cor-

rections and neutron strength functions are discussed in subsections 

(iii) and (iv) of Section IIIB. 
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Figure 40 

The effects of varying the proton strength functions in KGHFP calcula-

. 51 52 
tions for V(p,y) Cr. The black nucleus strength functions used in 

the standard calculation correspond to r = 1. For curve A (odd
p 

protons only), y-decay competes with odd-9, neutron partial waves below 

the (p,n
1

) threshold, and the drop above the (p ,n
0

) threshold is 

smallest. For curve E (even-Q, protons only), y-decay competes with 

even-9, neutrons (including s-waves) and a large drop results. The 

curves are smoothed as in Figure 22 and the data are the same. Proton 

strength functions are discussed in subsection (iv) of Section IIIB. 
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Figure 41 

51 52 Effect of isospin mixing on KGHFP calculations for the V(p,y) Cr 

reaction. Curves are shown for different values of the isospin mixing 

parameter, µ. When there is no mixing (µ 0), neutron emission com-

> 
petes with y-ray emission only in the decay of T states; when isospin 

is completely mixed(µ= 1), neutron emission competes fully with Y-ray 

< > 
emission in the decay of both T and T states and causes a large drop 

in the 51v(p,y) 52cr cross sections above the (p,n) threshold. The 

curves are smoothed as in Figure 22 and the data are the same . Isospin 

mixing is discussed in subsection (v) of Section IIIB . 
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