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Abstract

The following studies, currently in progress, are discussed: 1).

Angular distributions and differential range;; of Ba fragments from the 

interaction of with U.S-400 CeV protons; 2). target A dependence

of the angular distribution of Sc fragments emitted in 400 GeV proton 

interactions; 3). energy spectra of isotopically resolved fragments 

emitted in high-energy proton interactions with noble gases; 4). com

parative study of fragment emission in the interaction of Cu-U with 

relattvistic ions and high-energy protons; 5). excitation functions

of the xn) reactions.



I. Research Activities

During the past year our research program haa involved a continuation 

of studies of deep spallation reactions of with high-energy protons.

A related study of the. dependence on target, mass number of the angular 

distribution of Sc fragments has been started. The first phase of data 

taking in our study of the energy spectra of lsotopically resolved frag

ments emitted In high-energy pioton-trn lens interact ions was completed.

Work continued on a comparative study of fragment emission in the reactions 

of Cu-U with relattvistic ions and protons as well as on a comparison 

of the recoil properties of product;) from the interaction of silver with 

these projectiles. We have also cortinucd the measurement of the excita-
) y j.tlon functions of the l(tf ,n xn) reactions.

We have completed the experimental measurements of the formation of 

*^Ba, and '*^Ba in the interaction of with 0.8, 3.0,

11.3, and 400 CeV protons. The experiments consisted of the determination 

of the angular distributions and differential ranges (at. 90° to the beam) 

of these products. Hie Irradiations were performed at LAMPF (0.8 GeV),

ZGS (1 and 11.5 GcV), and Fermllab (400 GeV). In previous reports from 

our laboratory^we described the results of similar measurements performed 

on scandium fragments. The present work aimed to determine whether the 

changcs observed for these light fragments, i.e. transition in angular 

distribution from forward to sideward peaking, decrease and broadening of 

ranges, etc.,also occurred for deep spallation products and thus for all 

products of highly inelastic interactions.
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The angular distributions and momentum spectra of *^*Ba are 

displayed in Figs. 1 and 2, respectively. The 11.5 CeV data have been
3previously published. Note that the angular distributions become in

creasingly forward peaked between 0.8 and 3 GeV, while sideward peaking 

is observed at the higher energies. The momentum distribution at 0.8 

CeV is Gaussian but, with increasing proton energy, becomes asymmetric 

and ahiftR to lower values:. The results obtained at 0.8 CeV suggest that 

the neutron deficient Ha nuclides are produced in binary fission while 

the 3 GcV data are indicative of a deep spallation process. At b^th these 

energies the results appear to be consistent with a two-step cascade- 

breakup model. The higher energy data cannot be adequately described by

this model and appear to be more consistent with a coherent interaction
,  ,  4-6mechanism.

The results for ^°Ba, and to a slightly lesser degree those for 

^^Ba*", are quite different from those obtained for the neutron deficient 

Ba products, as seen in Figs. 3 and 4. Both the angular distributions 

and momentum spectra are independent of bombarding energy. The Momenta 

are Gaussian and centered at the value expected for low deposition energy 

fission. The angular distributions are sideward peaked, as expected for 

a peripheral interaction involving low energy transfer.^
g

In a recent report from our laboratory we speculated that if the 

high energy fragmentation of heavy elements involved a coherent interaction 

with an effective target comprised of the nucleons lying in the path of 

the incident proton, the breakup of a lighter nucleus should be equally 

consistent with an intra-nuclear cascade process because of the much 

smaller number of nucleons comprising the effective target. To investigate
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this possibility we are currently measuring the angular distributions of

Sc fragments emitted in the interaction of 400 GeV protons with complex

nuclei. We have to date obtained results for silver and lutetium targets.

The results, displayed in Fig. 5, show a striking difference between the

two targets. The results obtained for the Lu target a'e qualitatively
2similar to those obtained for uranium in displaying sideward peaking and 

near-symmetry about 90^. On the other hand,, the results obtained with Ag 

as target indicate strong forward peaking, in analogy to the results
2obtained for heavy element targets in the <ascade-brcakup energy regime. 

While additional experimental work and calculations still remain to be 

performed, the results suggest that a change in mechanism may occur in 

the target A region of interest.

In collaboration with members of the Purdue Department of Physics 

we have been engaged in a study of the energy spectra of isotopically 

resolved fragments emitted in the interaction of 60-300 GeV protons with 

noble gases (Ne, Ar, Kr, Xe). The experiment is installed at the Internal 

Target Laboratory at Fermilab. The circulating proton beam Interacts 

with a pulsed noble gas-Hz jet and the emitted fragments are detected by 

two counter telescopes located at 14^ and 80° to the beam. The 34^ arm, 

which is designed for the detection of heavy fragments, consists of a 

time-of-flight (TOF) system comprised of three channel plate detectors 

and a AE-H system consisting of a gas ionization chamber (AE) and a 

surface barrier E detector. The 80° arm is designed for light fragment 

detection and consists of a TOF system and a solid state AE-E telescope. 

Vacuum isolation for the TOF system from both the gas detector and the 

gas jet is provided by differential pumping. Our POP 11/60 computer is
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used for data acquisition.

In a ^ 500 hour run performed last spring we obtained essentially 

complete data for Xe and partial data for Ar and Ne. As an example of 

our preliminary analysis of the data, we show in Fig. 6 the mass spectrum 

of Na isotopes obtained in a typical ^ 6 hr. run with Xe. Note that 

isotopic resolution of ^ 0.3 u is achieved. more refined analysis, 

incorporating all the required corrections, will certainly lead to even 

better resolution. It in of interest to note that the yields on the 

neutron deficient side extend to the limits of nuclear stability.

An Interesting feature of the experiment lies in the possibility of 

determining the dependence of the results on proton energy. This possibi

lity arises from the fact that the gas jet is pulsed for % 1-1.5 aec 

during the acceleration cycle. During this time the beam energy typically 

increases from ^ 60 to 300 GeV and each recorded event is tagged with the 

proton energy. Although the results displayed in Fig. 6 represent an 

integration over proton energy, the possibility exists of obtaining similar

results over narrow proton energy intervals, a eit with poorer statistics.
9In a recently published report from our laboratory we compared the 

mass yield curves obtained in the interaction of silver with high-energy 

protons and relativistic ions. It was fc nd that the factorization 

hypothesis was obeyed over most of the product mass range. However, 

deviations were observed in the A<40 mass range where enhanced yields were 

obtained in interactions. To explore these deviations in further 

detail we have performed a comparative study of ligh! fragment emission 

in proton and reactions for a broad range of targets. The proton 

irradiations were performed at Fermilab and the irradiations at the
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Bevalac. Fig. 7 shows the results obtained for fragments ranging from

*̂*Na to ^Mn emitted in interactions with copper, silver, gadolinium,

tantalum, gold, and uranium. The results are presented as ratios of

cross sections reduced by the corresponding ratios of total reaction

cross sections. In such a plot, the factorization hypothesis corresponds

to a ratio of unity. It is seen that the enhancement increases with

target A up to Cd, at which point it appears to saturate. It is also

apparent that the enhancement decreases with increasing fragment mass

and essentially disappears by A^50, at which point the results obey

factorization. To aid in the interpretation of these results, the recoil

properties of the products are under investigation. In a related study,

the recoil properties of a broad range of products from the interaction

of silver with high-energy protons and ions are being determined.

This work will complement our cross section measurements for the same 
nsystems.

We are in the process of measuring the excitation functions of the
19 7 — ^I(7r",w*xn) reactions with 50-350 MeV pions at I.AMPF. Iodine is a 

particularly suitable target for such a study since all the iodine iso

topes ranging from ^**1 to ^ 1  ^  assayed by activation techniques.

As a ropuit, it will be possible to study in great detail the effect of 

increasing neutron removal as well as the role played by both the pion 

charge and the (3, 3) resonance on theae increasingly complex reactions. 

Comparative measurements will also be performed with 400-5(10 MeV protons 

in order to determine the relative effectiveness of these projectiles in 

transferring excitation energy to the struck nucleus. The results should 

be sufficiently detailed to permit a stringent test of Monte Carlo cascade-



evaporation calculations.
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Fig. 1. Angular distributions of *'̂ *Ba produced in the interaction of 

with 0.8-400 GeV protons.
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Fig. 2. Momentum spectra of '^*Ba emitted at 90° to th<j beam in the 

interaction of with 0.8-400 GeV protons.
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Fig. 3. Angular distributions of ^°Ba produced in the interaction 

of with 0.8-400 GeV protons.
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Fig. 4. Momentum spectra of ^°Ba emitted at 90° to the beam in the 

interaction of with 0.8-400 GeV protona,
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Fig. 5. Angular distributions of and "^Sc emitted in tha

interaction of 400 GeV protons with silver (top) and lutecium.
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Fig. 6, Preliminary mass spectrum of sodium fragments emitted at 34° 

to the beam in the interaction of Xe with 60-270 GeV protons. A lower 

energy cutoff of 20 MeV has been imposed on the data.
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Fig. 7. Dependence of the ratio of fragment production cross sections 

on target A in reactions induced by 18 CeV ions and 400 GeV protons. 

Hie cross sections have been reduced by the corresponding total reaction 

cross sections. A ratio of unity (dashed line) corresponds to the 

factorization hypothesis.
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